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Preface

On March 9–11, 2010, the Third International Conference on Intracerebral Hemorrhage was 
held at the exquisite Rancho Las Palmas Resort in Rancho Mirage, California. No one could 
have asked for a better venue – beautiful weather, lush gardens, and a location city that attracts 
millions of people from all over the world each year, i.e., the world-renowned city of Palm 
Springs.

Surrounded by the snow-capped mountains and the peaceful sounds of circulating swim-
ming pools, this year’s conference was home to the largest gathering of intracerebral hemor-
rhage researchers from all over the world. For two full and productive days, a total of 66 invited 
oral presentations accompanied by 56 posters presented themes ranging from Predisposed 
Factors, Experimental Models, Inflammation and Immune Systems, Hematoma Clearance, 
Oxidative Stress, Neuroprotection, Vascular Responses, AVM Hemorrhage, Hemorrhage 
Transformation, Subarachnoid Hemorrhage, Neonatal Brain Injury, Surgical Brain Injury, 
Clinical Trials, Clinical Treatment, Surgical Management, and Neuro-ICU, just to name a few.

Looking back, the Third International Conference on Intracerebral Hemorrhage was his-
toric for several reasons. First and foremost, this was the first independent conference on 
intracerebral hemorrhage, distinct from the first two international conferences on intracerebral 
hemorrhage that were satellite symposiums, part of an established neuroscience conference. 
Second, this conference was by far the largest meeting dedicated to intracerebral hemorrhage 
research, with more than 100 researchers and clinicians in attendance to exchange ideas and to 
discuss recent advances in basic science research and clinical practice. Third, the largest vol-
ume of presentations by far were submitted to this year’s conference, including well over 122 
oral and poster papers, compared with 21 at the First International Conference on Intracerebral 
Hemorrhage held in Ann Arbor, MI, on June 4, 2005, and 45 papers at the Second International 
Conference on Intracerebral Hemorrhage, which was held in Shanghai on November 10–11, 
2007. Fourth, a total of 22 clinical and basic science experts served as session chairs as well as 
on the International Advisory Board this year, compared with 10 members who served on the 
International Advisory Board at the First International Conference and 17 members at the 
Second International Conference. And finally, one of the greatest successes of this conference 
was the broad coverage of topics presented – with a total of 17 themes focusing on secondary 
brain injuries, animal modeling, and clinical manifestations, just to name a few, compared with 
two themes of human and animal studies at the First International Conference and five themes 
at the Second International Conference, respectively. What all these points tell us is that there 
is growing interest in cerebral hemorrhage research and strong support for researchers in this 
field of academic activities.

One of the highlights of the Third International Conference on Intracerebral Hemorrhage 
was the award ceremony held on March 10th where this year’s recipients of the coveted Julian 
T. Hoff Fellowship were announced. The three young researchers who received the honorable 
Hoff Fellowship in Intracerebral Hemorrhage Research were: Dr. Zheng Chen, a neurosurgeon 
from Fudan University in China, Dr. Anatol Manaenko, a neurobiologist from Loma Linda 
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University in California, and Dr. Paul R. Gigante, a neurosurgeon from Columbia University 
in New York. Toward the latter half of the ceremony, Dr. David Mendelow presented the audi-
ence with some exciting news about next year’s conference. He announced next year’s plan to 
host the Fourth International Intracerebral Hemorrhage Conference jointly with both the 
Vascular and Neurotrauma EANS annual meeting on May 2–5, 2011 in the beautiful city of 
Newcastle upon Tyne in England. This was definitely some exciting news.

Many of the attendees of the Third International Conference on Intracerebral Hemorrhage 
submitted papers of their presentations to be published in the special issue of Acta 
Neurochirurgica, which has been named “Intracerebral Hemorrhage Research: From Bench to 
Bedside.” A total of 75 papers were divided into Animal Models, Pathophysiology of Cerebral 
Hemorrhage, Experimental Treatment for Cerebral Hemorrhage, Cerebral Hemorrhage, 
Clinical Manifestations, Prognosis of Cerebral Hemorrhage, and Clinical Management. These 
articles represent the recent advances in hemorrhagic brain injury research presented by highly 
respected laboratories around the world.

Lastly, we would like to thank our administrative personnel: Annette Brock, Kimberly 
Zaugg, and Stacia Christiansen, who did a remarkable job taking care of all the meeting affairs. 
Finally, we would like to thank Professor Hans-Jakob Steiger, the associate editor for special 
issues of Acta Neurochirurgica, for supporting the publication of this volume of recent advances 
in intracerebral hemorrhage research.

CA, USA John H. Zhang, M.D., Ph.D
Austin Colohan, M.D
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Abstract In order to understand a disease process, effective 
modeling is required that can assist scientists in understand-
ing the pathophysiological processes that take place. 
Intracerebral hemorrhage (ICH), a devastating disease repre-
senting 15% of all stroke cases, is just one example of how 
scientists have developed models that can effectively mimic 
human clinical scenarios. Currently there are three models of 
hematoma injections that are being used to induce an ICH in 
subjects. They include the microballoon model introduced  
in 1987 by Dr. David Mendelow, the bacterial collagenase 
injection model introduced in 1990 by Dr. Gary Rosenberg, 
and the autologous blood injection model introduced by  
Dr. Guo-Yuan Yang in 1994. These models have been applied 
on various animal models beginning in 1963 with canines, 
followed by rats and rabbits in 1982, pigs in 1996, and mice 
just recently in 2003. In this review, we will explore in detail 
the various injection models and animal subjects that have 
been used to study the ICH process while comparing and 
 analyzing the benefits and disadvantages of each.

Keywords ICH · Animals · Microballoon · Collagenase

Introduction

Intracerebral hemorrhage (ICH) is a devastating disease 
accounting for roughly 15% of all stroke types. As many as 
50,000 individuals are affected annually in the United States, 
with a large number of those individuals facing chronic mor-
bidities and early mortalities.

Over the years, basic science research has focused on 
reducing and/or blocking the cascade of harmful events in ICH 
with the goal of improving clinical outcomes. But in order to 
effectively study the mechanisms behind these events, proper 
modeling is needed that can mimic pathophysiologic processes 
in humans. Studies on various animal models began in 1963 
with canines, followed by rats and rabbits in 1982, pigs in 
1996, and mice just recently in 2003. These animal subjects 
have been thoroughly studied individually and compared to 
human models looking for a parallel between the two groups.

As important as it is to find an animal subject that will 
mimic processes in the human brain, creating the actual 
hematoma is another challenge. Currently there are three 
models of injections that are being used to induce an ICH in 
subjects. They include the microballoon model introduced in 
1987 by Dr. David Mendelow, the bacterial collagenase 
injection model introduced in 1990 by Dr. Gary Rosenberg, 
and the autologous blood injection model introduced by  
Dr. Guo-Yuan Yang in 1994 [1–3].

In this retrospective review, the history behind the devel-
opment of the ICH model will be presented and discussed. 
Furthermore, the advantages and disadvantages of each 
model type and animal subject will be evaluated.

ICH Models

Microballoon Model

In 1987, Sinar et al. [2] made a microballoon insertion 
model in rats as a way to study the mass effects of ICH. 
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A microballoon mounted on a no. 25 blunted needle was 
inserted into the right caudate nucleus after a burr hole had 
been created on the skull. The microballoon was inflated to 
0.05 mL over a period of 20 s and was kept inflated for 10 min 
before being deflated. At the end of the study, the authors 
looked at brain histology, intracranial pressure, and cerebral 
blood flow. They found the microballoon model to be success-
ful in producing an effective brain lesion with an extensive 
area of ischemic damage noted on the right caudate nucleus. 
Additionally, there was a reduction in cerebral blood flow and 
an increase in intracranial pressure at the site of damage.

The advantage of the microballoon model, according to 
Rojas et al. [4], is that it mimics the space-occupying aspect of 
the hematoma. The disadvantage is it fails to address the 
potential effects of blood and subsequent substances released 
by the clot formation. This could potentially be the reason why 
there is a smaller degree of ischemia in this model  versus what 
would be expected with an equivalent volume of blood [5, 6].

Collagenase Injection Model

Collagenases are proteolytic enzymes that degrade the base-
ment membrane and interstitial collagen [7]. Additionally, 
they have been shown through immunocytochemical studies 
to surround blood vessels [8]. As a result, in 1990, Rosenberg 
et al. made a new model for spontaneous ICH using bacterial 
collagenase injections directly in the brains of Sprague-
Dawley rats [1]. In this model, male rats were placed in a 
stereotactic apparatus, and 2 ml of saline containing 0.01–
0.1U bacterial collagenase (type XI or VII) was infused into 
the left caudate nucleus over 9 min. Bleeding occurred as 
early as 10 min after collagenase injection, with edema also 
seen at the site of hemorrhage [1]. Other modifications to this 
model were made, including: injection site changes, adjust-
ments to collagenase concentration, injection rates/volumes, 
and heparinization. This model conceptually integrates small 
vessel breakdown to produce hemorrhage and allows a con-
trollable amount of variability in hemorrhage size [9]. The 
advantage of this model is its ability to mimic spontaneous 
intraparenchymal bleeding in humans while avoiding the 
technical difficulties with handling blood [10]. It also  mimics 
the hematoma expansion of continuous bleeding that occurs 
naturally in ICH patients [11, 12]. The disadvantages of this 
model are related to bacterial collagenase’s ability to intro-
duce a significant inflammatory reaction [10].

Blood Injection Model

The blood injection ICH model has become the standard for 
experimental ICH. The first recorded publication using arte-
rial blood as a single injectable agent was conducted by 
Ropper et al. in 1982 [13]. Using a 27-gauge cannula, fresh 

blood from the ventricle of a donor rat was infused over 1 s 
into the right caudate nucleus of the subject ICH rat. This 
method did not account for key sources of variability. Hence, 
in 1984, a variation of Ropper’s model was performed by 
Bullock et al. [14] to study the changes in intracranial pres-
sure and cerebral blood flow. Instead of using donor blood, 
Bullock used a 22-gauge needle that bridged the right cau-
date nucleus to the femoral artery. For the first time, the study 
was able to look at ICH under arterial pressure – thus effec-
tively evaluating the pathophysiology of ICH. One of the 
main disadvantages of this method was the lack of reproduc-
ibility because of the potential variations in blood pressure.

This is why in 1994 a study at the University of Michigan 
by Yang et al. [3], discovered that the use of a microinfusion 
pump could address the concerning issues that had con-
fronted previous authors. Using a microinfusion pump, a 
constant rate of autologous blood (extracted from the femo-
ral artery) was infused into the right caudate nucleus, creat-
ing a controllable and reproducible hematoma. This single 
blood injection model has been applied to most of the recent 
ICH studies. Unfortunately, one of the major issues with 
Yang’s technique was the reflux of blood up the needle tract 
and into the ventricular system or extension into the subdural 
space with a more rapid injection rate. Additionally, the 
inability of this technique to reproduce the systemic arterial 
pressure that can influence the hematoma size is also seen as 
a slight disadvantage. Finally, the use of the femoral artery 
created problems down the road when it came time to assess 
neurobehavioral deficits.

To address the concern of blood reflux up the needle tract, 
a double injection model was created just 2 years later. In 
1996, a study led by Deinsberger et al. [15] at the Justus 
Liebig University in Germany modified the single arterial 
blood injection model originally designed by Yang and 
instead used a double arterial blood injection model. What 
Deinsberger and his team proposed was injecting 5 ml of 
fresh autologous blood into the caudate nucleus and waiting 
10 min to allow for clot formation. This way, when it was 
time to inject the rest of the autologous blood to mimic the 
hematoma, the chances of reflux would be minimized sig-
nificantly. This was the main advantage of the double blood 
injection model over the single injection model – it mini-
mized blood reflux through the needle tract. The disadvan-
tages, however, were the obvious difficulties with infusion 
and increased potential of clot formation because of the time 
lag between injections.

Large Animal Models

Monkeys

Chimpanzees and rhesus monkeys share over 90% of  
their DNA with humans in addition to physiologic, structural 
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and size similarities, making them ideal candidates for pre-
clinical study. In 1982, Segal et al. [16] used macaque mon-
keys to demonstrate the effects of local therapy on hematoma 
formation using the thrombolytic urokinase. Their treatment 
was given after injection of 6 mL autologous blood into the 
right internal capsule. Additionally, in 1988, Bullock et al. 
[17] used adult Vervet monkeys to demonstrate and quantify 
a 90–120 min decrease in the regional cerebral blood flow 
(rCBF) following an ICH. A key refinement to the primate 
model made by Bullock was the use of a catheter that infused 
blood directly from the femoral artery into the right caudate, 
thereby keeping the infusion pressure closer to arterial pres-
sure and reducing complications from blood handling and 
delay.

The experiments using monkeys were costly, and the vari-
ous levels of restrictions and regulations were concerning [4]. 
Hence, their use in ICH modeling was quickly discontinued.

Canines

Like monkeys, canines have long been the subject of medical 
research across the same range of fields, most notably having 
contributed to cardiovascular physiology [18]. But like mon-
keys, use of canines in research involves similarly stringent 
criteria and cost. In 1963, Whisnant et al. [19] developed a 
model for experimental ICH by performing single injections 
of 0.5–1.5 mL of fresh autologous venous blood into the basal 
nuclei or deep white matter region in canines – producing 
varying sizes of ICH. In 1975, Sugi et al. [20] used canines 
to develop a single autologous arterial blood injection model, 
noting lactate elevations in CSF after injection. In 1999, 
Qureshi et al. [21] made single autologous blood injections 
(7.5 mL) over 20–30 min under arterial pressure into the 
deep white matter adjacent to the basal ganglia of canines. 
The needle was pointed 20° lateral to the vertical axis. The 
complications encountered in this study were the increased 
frequency of transtentorial herniation. Hence, they then used 
smaller injection volumes ranging from 2.8 to 5.5 ml, which 
successfully induced formation of ICH with fewer complica-
tions [22]. In 1999, Lee et al. [23] made use of an infusion 
pump for injection of 3–5 mL of non-heparinized autologous 
arterial blood into the temporo-parietal cortex. This method 
took 8 min in canine subjects and allowed for the formation 
of consistently sized clots.

In 1985, the microballoon method was used by Takasugi 
et al. [24] who modified this method by injecting venous 
blood directly into the balloon as an attempt to minimize 
reflux. This model mimicked both the increased pressure and 
blood volume following ICH. Using this model, Takasugi 
was able to classify the chronological stages after ICH and 
concluded that the increased repair time after ICH was cor-
related to the degree of histologic injury to the surrounding 
tissue rather than to the size of the hematoma itself.

Pigs

Known for their large, gyrated brain and well-developed 
white matter, the large hematoma volume in pigs post-ICH 
enables a closer examination of the area compared to other 
animal species [25]. In 1996, Wagner et al. [25] developed a 
lobar hemorrhage model in pigs where 1.7 mL of autologous 
arterial blood was slowly injected using an infusion pump 
into the frontal white matter. The slow injection reduced the 
likelihood of ventricular rupture or leakage of blood along 
the needle track. Compared with rapid infusions at high pres-
sures, this method more closely modeled ICH in humans 
where bleeding generally originates from small intraparen-
chymal arteries. In 2000, Kuker et al. [26] injected 0.5–2.0 ml 
of venous blood with a blood reservoir into the anterior fron-
tal lobe to study the characteristics of hematomas using mag-
netic resonance imaging. This study used Takasugi’s method 
of prior microballoon catheter insertion to reduce needle 
pathway reflux. A different study in 2002 led by Rohde et al. 
[32] modified this model into a double-injection procedure 
(with a main injection of 2–3 ml of autologous venous blood 
with blood reservoir in their study) to better prevent post-
injection reflux.

Pigs were also used in collagenase injection models. 
Collagenase infusions of 10 ml by micro-infusion pump over 
20–30 min were made into the right somatosensory cortex by 
Mun-Bryce et al. [27] in 2001. This study examined tissue 
excitability following ICH and evaluated the outcomes using 
magnetic resonance imaging in addition to electro- and mag-
neto-encephalography. Use of collagenase, which is released 
from injured cells [5], does address the clinically relevant phe-
nomenon of vasogenic edema following ICH. The levels of 
collagenase, however, are far above those encountered in clini-
cal ICH and therefore correlations must take this into account.

Small Animal Models

Rabbits

Rabbits were first used by Kaufman et al. in 1985 [28] in a 
single autologous blood injection model. The study failed to 
yield conclusive results, and in fact, the rabbit died shortly 
after injection. A decade later, arterial blood was injected 
using an infusion pump by Koeppen et al. [29]. Arterial 
blood extracted from the ear was injected into the right thala-
mus and, to minimize reflux, needle withdrawal was delayed. 
The study found that subjects exhibited a reduction in neu-
robehavioral deficits.

Compared to larger animal models, use of rabbits is less 
costly, meets a higher success rate, and allows for an extended 
period of study with less mortality. Qureshi et al. in 2001[30] 
modified this model in order to look at patterns of cellular 



6 Q. Ma et al. 

injury. In this model, a 30-gauge needle penetrated the brain, 
while autologous arterial blood was infused into the white 
matter of the left frontal lobe. Instead of using arterial blood, 
Gustafsson et al. in 1999 [31] used autologous venous blood 
that was injected manually in the brain. Although a hema-
toma did form, the use of venous blood differs from what is 
seen in humans.

Rats

The earliest rat model using a single arterial blood injection 
method was conducted in 1982 by Ropper et al. [13]. The 
study reported that blood, not the mass effect as was previous 
postulated, was responsible for the changes in regional cere-
bral blood flow. Unfortunately, because of the nature of the 
design, certain outcomes could not be evaluated – the disad-
vantage of using donor blood introduces various immune 
reactions, while the lack of arterial pressure fails to mimic a 
true human ICH experience. Additionally, variability in out-
comes was an issue because of the potential for reflux up the 
needle tract and the potential for blood volume discrepan-
cies. Several of these issues were addressed later by Bullock 
et al. in 1984 [14]. For instance, blood infusion was con-
ducted more rapidly under arterial pressure and in a smaller 
time window (10 s); however, it was difficult to reproduce 
reliably. The blood pressure variations from animal to animal 
resulted in different injury volumes, and the small time win-
dow required significant technical mastery. This was fol-
lowed by development of a method that instead held the rate 
of infusion constant using microinfusion pumps [6]. The use 
of microinfusion pumps allowed production of a controllable 
and reproducible lesion with a slower injection rate and a 
lower pressure than in an arterial pressure model (100 mmHg). 
A remaining shortcoming was that a more rapid injection 
rate resulted in a variable reflux of blood along the needle 
track and poorly reproducible lesions.

To address the issue of needle tract reflux, the double 
injection method was developed by Deinsberger et al. in 
1996 [15]. In this model, a smaller volume of blood was first 
infused, allowing for clot formation and a reduction in blood 
reflux. While technically challenging, this technique met 
with great success in reproducibility and minimization of 
pathway reflux. The use of venous blood in the single blood 
injection model was addressed by Masuda et al. in 1988 [33]. 
While they described a significant success rate in the produc-
tion of intraparenchymal hematomas, the use of venous 
blood did not faithfully replicate the conditions in the major 
form of clinical ICH, which involves rupture of an arterial 
vessel.

In 1990, Rosenberg et al. established a new model for 
spontaneous ICH using bacterial collagenase infused directly 

into the brain in Sprague-Dawley rats [1]. This model was 
especially popular because it was the closest mimicker of 
spontaneous ICH in human beings [10].

Mice

The ICH model in mice was derived from experiments in 
rats. A single arterial blood injection into the right basal gan-
glia in mice was described by Nakamura et al. in 2004 [34]. 
This study compared the effects of autologous arterial blood, 
donor whole blood, and saline injections on brain edema 
development. The study found that donor blood injection 
was associated with a significantly greater increase in edema 
in the ipsilateral cortex compared to an autologous blood 
injection model.

In 2003, Belayev et al. [35] placed a cannula into the left 
striatum and injected 5 ml of heparinized cardiac blood from 
a donor mouse. Following the injection, 7 min were given for 
clotting to occur, and a final injection of blood was given 
(10 ml). Double injection methods, such as this one in mice, 
were met with great success because of their consistency. 
Soon after, in 2006, a triple injection method in mice was 
developed by Ma et al. using venous blood [36]. Two infu-
sions of 5 ml of blood were separated by a 7-min pause for 
clot formation. After the second infusion, a 1-min pause was 
given for additional formation, followed by a 20-ml infusion 
of blood. This method also produced consistent outcomes.

In 2008, Rynkowski et al. [37] published a protocol for a 
modified double blood injection model in mice. In this 
model, 30 ml of autologous blood from the central tail artery 
was injected directly into the right stratium in two steps as 
previously described [35]. In both the double and triple injec-
tion mouse models, potential immunoreactive blood from 
other mice was used, and although heparinized to minimize 
clot formation, it prevented proper study of pathologic pro-
cesses associated with the hematoma formation.

In 1997, Choudri et al. [38] first utilized the previously 
established rat model for collagenase injection in mice by 
infusing 1 ml of bacterial collagenase into the right basal gan-
glia over 4 min. This was followed by Clark et al. in 1998 
[39] who performed a 2-min injection of 0.5-ml-volume col-
lagenase into the right caudate and globus pallidus, followed 
by a 3-min delay to reduce tract reflux. Additionally, Clark’s 
group performed a 28-point neurobehavioral evaluation at 24 
and 48 h. Neurobehavioral scoring has since been adopted by 
other groups as a way to follow functional differences with 
administration of various substances meant to worsen or 
improve the injury in ICH [6, 39, 40].

Both rats and mice have been widely used in research 
because of their feasibility and ease with which to anesthe-
tize them compared to larger animals. Transgenic systems 
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exist primarily in mice, making this the optimal model for 
studying genomic effects on ICH and secondary mechanisms 
of injury. However, the relatively small size makes them dif-
ficult to implement techniques that are used in larger 
animals.

Conclusion

In this review, we looked at the three main models that have 
been developed to understand the physiology behind ICH – 
microballoon infusion, collagenase injection, and the autolo-
gous blood injection model. Additionally, we compared the 
various animals species that have been used to conduct 
these experiments, including monkeys, canines, pigs, rab-
bits, mice, and rats. Although there are no ideal subjects or 
models that can mimic the natural process in humans, each 
model can be used to study certain aspects of the pathophysi-
ological process behind an ICH. In the future, the ideal ICH 
model should have characteristics that can model spontane-
ous intracerebral hemorrhage in humans and allow for effec-
tive studies on physiology, procedural interventions, and 
mechanisms of secondary brain injury.
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Abstract Intracerebral hemorrhage (ICH) is the most dev-
astating type of stroke. It is characterized by spontaneous 
bleeding in brain parenchyma and is associated with a high 
rate of morbidity and mortality. Presently, there is neither an 
effective therapy to increase survival after intracerebral 
hemorrhage nor a treatment to improve the quality of life 
for survivors. A reproducible animal model of spontaneous 
ICH mimicking the development of acute and delayed brain 
injury after ICH is an invaluable tool for improving our 
understanding of the underlying mechanisms of ICH-
induced brain injury and evaluating potential therapeutic 
interventions. A number of models have been developed. 
While  different species have been studied, rodents have 
become the most popular and widely utilized animals used 
in ICH research. The most often used methods for experi-
mental induction of ICH are injection of bacterial collage-
nase and direct injection of blood into the brain parenchyma. 
The “balloon” method has also been used to mimic ICH 
for study. In this summary, we intend to provide a com-
parative overview of the technical methods, aspects, and 
pathologic findings of these types of ICH models. We will 
also focus on the similarities and differences among these 
rodent  models, achievements in technical aspects of the ICH 
model, and  discuss important aspects in selecting relevant 
models for study.

Keywords Animal model · ICH · Intracerebral hemorrhage · 
Stroke · Rat · Mouse · Rodent

Introduction

Intracerebral hemorrhage (ICH) is a devastating disease 
accounting for approximately 5–15% of all types of stroke. In 
the United States, as many as 50,000 individuals are affected 
annually with a large number of those individuals facing 
chronic morbidities and early mortalities. ICH is more than 
twice as common as subarachnoid hemorrhage (SAH); it results 
in more disability and death than SAH or ischemic stroke [1]. 
Currently, there is neither an effective therapy to increase sur-
vival after intracerebral hemorrhage nor a treatment to improve 
the quality of life for survivors [2]. For improvement of exist-
ing therapies and development of new ones, an animal model 
that mimics the clinical situation and effects of intracerebral 
hemorrhage as closely as possible is absolutely essential.

The effects of intracerebral hemorrhage upon brain tissue 
are biphasic. Initial injury occurs in response to the expand-
ing hematoma imposing shear force and mass effect upon the 
cerebral tissues [3]. Intracerebral bleeding leads to increased 
intracranial pressure, which could lead to transtentorial her-
niation secondary to the resulting mass effect [4]. A later 
phase involves multiple “toxic” factors present in activated 
blood components [5], infiltration of the brain by systemic 
immunocells [6], activation of microglia [7], and hematoma-
induced apoptotic death of neuronal and glial cells in the 
 surrounding parenchymal rim [8] followed by progressive 
rupture of the blood-brain barrier and rising brain edema [9].

In creating a model, it should be kept in mind that although 
in most patients’ bleeding stops soon after ictus, secondary 
bleeding is often observed. Fuji et al. reported that hematoma 
extension happens in 14% of patients in the first 24 h after 
ICH [10]. Similarly, Kazui et al. observed hematoma enlarge-
ment in 17% of patients during the first 6 h and in 22% of 
patients during first 24 h after ICH onset [11]. In this review, 
we will describe the most common models of ICH. Because 
rodents are the most used experimental animals in ICH mod-
els, we will concentrate on technique details of ICH induction 
in those species and compare the technical and pathological 
advantages and short-term outcomes of the existing models.

A. Manaenko, H. Chen, J.H. Zhang, and J. Tang (*) 
Department of Physiology and Pharmacology,  
Loma Linda University, School of Medicine, Risley Hall,  
Room 219, Loma Linda, CA 92350, USA 
e-mail: jtang@llu.edu

Comparison of Different Preclinical Models of Intracerebral 
Hemorrhage

Anatol Manaenko, Hank Chen, John H. Zhang, and Jiping Tang 



10 A. Manaenko et al.

Single Blood Injection

The most straightforward method for the introduction of 
blood and hematoma formation in the brain is singular injec-
tion. In rodents, blood injection was first used by Ropper 
et al. in 1982 [12]. The authors used Sprague-Dawley rats  
as experimental subjects. They permanently implanted a 
27-gauge needle in the right basal ganglia, allowed the ani-
mals to awake, and infused 0.24–0.28 ml of whole or centri-
fuged blood from another rat, without anesthesia, over 1 s. In 
the control animals, they inserted plastic polymer. Two out of 
their eight subjects died. The authors reported early and 
delayed hyperperfusion of one or both cortical regions of 
brain. Comparison between ICH and control animals demon-
strated that the subsequent effects were caused by blood and 
not by mass effect. One clear advantage of this model is that 
it does not require use of anesthetized animals. There are 
several shortcomings in this model. By using donor blood, 
there is always a risk of inflammatory reaction not typically 
seen in the clinical setting. Also, blood infusion was done 
not under arterial blood pressure. It does not mimic the clini-
cal situation seen in humans.

To overcome this disadvantage, Bullock et al. presented 
another model of ICH 2 years later. They stereotactically 
inserted a needle filled with non-heparinized blood and con-
nected it via a catheter to the femoral artery. As soon as the 
needle was inserted, the catheter was opened, and blood 
flowed until arrested spontaneously. A disadvantage of this 
model is that it is not well reproducible. Blood pressure vari-
ations from animal to animal were considered to have resulted 
in the observed variation in injury volumes. The authors 
reported a variation in hemorrhage sizes ranging between 
6% and 43%.

Nath and coauthors tried to improve the model to make it 
more reproducible by producing hemorrhage via the pump-
ing of a predetermined amount of whole blood [13]. They 
withdrew arterial blood and placed this blood into a 25-mL 
tube, which they connected to a no. 25 needle. The infusion 
system was filled prior to needle placement. They used a 
constant pressure reservoir set to 100 mmHg. Blood was 
injected over approximately 10 s. To avoid blood clotting, 
the injection was performed within 2.5 min after withdrawal. 
The authors injected 25, 50, or 100 mL of blood, and did not 
observe any relationship between the volume of hemorrhage 
and the degree of resultant hematoma.

A similar technique was presented by Yang et al. in 1994 
[14]. However, this group instead used a constant pressure 
reservoir and micropump. They withdrew autologous blood 
from the femoral artery into a syringe of 1 mL, mounted it 
immediately to an infusion pump, and then infused 100 mL of 
blood. They then placed the glue around the hole and quickly 
removed the needle. The needle was introduced vertically. 
(One modification of this technique is the introduction of the 

needle at an angle of 20° to help avoid disruption of blood in 
the vertical space [15]). Although Yang and coauthors 
injected a predetermined amount of blood, this model failed 
to reproduce the dynamic interplay between systemic arterial 
pressure and brain tissue resistance [14].

In general, all models produced one solid hematoma noted 
to occur in up to 50% of patients in a clinical setting, as well 
as mimic the mass effect of a hematoma and reproduce the 
toxic effects of blood elements, but these characteristics are 
not well reproducible. The success rate in lesion production 
is low, and ruptures in the ventricular and subdural spaces 
have been noted. Bullock discussed 70.8% success after they 
operated on 24 animals and observed rupture into the ven-
tricular space in 4 and into the subdural space in 3 [16]. Nath 
et al. indicated that the hematomas produced varied in size 
and shape, and often in addition to the intracerebral clot there 
was some surface collection [13]. Yang did not mention suc-
cess rates in his publication [14]. Masuda failed to produce 
hematomas in 7% and mentioned that in most cases some 
extension into the ventricular system was observed [17].

To overcome these disadvantages, two other models were 
developed: the microballoon and multiple blood injec-
tion models. To improve upon the blood injection model, 
Deinsberger presented the double injection model in 1996 
[18]. They figured out that the most adequate total hematoma 
volume is 50 mL and separated the blood into two parts. First 
they injected 15 mL of blood and waited 7 min for the build-
ing of the blood clot along the needle. Then they injected the 
major volume of blood: 35 mL. The model was successful. 
This technique led to hematomas consisting of a clot in the 
caudate nucleus linked to a thin elongated clot in the white 
matter by a small clot along the needle track. Only one ani-
mal out of 13 had an extension of hematoma into the sub-
dural space.

This technique is widely used and was adapted to mice, 
too. Belayev et al. in 2003 used mice, which is more chal-
lenging because of the smaller sizes [3]. The authors used a 
30-gauge stainless steel cannula. Each mouse received a 
5-ml injection of either whole blood or CSF over 3 min, fol-
lowed 7 min later by 10 ml injected over 5 min with a micro-
infusion pump. Sham animals received just needle trauma. 
Blood was taken from the heart of a donor mouse, which 
was flushed with heparin before blood withdrawal. The 
injection cannula was slowly withdrawn 10 min after the 
second injection, and the wound was sutured. The authors 
evaluated the neurological deficit 60 min after blood injec-
tion and determined that the animals after blood, but not 
after CSF and only needle trauma developed significant neu-
rological deficits. Histological examination of the brain after 
48-h survival revealed the presence of a localized hematoma 
in all animals with blood infusion. The measured hematoma 
volume in the blood injection group was highly reproducible. 
In contrast, the CSF and cannula groups showed only a small 
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non-hemorrhagic lesion. Residual swelling of the ipsilateral 
hemisphere at 48 h was 5.7% in hematoma mice and 1.5% in 
the CSF group.

Further improvement of the model was done by Ma et al. 
in 2006 [20]. They developed a triple injection model. The 
blood was rapidly taken from the orbital veins (not from the 
heart as Belayev did [19]) of a donor mouse using a glass 
capillary. During the ICH process, the injection was paused 
for 7 min after the first 5 ml (to generate a clotting along the 
needle track), then paused for 1 min after the second 5 ml 
(important to reinforce the clotting), and the remaining 20 ml 
was injected in the following 4 min. Sham animals were sub-
jected to the same manipulations as the ICH mice, but no 
blood was injected.

Microballoon-Induced Formation of ICH

Microballoon insertion was developed by Sinar and coau-
thors in 1987 as a way to study the mass effects of ICH [21]. 
A microballoon was mounted on a no. 25 blunted needle and 
inserted stereotaxically into the right caudate nucleus. The 
burr hole was then sealed with dental cement. After a 30-min 
stabilization period, the balloon was inflated to 50 ml over a 
period of 20 s with radiopaque contrast medium. In the sham-
treated control group, the balloon was inserted but not 
inflated. Brain edema formation was successfully produced, 
much as occurs in the presence of any intracerebral mass, but 
the potentially significant effects of the presence of blood 
and clot in ICH cannot be addressed by this method.

Microballoon insertion alone can only demonstrate the 
mass effects of an introduced volume. This model does not 
reproduce such factors as the toxicity of blood elements and 
blood brain barrier disruption. While one can use this model 
for evaluation of the potential benefits of surgical hematoma 
evacuation, even in this kind of experiment there is a limita-
tion. This model does not mimic the surgical brain injury 
caused by hematoma evacuation.

Collagenase Injection

Hematoma expansion and vasogenic edema following ICH 
has been considered to result from elevated local concentra-
tions of collagenase released from injured cells [1] following 
tissue injury [10, 11]. From this concept, models for study 
of spontaneous ICH were developed using collagenase. 
Rosenberg et al. used microinfusion pumps to deliver 2-ml 
volumes of 0.01–0.1 units of bacterial collagenase into the 
left caudate nucleus over a 9-min period [22]. Initial  bleeding 
could be seen as early as 10 min after collagenase injection. 

Different authors observed the expansion of hematoma at 1 
and 4 h [22, 23]. However, in 1995 Brown et al. noted the 
presence of fresh blood much later as well [24].

Choudri performed collagenase injection in mice via 
4-min infusion of bacterial collagenase into the right basal 
ganglia [25]. Clark performed a 2-min, 0.5-ml injection into 
the right caudate and globus pallidus of mouse subjects, with 
a 3-min pause after the injection to minimize pathway reflux 
[26]. Later studies have shown similar adjustments in injec-
tion parameters [7], often raising the needle-withdrawal 
delay and the infusion course. Such adjustments to proce-
dural parameters may improve the accuracy and precision of 
this model. In addition to the achievement of greater injury 
from the generation of a spontaneous ICH in this model, a 
key point is that the histological changes observed in the 
brain after collagenase injection have been consistent with 
the changes noted in human brain tissue after ICH [27]. The 
model does not involve the handling of blood products and 
the associated technical complications. This model allowed 
for successful evaluation of intracerebral hemorrhage, edema 
formation, and histological changes resulting from the spon-
taneous hemorrhages that followed infusion [22]. This model 
mimics spontaneous ICH.

However, studies have used collagenase levels signifi-
cantly greater than the levels of endogenous collagenase in 
clinical ICH, which may not allow this model to faithfully 
emulate the pathologic alterations involved in ICH in the 
clinical setting. The disadvantages of this model are related 
to bacterial collagenase’s ability to introduce a significant 
inflammatory reaction. Moreover, in opposition to the ICH in 
patients where the solid hematoma is a result of bleeding 
from the arterial source in brain tissue, bleeding in the col-
lagenase model is diffuse and results from rupture of small 
blood vessels around the site of collagenase injection.

Comparison of the Collagenase  
and Blood Models

Hematoma Size

Direct comparison of the collagenase and blood injection 
models was performed by MacLellan and coauthors [23]. 
The authors used the previously described model of blood 
injection used in rats [16]. They took 100 ml of blood from 
the tail (it was not clearly established whether the blood was 
venous or arterial). They then injected the withdrawn blood 
over 10 min into the striatum through a small burr hole made 
3.5 mm to the right of and at the anteroposterior level of 
the bregma to a depth of 6.0 mm. The authors then used the 
same coordinates to administer an injection of 0.2 U of 
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bacterial collagenase in 1.0 ml sterile saline (as described 
[28]). They performed a hemoglobin assay to compare the 
hematomas produced by injection of collagenase with that 
produced following direct injection of 100 ml of blood 
directly into the striatum. One hour after the operation, the 
hematomas of both models were comparable (approximately 
65 ml in the blood infusion model versus 50 ml in the collage-
nase model). The hematoma in the blood injection model 
remained stable during the first 4 h. Well in agreement with 
a previous publication [24], MacLellan observed a signifi-
cant increase in hematoma size within this time period in the 
collagenase model.

Hematoma size and lesion volume were evaluated at 
later time points using magnetic resonance imaging (MRI). 
From the imaging the authors [23] concluded that, despite 
similar initial hematoma volumes measured by using hemo-
globin assay at 4 h, the injury observed between 4 and 6 
weeks was greater in the collagenase model. The authors 
explained that as opposed to the blood model (in which the 
blood remains pooled), blood in the collagenase model dif-
fuses from the hemorrhage site into the parenchyma. They 
also conclude that the hematoma observed in the blood 
model resolved more quickly in comparison with that seen 
in the collagenase model.

Functional Outcome

Functional outcomes were evaluated using a neurological 
deficit scale as described previously [29]. They established 
a baseline by testing the animals prior to ICH and contin-
ued evaluation through 28 days after induction of ICH. 
While on day 1 the hematoma volumes in both models were 
comparable, neurological evaluation revealed significant 
aggravation of the neurological deficits in the collagenase 
versus blood injection subjects. Complete recovery was 
observed in the blood infusion model at day 21. From this 
time point onward, no recovery was noted to occur in the 
collagenase model.

Takamatsu et al. noted the lack of spontaneous recovery 
in the collagenase model of ICH [30]. Takamatsu evaluated 
neurological motor deficits using four tests from days 1 after 
ICH induction. In contrast to MacLellan’s group who tested 
for 28 days, Takamatsu performed neurological testing up to 
a maximum of 15 days, and did not observe improvement of 
neurological deficits between days 10 and 15, which leads to 
the conclusion that there is no spontaneous recovery in that 
model [30]. Kim et al. performed testing for 35 days after 
collagenase injection and reported about the lack of sponta-
neous recovery even up to day 35 [31]. Beray-Berthat et al. 
extended the time of observation after collagenase-induced 
ICH up to 56 days. They used five different neurological 

tests and reported that they revealed long-term deficits at up 
to 2 months following ICH [32].

In contrast, Karki et al. induced ICH by infusion of 
100 ml of nonheparinized autologous whole blood into  
the right striatum adjacent to the SVZ (exact coordinates 
undisclosed). Karki assessed the functional outcome using 
the neurological severity score between day 1 and day 28, 
and found partial recovery [33]. Similar results were 
observed using the “corner test” (common for evaluation of 
neurological deficits, by measuring the number of times an 
animal turns to the right or left after placement in a corner). 
Grasso et al. injected 100 ml of autologus whole blood 
under stereotactic guidance into the right basal ganglia, 
and evaluated for neurological deficits using a neurologic 
symptom score and the “corner test” at days 1, 7 and 14. 
The authors did not observe spontaneous recovery in 
 neurological scoring and noted only slight recovery in the 
corner test [34]. Yang et al. injected 100 ml of nonheparin-
ized autologous blood stereotactically and evaluated for 
neurological deficits at days 1, 4, 7, and 14 using the neu-
rological severity score and corner test. They demonstrated 
a time-dependent resolution of the neurological deficit. 
Even if on the last day of observation deficits were still 
present, this time-dependent resolution suggests that com-
plete spontaneous recovery is possible [14]. Similar results 
were presented by Seyfried et al., who injected 100 ml of 
blood stereotactically and evaluated for neurological defi-
cits through severity scoring and corner test at days 1, 7, 
and 14. The authors observed a clear time-dependent reso-
lution of neurological deficits in both tests [35].

It appears that the injection of collagenase causes severe 
injury with persistent neurological deficits without spontane-
ous recovery, similar to that observed in the clinical setting. 
Because spontaneous recovery in this model is possible, the 
value of the blood injection model for long-term study may 
be limited. MacLellan et al. [20] pointed out that because of 
the described differences between the models, it is valuable 
to utilize both models in testing for the potential beneficial 
effects of therapeutics.

Blood-Brain Barrier

MacLellan et al. also evaluated time-dependent development 
of blood-brain-barrier disruption by using MRI in both 
induction models. They reported that at all tested time points 
(12 h, 2 and 4 days), disruption of the blood-brain barrier 
caused by collagenase injection was significantly higher in 
comparison with the blood model. The authors observed a 
time-dependent increase in blood-brain barrier permeability 
in the collagenase model, but not in the in blood model of 
induction [23].
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Knight et al. observed only small increases in blood-brain 
barrier permeability in the surrounding rim of the hematoma 
1 day after injection of 100 ml autologous blood. This param-
eter remained slightly elevated through day 14, where the 
authors observed decreases in permeability at the rim area 
[36]. In the collagenase model, Rosenberg et al. investigated 
the blood-brain barrier disruption via another method, mea-
surement of [14C]-sucrose uptake in the brain from the 
blood. The blood-brain barrier in the collagenase model was 
noted to be open 30 min after ICH induction. [14C]-Sucrose 
uptake in the brain tissue was noted to stay significantly ele-
vated for 7 days [37]. Taken together, it seems that the dam-
age caused by ICH induction via blood injection is moderate 
when compared with the outcomes from collagenase 
injection.

Cell Death

Because infiltration of brain parenchyma with immunologic 
cells such as neutrophils is considered to be a significant 
mechanism leading to cell death [7], there was a study 
directly comparing brain injury in the collagenase and blood 
models of ICH [38]. The authors compared the inflammatory 
reactions and cell death following collagenase versus blood 
injection in the brains of rats. The authors first collected 
mixed (arterial and venous) blood by cutting the tip of the 
tail, then injected that blood or 0.4 U of collagenase follow-
ing coordinates similar to those used by MacLellan [33] 
(3 mm lateral to the midline, 0.02 mm anterior to the coronal 
suture, 5.5 mm below the surface of the skull). The authors 
reported that neutrophil infiltration of the striatal or cortical 
tissue around the hematoma was observed at 1 day in both 
models. However, only in the collagenase model was there a 
significant difference at this time point compared with the 
other observed time point. The neutrophils were almost com-
pletely diminished in number at day 3 in the blood model and 
still present in the collagenase model.

Similar temporal patterns of neutrophil infiltration have 
been observed by other authors. Pelling et al. observed sig-
nificant neutrophil infiltration at day 2 after collagenase-
induced ICH [9]. Wang observed neutrophil infiltration at 
day 1 and 3 in the same model [39]. MacLellan et al. reported 
significant neutrophil infiltration at day 4 after collagenase 
injection [40]. In the blood model Gong et al. also observed 
peak neutrophil infiltration on day 1. While neutrophils were 
still present at day 3, at later time points (at day 7 and 10), the 
authors observed a marked decrease in the number of neutro-
phils present [41].

Xue et al. [38]. investigated the number of dying neurons 
(identified by cytoplasmic pyknosis or eosinophilia) in both 
models. They reported that the number of dying neurons in 

the penumbra peaked at day 2 in both models. But the mea-
sured differences between day 2 and the other evaluated time 
points (1 and 4 h; 1, 2, 3, 7, and 21 days) were significant 
only in the collagenase model. Dying neurons were observed 
through day 7 in the blood model and through day 21 in the 
collagenase model.

Conclusion

In conclusion we can say that the blood injection and colla-
genase models are technically similar. They are easy to per-
form and are reproducible; the size of hematoma in these two 
models is well controllable. The location of hematoma for-
mation is easier to control in the collagenase model. Since in 
the blood model the amount of liquid injected into the brain 
is significantly higher, there is always a risk of blood disrup-
tion in the subarachnoid and ventricular spaces. The collage-
nase model mimics the time-dependent extension of the 
hematoma, which has been observed in a relatively small 
portion of patients. Damage caused by comparable initial 
hematoma was significantly higher in the collagenase model 
subjects. Damage resulted in extension of the hematoma 
over time, with greater tissue and neuron loss, greater BBB 
disruption, and lack of spontaneous neurological recovery in 
animals after collagenase compared to blood injection.
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Abstract There is a growing understanding of cerebral 
amyloid angiopathy (CAA), which accounts for the majority 
of primary lobal intracerebral hemorrhages (ICH) among the 
elderly [1] and is cited as the cause of 20% of spontaneous 
ICHs in patients over 70 years of age [2]. The basis for this 
disease process is the deposition and formation of eventually 
destructive amyloid plaques in the walls of brain vessels, 
predominantly arterial but not excluding venules and capil-
laries [3]. Investigation of the pathophysiology and therapies 
for CAA-associated hemorrhages have been made possible 
through animal models utilizing species that develop CAA in 
a similar fashion to humans, such as the squirrel monkey, 
rhesus monkey, dog and mutant and transgenic mouse strains, 
which exhibit the age-related development of amyloid 
plaques, progressive neurodegeneration and CAA-associated 
hemorrhages. The disease course in these animal models 
resembles that seen in the clinical setting for patients with 
CAA. Rodent studies have been able to demonstrate the 
strong role of CAA and CAA-associated microhemorrhages 
in the pathogenesis and progression of CAA with and with-
out AD [4]. This review will present the existing under-
standing of CAA-associated microhemorrhages frequently 
observed in AD, different animal models, involved imag-
ing and the role of animal models in the development of 
 therapeutics including immunotherapies such as anti-Ab 
anti bodies for the treatment of CAA and its associated 
microhemorrhages.

Keywords Alzheimer’s disease · Amyloid · Angiopathy ·  
Intracerebral · Microhemorrhage · Stroke · Animal model · 
Mouse · Rat

CAA-Associated Microhemorrhages

Cerebral amyloid angiopathy (CAA) is regarded as a clinical 
high-risk factor for spontaneous intracerebral hemorrhage 
and lobar hemorrhage [5], predominantly in the temporal 
and occipital lobes [6]. The principle form of cerebral 
 amyloid found in the aging human brain and Alzheimer’s 
disease (AD) is b-amyloid (Ab), a cleavage product of the 
acute phase reactant amyloid-b precursor protein (AbPP). 
Deposition of neuron-derived Ab onto vascular smooth 
 muscle cells in blood vessel walls leads to thinning and deg-
radation of the tunica media [7], with development of vascu-
litis, aneurysm-like vasodilatation, fibrinoid necrosis and 
eventual vessel disruption [7]. AbPP/Ab aggregates have 
been cited to function as a potentially important anticoagu-
lant and vascular sealant in vessel injury [8], which becomes 
important when addressing potential therapies to remove the 
Ab deposits leading to microhemorrhage and central to the 
progressive neurodegeneration in AD [9].

Non-Human Primate Model

CAA has been found to occur in non-human primates rang-
ing from lemurs to chimpanzees. The most studied of these 
are the rhesus macaque and squirrel monkey, showing simi-
larities between CAA in humans and non-human primates: 
age-related increases in frequency and severity of CAA, 
preferential deposition in the neocortex and independence of 
CAA from amyloid plaque formation. While the strongest 
genetic relationship is shared by humans and other primates, 
extensive specific study of CAA-related microhemorrhages 
has not been pursued in this animal group, possibly because 
of the great cost and significant complexity of the manage-
ment, handling and procedural requirements involved in pri-
mate research [4].
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Murine Model

Cerebral deposition of amyloid in plaques and vessels has 
been consistently observed in mutated and transgenic mouse 
strains. Such strains have been a popular choice for the study 
of CAA-related hemorrhages. In the APPDutch mutant, 
PDAPP, TG2576 (APPsw) and APP23-transgenic mouse 
strains, CAA has been demonstrated to consistently lead to 
multiple and recurrent spontaneous cerebral hemorrhages 
[10]. As in humans, an age-related increase in the frequency 
and severity of CAA exists, there is predominant involve-
ment of the neocortex, and the development of CAA appears 
to be independent from formation of amyloid plaques [11, 
12]. Findings have suggested the involvement of molecular 
processes such as MMP-9 induction and degradation of the 
extracellular matrix (ECM) [13], and processes such as the 
perivascular microglial activation noted in APP Dutch mice 
can be further studied together with functional outcomes 
after CAA-related hemorrhage by utilizing these mouse 
strains exhibiting spontaneous intracerebral microhemor-
rhages [14]. The presence of apoE was found to be critical to 
the development of CAA-associated microhemorrhages in 
transgenic mouse strains, noting a statistically significant 
reduction in CAA and microhemorrhage events in the strains 
lacking apoE [15].

Canine Model

CAA occurs naturally in canines, with canine Ab being 
structurally identical to that found in humans. Spontaneous 
CAA-related hemorrhage has been consistently reported to 
occur in older dogs, usually over 13 years of age. Canine 
amyloid deposition has been shown to concentrate in the 
intercellular spaces of the tunica media in blood vessels in a 
similar fashion to humans [16]. The positive correlation 
between CAA and intracerebral hemorrhage that exists in 
humans has also been established in canines [17].

Discussion

Diagnostic tools for detecting physical and metabolic 
changes in the AD brain include MRI, fMRI, PET, CT and 
SPECT, which are all imaging methods that can continue to 
be refined using animal models to enhance detection of AD 
and CAA-related microhemorrhages [18]. Existing treat-
ments for AD, such as cholinesterase inhibitors, N-methyl 
d-aspartate (NMDA) antagonists and non-steroidal anti-
inflammatory drugs (NSAIDs), do not directly address the 
production and deposition of senile plaque Ab. Removal of 

these deposits has been regarded as a potential means of halt-
ing the progression of AD [9]. Racke et al. used a transgenic 
mouse model to demonstrate attenuation of CAA-associated 
microhemorrhage by immunotherapy against deposited Ab 
[11]. Strategies have since revolved around the same  
concept: reduction of Ab production, blocking Ab deposi-
tion in vessel walls, halting molecular events involved in 
 Ab-induced vessel degeneration, suppression of Ab-induced 
inflammation and neurotoxicity, and removal of Ab from the 
brain. Earlier trials of immunotherapy directed at removing 
Ab were met with complications of encephalitis and menin-
gitis, possibly because of the removal of protective Ab 
deposits and AbPP/Ab aggregates together with the target 
Ab senile plaque deposits [11]. While animal models, such 
as the TG2576 mouse strain, have allowed for enhanced and 
accelerated development of more specifically Ab mimotope-
targeted vaccines and immunotherapies [19], the limitations 
of animal models must not be overlooked. For instance, use 
of transgenic or knockout rodents may not replicate clinical 
conditions to screen for possible complications. One immu-
notherapy medication did not successfully pass phase II tri-
als because of clinical signs of encephalitis and meningitis 
that may have resulted from the removal of the non-senile 
plaque Ab [8], which may not have had the same protective 
role in rodents and therefore did not present itself as a com-
plication prior to clinical trials. Another issue is that of route 
of administration; for example, developed therapies given by 
intracerebroventricular injection (ICV), often used in mouse 
models, will require additional testing via alternate routes to 
translate successfully into the clinical setting.
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Abstract Objectives: To describe early perihemorrhagic 
changes after lobar intracerebral hemorrhage (ICH) using 
multiparametric neuromonitoring [intracranial pressure 
(ICP), cerebral blood flow (CBF), tissue oxygenation (P

br
O

2
), 

microdialysis (MD)].
Methods: Seven anaesthetized male swine were examined 

over 12 h. Four cerebral probes were inserted around the 
ICH (ICP, MD, CBF and P

br
O

2
). A right frontal autologous 

arterial ICH (1.5 mL) was induced in all animals.
Results: Initial ICH creation was hampered by using a 

soft 22-G cannula. A modified injection technique with a 
90° bent steel cannula (20 G) allowed for an 87.5% success 
rate in ICH formation. After induction of ICH, ICP signifi-
cantly increased from 2 mmHg to 9 mmHg. No significant 
P

br
O

2
 or CBF reduction occurred during the monitoring 

period. Consequently, microdialysis did not indicate overall 
mean deterioration in the hematoma group over time. The 
indicator of ischemia (extracellular lactate) did not increase 
significantly during the monitoring period. Individual 
monitoring episodes demonstrated hypoxic episodes with 
consecutive metabolic derangement. These effects were 
reversible by optimizing CPP and FiO

2
.

Conclusion: We established a reproducible cortical ICH 
model using multiparametric neuromonitoring. Subtle 
changes in ICP were observed. No evidence for the exis-
tence of a perihemorrhagic ischemic area was found, hypo-
thetically because of the small hematoma size. Individual 
animals underwent critical P

br
O

2
 and CBF decreases with 

consecutive metabolic derangement. The effect of larger 

hematoma volumes should be evaluated with this setup in 
future studies to study volume-dependent deterioration.

Keywords ICH · Multiparametric monitoring · P
br
O

2 
· CBF · 

ICP · Microdialysis

Introduction

The acute changes in the perihemorrhagic zone (PHZ) of 
spontaneous ICH remain unclear. In theory, depression of per-
fusion may lead to metabolic changes because of lack of tissue 
oxygenation. Some previous studies using P

br
O

2
 measurement 

and microdialysis have shown evidence of perihemorrhagic 
tissue hypooxygenation or of an increase in extracellular con-
centrations of glutamate after ICH [1, 2]. Currently no experi-
mental model exists that simultaneously measures intracranial 
pressure, oxygenation, perfusion and metabolism in the PHZ 
of ICH. Therefore, we utilized human cerebral multimodal 
monitoring probes (ICP, P

br
O

2
, CBF and microdialysis) to 

study the PHZ in a porcine model of lobar ICH.

Methods

Animal Preparation

Animal protocols for the experiments were approved by the 
institutional animal care and use committee (protocol no.: 
35-9185.81/G-60/06). A standardized operative setup was fol-
lowed as described elsewhere [3]. Seven male swine with an 
average mean weight of 30.1 ± 1.62 (SD) kg were anesthe-
tized with ketamine (10 mg/kg), midazolam (5 mg/kg) and 
azaperone (40 mg/kg) administered by intramuscular injec-
tion. Animals were orally intubated and mechanically venti-
lated (F

i
O

2
 = 0.3). Anesthesia was maintained using 1.5% 

isoflurane inhalation. Rectal and brain temperatures (T
r
, T

br
) 
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were continuously monitored. Rectal temperature was main-
tained between 35.5°C and 37°C. After surgical exposure of 
the right femoral artery, a 4-F catheter was placed for perma-
nent monitoring of mean arterial blood pressure (MAP). A 
venous line was placed in the right ear vein, and capillary oxy-
gen saturation (SO

2
) was monitored from the left ear.

Operative Procedure

Five burr holes (diameter: 5 mm) were placed over the right 
hemisphere. One burr hole was placed parietally through 
which the ICP probe (Neurovent-P®, Raumedic AG, 
Helmbrechts, Germany) was placed. Immediately along the 
coronal suture three burr holes were placed 0.8, 1.2 and 
1.6 cm off midline, respectively. Through these burr holes 
the monitoring probes were inserted next to each other. 
Medially the thermodiffusion regional CBF probe (Hemedex 
td-rCBF, Codman®, USA) was followed by the P

br
O

2
 probe 

(Neurovent®-TO, Raumedic AG, Helmbrechts, Germany) 
and microdialysis probe (CMA 70, Solna, Sweden) most lat-
erally (Fig. 1). All intraparenchymal devices were introduced 
and secured transcutaneously prior to insertion into the brain. 
An equilibration period of 2 h was allowed for the probes to 
run in and the animals to stabilize. Further frontally, a soft 
22-G cannula for induction of the ICH was introduced via 
the fifth burr hole, which was located 1.5 cm in front of the 
coronal suture and 0.8 cm lateral to the sagittal suture. In 
seven subjects (data not shown completely), an autologous 
arterial hematoma was created following the description of 
Quereshi et al. and Hemphil et al. [1, 4]. Polyvinyl chloride 
tubing was attached to a stopcock at the distal end of the 
spinal needle and to the femoral artery. At the initiation of 
hematoma formation, autologous blood was introduced into 
the brain under arterial pressure via this tubing. However, we 
aimed to target the cortico-subcortical area in order to avoid 
deep-seated ICH location. The injected hematoma volume 
was 1.5 mL. Neither the catheters nor the syringes were 
flushed with heparin. Following first experiences with the 
described injection method, we adapted the technique and 
used a 90° bent steel 20-G cannula. After catheter place-
ments and ICH injection, the burr holes were sealed with 
bone wax and monitoring was conducted for 10 h to com-
plete the monitoring period of 12 h. Postmortem cranial 
vaults were opened completely, brains were removed, and 
intraparenchymal catheter locations and ICH size and posi-
tion were macroscopically inspected (Fig. 2).

Monitoring

All relevant physiological parameters, such as mean arte-
rial pressure (MAP), intracranial pressure (ICP), cerebral 

perfusion pressure (CPP), brain and rectal temperature  
(T

b
, T

R
), heart rate (HR), oxygen saturation (SO

2
), P

br
O

2
 and 

rCBF, were continuously recorded. Microdialysates were 

Fig. 1 Photograph illustrating the catheter positioning in relation to the 
injection site of the hematoma. Most parietally the ICP probe is intro-
duced. Just in front of the coronal suture three monitoring probes are 
placed next to each other. Most medial is the CBF probe followed by 
the P

br
O

2
 probe and microdialysis probe. Frontally, the burr hole site for 

the hematoma is marked (white arrow)

Fig. 2 Typical cortico-subcortical ICH in the right frontal lobe with 
extension to the fronto-parietal region. Total ICH volume was con-
firmed after sectioning of the brain postmortem
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perfused with a rate of 0.3 mL/min, and samples were taken 
every 30 min. The microdialysis vials were collected and 
analyzed after the experiment was finished. All other param-
eters were recorded online. Blood-gas analyses were achieved 
every 2 h. The experiments did not test any therapeutic mea-
sure in all but one animal in which an increase of FiO

2
 and 

regulation of CPP were allowed.

Statistical Analysis

For statistical analysis we used a standard software package 
(SPSS 14.0). All data were normally distributed. A paired 
Student’s t-test was used. The 95% confidence interval was 
calculated for the mean difference of all parameters. The 
p < 0.05 level was used to assess significance.

Results

Using the ICH injection technique with the soft cannula, an 
ICH of intended volume was formed in 7/11 (64%) of ani-
mals. The improved technique resulted in an 87.5% success 
rate. The monitoring results were as follows: ICP increased 
shortly after hematoma formation and rose until it reached a 
plateau at 8 mmHg after 6 h of monitoring. This increase was 
statistically significant (p < 0.001). The early ICP increase 
was adjoined by an increase in CBF from 27 mL/100 mg/
min to 34 mL/100 mg/min after 3 h. After 10 h CBF decreased 
to baseline values. P

br
O

2
 stayed unchanged for 6 h after the 

hematoma placement. However, towards the end of the 
experiment P

br
O

2
 reached 30 mmHg. Metabolic mean values 

did not show any evidence of parenchymal ischemia as 
 neither extracellular glutamate (not displayed) nor lactate 
increased significantly compared to baseline measurements. 
These results are displayed in Table 1. Individual monitoring 
episodes demonstrated immediate dramatic oxygen decrease 
and subsequent increase of metabolic indicators of cerebral 
ischemia. These effects were reversible by increasing the 
fraction of inhaled oxygen (FiO

2
) from 30% to 80% and 

modulation of CPP (Fig. 3).

Discussion

The theory that cerebral ischemia contributes to secondary 
neuronal injury after ICH has been discussed in several pub-
lications, but the results of different groups are inconsistent, 
and there is an ongoing debate about the existence of a “peri-
hemorrhagic penumbra” [1, 2, 5–7]. Experimental projects 
are often subject to the criticism that results cannot be trans-
ferred into human pathologies. For example, assessing CBF 
with laser Doppler flowmetry in rats is not comparable to 
online CBF recording using a td-CBF probe in patients. 
However, multimodal monitoring tools are progressing as 
useful tools in the setting of various types of stroke [8–11]. 
Therefore, this study was performed on the basis of a multi-
modal monitoring approach with cerebral probes used in the 
clinical setting (ICP, CBF, P

br
O

2
 and microdialysis).

As superficial lobar hematomas are more amenable to 
effective therapy such as surgical evacuation, we at first 
investigated experimental ICH in pigs as described. The 
injection method that we used has been previously described 
by Qureshi et al. and Hemphil et al. [1, 4]. We adapted this 
method to the porcine anatomy. The injection technique was 
modified using a 90° angled 20-G steel cannula, which reli-
ably led to the formation of consistent ICH of intended 
 volume. Using this model, hypoxic episodes were found, but 
metabolic or histological correlates were not assessed. Others 
found that glutamate, as an indicator of pending ischemia, 
significantly increased in the early phase after ICH forma-
tion [2]. The authors concluded that the exact role of these 
amino acids in the pathogenesis of neuronal injury observed 
in ICH needs to be defined.

From previous publications it was reported that cerebral 
perfusion may be reduced in tissues surrounding the hema-
toma. In this context, Belayev et al. performed a combined 
study of perfusion monitoring by laser Doppler flow and 
neurobehavioral tests in mice after ICH. A significantly 
reduced perfusion (35–50%) was sustained over 90 min and 
went along with substantial neurological deficits in these 
animals [12]. An MRI study at 7 T in rats additionally showed 
that cerebral perfusion may be diminished around the hema-
toma, which correlated to histological cell loss [13]. Similarly, 
relevant perfusion reductions measured by MRI were seen in 

Table 1 Table showing mean values ± SD of ICP, CBF and P
br
O

2
 and extracellular lactate measured by microdialysis during four time points (TP1: 

30 min prior to ICH; TP2: 3 h post ICH; TP3: 6 h post ICH; TP 4: 10 h post ICH). ICP increased because of the injected volume, CBF and P
br
O

2
 

moderately decreased. Lactate values do not show any relative increase compared to the baseline measurement

Parameter TP1 TP2 TP2 TP3

Time

ICP [mmHg] 1.03 ± 3.53 6.44 ± 5.05 8.67 ± 5.75 7.21 ± 3.77

P
br
O

2
 [mmHg] 23.27 ± 16.97 20.12 ± 15.78 21.25 ± 15.25 29.74 ± 15.88

CBF (mL/100 mg/min) 30.04 ± 9.41 33.20 ± 15.07 30.6 ± 13.73 26.84 ± 12.48

Lactate (mmol/L) 3.18 ± 1.30 2.55 ± 1.51 4.19 ± 1.85 4.19 ± 2.44
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18 patients [14]. However, it remains difficult to establish peri-
hemorrhagic perfusion and structural patterns using artifact-
prone tools like MRI. In our previous results we found that 
there is no relevant ischemic tissue in the immediate sur-
rounding of the hematoma as measured by DWI, although 
we were able to show that perfusion is reduced on the affected 
side (5–27%) in comparison to the healthy side [6].

There are limitations to our study. We do not present his-
tological correlates to our findings. However, once more sig-
nificant perihemorrhagic changes are evident, histopathological 
studies seem mandatory. Effects on functional recovery  
cannot be proved as neurological assessments were not  
performed as the animals were sacrificed at the end of  
the study.

In conclusion, we examined continuous multiparametric 
characteristics of small volume ICH in swine in the acute 
phase. We improved the injection technique of ICH that 
resulted in an acceptable success rate of hematoma creation 
of approximately 90%. In the current study only subtle 
changes in ICP but no changes in CBF, P

br
O

2
 and microdialy-

sis were observed. With the use of larger hematoma volumes, 
one might be able to elicit perfusion and tissue oxygen 
changes with subsequent impact on metabolic indices. Future 
studies should therefore focus on increasing hematoma size 
and elucidate the effects of contralateral hematomas (to dif-
ferentiate purely volume-/ICP-dependent effects from isch-
emic/neurotoxic effects). Our model could also allow 
studying en vogue but yet unclear phenomena like cortical 
spreading depolarizations in their role in the pathophysiol-
ogy of the PHZ in ICH.
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Abstract Chronic subdural hematoma (CSDH) is a com-
mon neurosurgical condition that has a high incidence in 
the increasing elderly population of many countries. 
Pathologically, it is defined as a persistent liquefied hema-
toma in the subdural space more than 3 weeks old that is 
generally encased by a membraneous capsule. CSDHs likely 
originate after minor head trauma, with a key factor in its 
development being the potential for a subdural cavity to per-
mit its expansion within, which is usually due to craniocere-
bral disproportion. The pathogenesis of CSDH has been 
attributed to osmotic or oncotic pressure differences, although 
measurements of these factors in the CSDH fluid do not sup-
port this theory. Current belief is that CSDH arises from 
recurrent bleeding in the subdural space, caused by a cycle of 
local angiogenesis, inflammation, coagulation and ongoing 
fibrinolysis. However, because of a lack of detailed knowl-
edge about the precise mechanisms, treatment is often lim-
ited to surgical interventions that are invasive and often prone 
to recurrence. Thus, it is possible that an easily reproducible 
and representative animal model of CSDH would facilitate 
research in the pathogenesis of CSDH and aid with develop-
ment of treatment options.

Keywords Chronic subdural hematoma · Acute subdural 
hematoma · Subdural hygroma · Animal models · Mild trau-
matic brain injury

Introduction

Chronic subdural hematoma (CSDH) is a common neurosur-
gical problem that is more common with increasing age, 
coagulopathy, alcohol abuse and neurodegenerative disor-
ders such as Alzheimer’s disease [1]. CSDH also is common 
in infants, so there is a somewhat U-shaped age distribution. 
Most cases, however, affect patients over 65 years old [2]. 
The incidence of CSDH is not well documented, and in 
 possibly the only epidemiologic study in the computed 
tomography era, the overall incidence was 13 per 100,000 
per year, ranging from 3.4 in people under 65–58 in those 
over 65 [3]. The incidence would be predicted to increase as 
the mean age of the world population increases and the use 
of predisposing drugs, such as antiplatelet and anticoagulant 
drugs, increases.

Characterization and Origin of CSDH

Chronic subdural hematomas have been pathologically defined 
as liquefied hematomas within a membranous capsule that 
persist in the subdural space. Up to 50% of patients give a 
history of minor head trauma in the 3 months preceding onset 
of symptoms [4]. The time from occurrence to liquefaction is 
variable, probably at least a week, and usually more than 
3 weeks after minor trauma [2]. The hematoma is encased in 
a membranous capsule, with the outer membrane on the 
dural side comprised of vascularised granulation tissue up to 
1 cm thick [5]. This layer has been identified to be of a type 
of reparative or inflammatory tissue that includes fibro-
blasts, collagen fibrils and a network of capillaries with 
endothelial cell fenestrations and open gaps between the 
individual endothelial cells [6]. In contrast, the inner mem-
brane is much thinner, usually 30–300 mm thick, relatively 
acellular and avascular, mainly fibrocollagenous and similar 
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to the semi-permeable arachnoid membrane [7]. The hema-
toma itself contains liquid with fresh erythrocytes, low con-
centrations of coagulation factors, no fibrinogen and 
increased fibrinolytic activity [1]. Its age can be determined 
by the degree of eosinophilia within the subdural hematoma 
membrane [5] and roughly by the appearance on computed 
tomography [8].

CSDH may evolve from acute subdural hematoma 
(ASDH) or subdural hygroma [2]. ASDH is characterized by 
a solid subdural clot without a membrane and develops into 
a CSDH in less than 1% of cases. Subdural hygroma is accu-
mulation of cerebrospinal fluid in the subdural space, also 
without a membrane, but can eventually contain mixed flu-
ids, develop a membrane and evolve into a CSDH. Subdural 
hygromas are more common in the infant or senior popula-
tions, are usually caused by mild trauma to the head and are 
often bilateral.

Development of CSDH has been correlated with the avail-
ability of potential subdural space for its growth and expan-
sion [2]. In the elderly, cerebral atrophy creates craniocerebral 
dysproportion. Similarly, recurrence of CSDH after treat-
ment is also correlated with failure of the brain to expand 
after surgery [9].

Pathogenesis

Virchow described CSDH as “pachymeningitis hemorrhag-
ica chronica interna” and considered it to be an inflammatory 
or infectious condition with secondary bleeding [10]. Trotter 
was among the first to suggest that trauma was the key factor 
in the origin [11]. In 1925, Putnam and Cushing proposed 
that recurrent bleeding from the thin-walled neovasculature 
within the outer neomembrane caused expansion of CSDH 
[12]. Subsequently, Gardner and others theorized that expan-
sion of the CSDH was due to increased osmolarity or oncotic 
pressure in the hematoma, which caused the hematoma to 
imbibe water [13]. Some experiments and measurements of 
CSDH fluid osmolarity and oncotic pressure do not support 
this theory [14].

Current literature now supports the hypothesis that CSDHs 
arise from repeated bleeding into the subdural cavity, 
although this is based on observation without any scientific 
confirmation [15]. Minor trauma causes tearing of veins that 
traverse the potential subdural space where the veins have 
their thinnest walls [7]. Recurrent hemorrhage activates clot-
ting wound-healing reactions [16]. The accumulated blood 
induces inflammation and fibrinolysis, further weakening 
local blood vessels and facilitating repeated bleeding into the 
cavity. Hong et al. measured higher interleukin-6, vascular 

endothelial growth factor and basic fibroblast growth factor 
concentrations in CSDH with recurrence, suggesting a role 
of inflammation in the propagation of CSDH [1]. Within the 
hematoma fluid itself, there is a high concentration of fibrin-
olytic proteins such as tissue-type plasminogen activators, 
plasmin-a2-plasmin inhibitor complex, and fibrin and fibrin-
ogen degradation products [17] that prevent clotting and 
allow the blood to remain in a liquefied form. As the outer 
membrane forms around the hematoma and becomes vascu-
larized, capillaries that are prone to bleeding develop within 
the membrane [9]. Their proliferative potential and fragile 
nature, in combination with the increased fibrinolytic activ-
ity in the CSDH fluid, theoretically create a cycle of bleed-
ing, coagulation, inflammation, angiogenesis and fibrinolysis 
that causes CSDH.

Treatment and Complications

The diagnosis of CSDH can be made by cranial computed 
tomography or magnetic resonance imaging. Symptomatic 
patients generally undergo some form of treatment. A survey 
of Canadian Neurosurgical Society members found CSDH 
was most often treated using two burr holes [18]. Other 
methods, such as using one burr hole, twist drill craniostomy, 
craniotomy, and each method with or without irrigation and 
insertion of a drainage tube, are also employed with varying 
consequences in regard to recurrence, morbidity, and mortal-
ity rates [9]. One randomized trial supported use of burr 
holes with a drain compared to burr holes without a drain 
[19], and metaanalysis of the literature also supported use of 
burr holes or a twist drill craniostomy [20].

Animal Models

Attempts have been made to develop an animal model of 
CSDH in order to facilitate understanding of its pathogenesis 
and to explore treatment options, such as medical methods. 
However, most of the experiments have been met with lim-
ited success. Watanabe, et al. used dogs and monkeys to 
study the effects of subdural and subcutaneous hematomas 
[21]. While a liquefied mass could be produced by subdural 
injections, these hematomas spontaneously resolved after 
15 days, and no persistent CSDH developed. We hypothesize 
that this is because there is no craniocerebral dysproportion 
in young, healthy animals. Apfelbaum and colleagues used 
similar methods in cats and found a similar time course 
with an outer membrane developing after 8 days, but with 
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disappearance of the hematomas by 21 days [22]. Finally, it 
was reported that the neurotoxin 6-aminonicotinamine prob-
ably caused ex vacuo hydrocephalus 9 days after injection 
into neonatal mice [23]. The mice also developed neurologi-
cal and physiological side effects because of the neurological 
damage. By 20 days after injection, hematomas spontane-
ously developed in the parieto-occipital regions. These lasted 
for 10 days until the animals tended to die. Histology of the 
hematomas showed similarities to human CSDH.

The most successful attempt at an animal model was by 
Labadie and Glover [24]. They used various combinations  
of human platelet-free plasma, autologous hemolyzed blood 
or autologous whole blood, and injected or implanted these 
into the subcutaneous space over the thoracic spine of rats. 
Approximately 50% of the 154 clots implanted developed 
into enlarging liquefied hematomas and displayed compa-

rable organization and development to human CSDH [24]. 
The authors reported that treatment of rats with dexame-
thasone prevented expanding hematoma formation in this 
model [25].

As chronic expanding hematomas are also known to form 
in other parts of the body such as major muscles, the liver 
and serous cavities, it is possible that a subcutaneous model 
of CSDH is an acceptable substitute. We have had difficulty 
replicating prior experiments in rats. Implantation of clotted 
pig blood into the subcutaneous space over the thoracic spine 
of mice is currently being performed (Figs. 1 and 2). Skin 
necrosis over large clots sometimes occurs. Clots persist for 
up to 21 days and histologically show similar histology to 
clots isolated from human CSDH cases, but more study is 
still needed to quantify the direct interactions between the 
clot and the local tissue.

Fig. 1 Implantation of a 6-mL clot on the dorsal side of the mouse (a). Beginning stage of development of necrotic skin over the clot (b). 
Ulceration of the necrotic skin with complete detachment between the necrotic tissue and the surrounding healthy dermis (c)



28 J. Tang et al.
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Fig. 2 Histology of mouse 
subcutaneous clots. Hematoma 
removed 14 days after implanta-
tion shows a thick inflammatory 
cell layer surrounding the tissue, 
with eosinophilia in the 
clot-tissue interface (a). 
Hematoma removed 21 days 
after surgery shows a layer of 
inflammatory cells around the 
clot with white blood cell 
infiltration (b). (Hematoxylin 
and eosin, whole block on left 
scale bar = 5,000 mm, cells on 
right scale bar = 20 mm)
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Abstract Intracranial aneurysms can be induced by a single 
stereotaxic injection of elastase into the cerebrospinal fluid 
at the right basal cistern in hypertensive mice. This mouse 
model produces large aneurysm formations with an inci-
dence of 60–80% within 3–4 weeks. Intracranial aneurysms 
in this model recapitulate key pathological features of human 
intracranial aneurysms. Several technical factors are critical 
for the successful induction of intracranial aneurysms in this 
model. Precise stereotaxic placement of the needle tip 
into the cerebrospinal fluid space is especially important. 
Aneurysm formations in this model can serve as a simple and 
easily interpretable outcome for future studies that utilize 
various inhibitors, knockout mice, or transgenic mice to test 
roles of specific molecules and pathways in the pathophysi-
ology of intracranial aneurysms.

Keywords Intracranial aneurysm · Animal model · Macro-
phage · Matrix metalloproteinase · Hypertension · Inflammation · 
Mouse

Introduction

Despite recent advances in diagnosis and treatment, the 
mechanisms for formation, growth, and subsequent rupture 
of intracranial aneurysms are not well understood [1]. In 
order to understand the pathophysiology of intracranial aneu-
rysms and identify therapeutic targets for the prevention of 
aneurysmal rupture, an animal model of intracranial aneu-
rysm would be useful. Recently, we have developed a new 
mouse model of intracranial aneurysm that recapitulates key 
pathological features of human intracranial aneurysms [2]. 
This model produces large intracranial aneurysms within a 
short incubation time of 2–3 weeks. In this article, we will 
discuss technical considerations that are critical for the suc-
cessful application of this model for future studies.

Overview of Elastase-Induced Intracranial 
Aneurysm in Hypertensive Mice

In this model, two well-known clinical factors associated 
with human intracranial aneurysms – hypertension and the 
degeneration of elastic lamina – are combined to induce 
intracranial aneurysm formation in mice [2]. Hypertension is 
associated with the formation and rupture of intracranial 
aneurysms. Degeneration of the elastic lamina is a key path-
ological change of intracranial aneurysms. Fragmentation  
of the elastic lamina alone is considered a pre-aneurysmal 
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change that can eventually mature into an aneurysm. In this 
model, hypertension is induced by continuous infusion of 
angiotensin II; degradation of the elastic lamina is induced 
by a single injection of elastase into the cerebrospinal fluid 
using a stereotaxic method. This model produces large 
intracranial aneurysms at an incidence of 60–80% within 
3–4 weeks. Aneurysms are formed in the circle of Willis and 
its major branches. Figure 1 shows a control brain (a) and 
representative aneurysms (b, c) from this model.

There are dose-dependent effects of angiotensin II and 
elastase on the incidence of aneurysms in this model. Neither 
angiotensin II nor elastase alone could induce aneurysms, 
indicating that synergistic effects of elastase and hyperten-
sion are needed for the aneurysm formation in our model. 
When hypertension-induced vascular remodeling is coupled 
with elastase-induced inflammation, abnormal vascular 
remodeling may occur. Intracranial aneurysm formation may 
represent maladaptive vascular remodeling that is mediated 
by hemodynamic changes and inflammation [3].

Histologically, intracranial aneurysms formed in this model 
closely resemble human intracranial aneurysms. Part of the aneu-
rysmal wall in this model is often thickened. Although endothelial 

and smooth muscle cell layers are sometimes fragmented, they 
are generally present throughout the aneurysmal wall, showing 
that the intracranial aneurysms formed in this model are true 
aneurysms, not pseudo-aneurysms.

Aneurysms formed in this model are generally large and 
easily distinguishable from the normal arteries without using 
histological assessment. Aneurysm formations in this model 
can serve as a simple and easily interpretable outcome for 
future studies that utilize various inhibitors, knockout mice, 
or transgenic mice to test roles of specific molecules and 
pathways in the pathophysiology of intracranial aneurysms. 
For example, using this model, we have shown critical roles 
of matrix metalloproteinases (MMPs) in the formation of 
intracranial aneurysms [2].

Angiotensin II-Induced Hypertension

Angiotensin II infusion through an implanted osmotic pump 
is a well-established, well-characterized model of hyperten-
sion in mice [4–6]. A horizontal skin incision approximately 

Fig. 1 Representative 
 aneurysms. (a) Control brain.  
(b) Aneurysms were found at  
the bifurcation at the right 
middle cerebral artery and the 
internal carotid artery and at the 
proximal part of right middle 
cerebral artery. (c) Aneurysm at 
the right anterior cerebral artery. 
(RACA right anterior cerebral 
artery, LACA left anterior 
cerebral artery, RMCA right 
middle cerebral artery). Arrows 
in Figure 1b and 1c indicate 
aneurysms
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1 cm long should be made on one side of the back at 1 cm 
cephalad from the base of the tail. The small pocket between 
the skin and muscle layers that will contain the osmotic pump 
can be made using a pair of forceps. The osmotic pump can 
be implanted into this pocket, and the skin should be closed 
with sutures. This procedure takes only 5–10 min with a 
minimum amount of training. Proper suturing of the incision 
is very important since the wound dehiscence can result in 
unexpected explantation of the osmotic pump. Frequent 
monitoring of the wound site is needed, and the additional 
sutures can be added as needed.

Using angiotensin II infusion, a rise in systolic blood 
pressure can be detected at as early as 1 week, and hyperten-
sion can be maintained for up to 6 weeks. Norepine phrine 
infusion or deoxycorticosterone acetate (DOCA)-salt treat-
ment can also be used to induce hypertension in mice [5, 6]. 
DOCA-salt hypertension may be useful when non-hemody-
namic effects of angiotensin II need to be avoided. Angiotensin 
II can exert various effects on the vasculature in addition to its 
hypertensive effect, including induction of reactive oxygen 
species and promotion of inflammation [5]. It should be noted 
that in our experience, the rise in blood pressure in these two 
methods was milder than that in angiotesin II-induced hyper-
tension; hypertension became less significant after 3 weeks 
using norepinephrine infusion or deoxycorticosterone acetate 
(DOCA)-salt treatment. Angiotensin II-induced hypertension 
may be more consistent and sustained.

Blood Pressure Measurement

To monitor successful induction and maintenance of sys-
temic hypertension, blood pressure measurement is critical. 
Since repeated measurements of blood pressure are needed, 
the tail cuff method is used in our laboratory (ML125M, 
ADinstruments). In our experience, this method provides 
accurate estimates for systolic blood pressure. Our prelimi-
nary data showed a highly significant correlation between 
the systolic blood pressure values using the tail cuff method 
and the mean blood pressure values obtained from the direct 
measurement using a femoral artery catheter.

Blood pressure measurement of conscious mice requires 
a series of training of mice. Some strains of mice, such as 
C57BL/6 J mice, appear to have high locomotor activity and 
resistance to restraint, even after training for blood pressure 
measurements [4]. Alternatively, blood pressure measure-
ment can be performed on anesthetized mice. Systolic blood 
pressure can be reliably measured when mice are under a 
steady state of isoflurane anesthesia [2, 5]. This would require 
a continuous monitoring of isoflurane concentration in the 
anesthesia chamber or mask. We have conducted an experi-
ment comparing systolic blood pressure values between 
 conscious state and anesthetized state.

In three groups of mice, blood pressure was measured in 
both conscious and anesthetized states. Mice received either 
phosphate-buffered saline, angiotensin II at 500 ng/kg/min, 
or angiotensin II at 1,000 ng/kg/min through osmotic pumps 
(n = 3 in each group). After two consecutive days of accli-
mation training, mice underwent “conscious” blood pres-
sure measurement. Immediately after the blood pressure 
measurements were taken in the conscious state, mice were 
anesthetized with isoflurane, and blood pressure was mea-
sured at the steady state of isoflurane anesthesia (after 15 min 
of equilibration with isoflurane concentration at 1.5%). As 
shown in Fig. 2, there was a close correlation between sys-
tolic blood pressure measured under conscious state and that 
under anesthetized state (R2 = 0.96, P < 0.05). As we have 
expected, systolic blood pressure measured under anesthe-
tized state was slightly lower than that under conscious state 
(y = 1.05 x −17), reflecting the blood pressure lowering effect 
of isoflurane. We have previously shown that isoflurane anes-
thesia does not mask effects of antihypertensive agents [5]. 
These data showed that systolic blood pressure measurement 
under a steady isoflurane anesthesia can be reliably used to 
monitor changes in blood pressure in mice.

Stereotaxic Injection of Elastase

The detailed method for the single stereotaxic injection of 
elastase into the cerebrospinal fluid at the right basal cistern 
has been described previously [2]. Briefly, the tip of a 
26-gauge needle (10 ml syringe, Model 701, with 26 g 2 inches, 
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Fig. 2 Correlation of systolic blood pressure between conscious and 
anesthetized state. There was a close correlation between systolic blood 
pressure measured in a conscious state and systolic blood pressure 
 measured in an anesthetized state (y = 1.05 x −17, R2 = 0.96, P < 0.05)
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Hamilton Replacement needle Point style 3, Fisher Scientific) 
was stereotaxically placed in the right basal cistern using the 
coordinates obtained from Mouse Brain Atlas (2.4–2.8 mm 
posterior to the bregma, 0.9–1.1 mm lateral to the midline, 
and 4.9–5.1 mm ventral to the skull surface). Elastase (E7885, 
porcine pancreatic elastase, lyophilized powder, 20 mg, 
Sigma Aldrich) was dissolved in PBS, and 2.5 ml of the 
elastase solution (0–35 milli-units) was injected at 0.2 ml/
min. This part of the procedure will take approximately 
30–40 min. Significant variations may exist in the potency of 
elastase activity in different lots or different preparations of 
commercially available elastase [7, 8]. It may be prudent to 
use elastase from the same lot in each set of experiments.

In our experience, we found that the stereotaxic coordinates 
need to be adjusted depending on the operator and the age  
of mice. Therefore, a series of test injections using dye 

 (bromophenol blue) was extremely important to ensure the 
correct placement of the needle tip at the right basal cistern. 
The coordinates we described in the original paper [2] should 
be regarded as a guideline. Each researcher should perform a 
series of test injections to adjust for the appropriated coordi-
nates before starting the actual experiments. Figure 3a shows a 
result of typical successful test injections. The mouse was sac-
rificed immediately after injection; bromophenol blue dye was 
observed along the right half of the circle of Willis. It appears 
that at least ten test injections are needed before each operator 
establishes the appropriate coordinates that yield stable aneu-
rysm induction. We routinely perform a test injection once 
every ten mice to ensure the correct needle placement.

The depth of the needle is another critical factor for the 
successful induction of aneurysm in this model. If the needle 
depth is too shallow, the injection of elastase into the brain 

Dye injection Intracerebral hemorrhage

Diffuse bleeding Successful injection

a b

c d

Fig. 3 Inspection of brain tissues 
1 day after injection of dye or 
elastase. (a) Test injection of dye. 
Immediately after a stereotaxic 
injection of bromophenol blue 
(2.5 ml) into the cerebrospinal 
fluid at the right basal cistern, the 
mouse brain was extracted. The 
dye was observed along the right 
half of the circle of Willis. 
Arrows indicate the dye.  
(b) Intracerebral hemorrhage due 
to elastase injection into the brain 
parenchyma. If the needle depth 
is too shallow, an injection of 
elastase results in intracerebral 
hemorrhage. (c) Diffuse bleeding 
from the brain surface. If the 
needle tip is too close to the 
surface of the brain, the injection 
of elastase into the cerebrospinal 
fluid can result in diffuse 
hemorrhage from the surface of 
the brain, even when the needle 
tip is inside the subarachnoid 
space. (d) Successful injection of 
elastase. When the brain was 
inspected 1 day after elastase 
injection, there was no diffuse 
bleeding from the surface of the 
brain or intracerebral hemor-
rhage, indicating a successful 
placement of the needle
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parenchyma results in intracerebral hemorrhage similar to 
the collagenase-induced intracerebral hemorrhage (Fig. 3b) 
[9–11]. If the needle tip is too close to the surface of the 
brain, the injection of elastase into the cerebrospinal fluid 
can result in diffuse hemorrhage from the surface of the 
brain, even when the needle tip is inside the subarachnoid 
space (Fig. 3c). This might be due to compartmentalization 
of the subarachnoid space.

We recommend that the operator should find the depth at 
which the needle tip touches the surface of the dura matter or 
skull base. Then, the operator can use the depth that is 
approximately 0.3–0.4 mm shallower than the dura or skull 
base for subsequent test injections using dye. The spread of 
dye along the right half of the circle of Willis should be con-
firmed (Fig. 3a). If the dura matter is intensely stained with 
the dye, subdural injection should be suspected. After estab-
lishing the needle depth for successful injections, the opera-
tor should perform test injections of elastase and sacrifice the 
animals 1 day after injection. Lack of diffuse bleeding from 
the surface of the brain or intracerebral hemorrhage would 
indicate the successful placement of the needle (Fig. 3d).

The surgical procedures for the aneurysm induction seem 
to cause significant perioperative stress to mice. Water intake 
of some of the postoperative mice seemed to have decreased 
during the first 2 postoperative days. Therefore, we inject 
500 ml of saline subcutaneously once a day for the first 2 
postoperative days in all mice.

Conclusion

Elastase-induced intracranial aneurysms in hypertensive mice 
represents an easily reproducible animal model that yields a 
high incidence of large intracranial aneurysms within a prac-
tical incubation time. There are several technical issues that 
are critical for the successful use of this model. This model 
can be used to study molecular pathways that are potentially 
involved in the pathophysiology of intracranial aneurysms.
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Abstract Background: Intracerebral hemorrhage (ICH) is one 
of the most common causes of maternal deaths related to the 
postpartum period. This is a devastating form of stroke for 
which there is no available treatment. Although premenopausal 
females tend to have better outcomes after most forms of brain 
injury, the effects of pregnancy and child birth lead to wide 
maternal physiological changes that may predispose the mother 
to an increased risk for stroke and greater initial injury.

Methods: Three different doses of collagenase were used 
to generate models of mild, moderate and severe cerebellar 
hemorrhage in postpartum female and male control rats. 
Brain water, blood-brain barrier rupture, hematoma size and 
neurological evaluations were performed 24 h later.

Results: Postpartum female rats had worsened brain 
water, blood-brain barrier rupture, hematoma size and neu-
rological evaluations compared to their male counterparts.

Conclusion: The postpartum state reverses the cytoprotec-
tive effects commonly associated with the hormonal neuropro-
tection of (premenopausal) female gender, and leads to greater 
initial injury and worsened neurological function after 
cerebellar hemorrhage. This experimental model can be used 

for the study of future treatment strategies after postpartum 
brain hemorrhage, to gain a better understanding of the mecha-
nistic basis for stroke in this important patient subpopulation.

Keywords Postpartum · Neurological deficits · Intracerebral 
hemorrhage · Stroke

Introduction

Intracerebral hemorrhage (ICH) is a devastating complication 
of pregnancy that accounts for 1 out of 14 deaths within this 
subpopulation in the United States [1]. ICH is the least treat-
able form of stroke [2] and has an approximate 20% mortality 
rate when related to pregnancy [1]. Survivors retain significant 
brain injury and life-long neurological deficits [3, 4], with most 
rehabilitating patients remaining unable to be “independent” 
6 months later [5]. Matched for age and gender, the relative risk 
for ICH is increased 30-fold during the postpartum period [6].

Almost half of the cases of postpartum ICH occur in 
patients with eclampsia [7], and this is associated with hemo-
static elevations of aquaporin-4 (AQP4) expression, brain 
edema and blood-brain barrier (BBB) disruption [8]. The 
cerebellum contains some of the highest levels of AQP4 [9] 
and is one of the brain locations with the greatest AQP4 
increases during the postpartum period [10]. Therefore, this 
brain region could be a good model to study maternal mecha-
nisms of ICH occurring during the postpartum period.

Clostridial collagenase is a stereotaxically infused enzyme 
that mimics spontaneous (ICH) vascular rupture, permitting 
investigations targeting hemostasis and neurobehavioral out-
come [11–17]. We therefore hypothesized that unilateral cer-
ebellar collagenase infusion in postpartum rats could model 
important clinical features [18–24]. This experimental 
approach may increase the pathophysiological understand-
ing of this disease to direct future applications of therapeutic 
interventions [25].

T. Lekic, R.P. Ostrowski, H. Suzuki, A. Manaenko,  
W. Rolland, and J. Tang  
Departments of Physiology, Loma Linda University,  
School of Medicine, Loma Linda, CA 92354, USA

N. Fathali  
Department of Human Pathology and Anatomy, Loma Linda 
University, School of Medicine, Loma Linda CA 92354, USA 

J.H. Zhang (*)
Departments of Physiology, Loma Linda University,  
School of Medicine, Loma Linda, CA 92354, USA and
Department of Human Pathology and Anatomy, Loma Linda 
University, School of Medicine, Loma Linda CA 92354, USA and  
Department of Neurosurgery, Loma Linda University,  
School of Medicine, Loma Linda, CA 92354, USA and  
Department of Physiology, Loma Linda University,  
School of Medicine, Risley Hall, Room 223, Loma Linda,  
CA, 92354, USA 
e-mail: johnzhang3910@yahoo.com

The Postpartum Period of Pregnancy Worsens Brain Injury  
and Functional Outcome After Cerebellar Hemorrhage in Rats

Tim Lekic, Robert P. Ostrowski, Hidenori Suzuki, Anatol Manaenko, William Rolland, Nancy Fathali,  
Jiping Tang, and John H. Zhang 



38 T. Lekic et al.  

Materials and Methods

The Animals and General Procedures

One hundred and nine adult Sprague-Dawley rats (290–345 g; 
Harlan, Indianapolis, IN) were used. All procedures were in 
compliance with the Guide for the Care and Use of Labora
tory Animals and approved by the Animal Care and Use 
Committee at Loma Linda University. Surgeries were carried 
out using isoflurane anesthesia with aseptic techniques, and 
animals were given food and water during recovery [13, 14].

Model of Cerebellar Hemorrhage

Anesthetized animals were secured prone onto a stereotaxic 
frame (Kopf Instruments, Tujunga, CA) before an incision 
was made over the scalp. The following stereotactic coordi-
nates were measured from the bregma: 11.6 mm (caudal), 
2.4 mm (lateral) and 3.5 mm (deep). A (1-mm) borehole 
was drilled, and then a 27-gauge needle was inserted. 
Collagenase VII-S (0.2 U/ml, Sigma, St Louis, MO) was 
infused by microinfusion pump (rate = 0.2 ml/min, Harvard 
Apparatus, Holliston, MA). The syringe remained in place 
for 10 min to prevent back-leakage before being withdrawn. 
Then the borehole was sealed with bone wax, the incision 
sutured closed and animals allowed to recover. Control sur-
geries consisted of needle insertion alone. A thermostat-
controlled heating blanket maintained the core temperature 
(37.0°C ± 0.5°C) throughout the operation.

Cerebellar Water

Water content was measured using the wet-weight/dry-
weight method [26]. Quickly after sacrifice the brains were 
removed, and tissue weights were determined before and 
after drying for 24 h in a 100°C oven, using an analytical 
microbalance (model AE 100; Mettler Instrument Co., 
Columbus, OH) capable of measuring with 1.0-mg precision. 
The data were calculated as the percentage of water content: 
(wet weight – dry weight)/wet weight × 100.

Neurological Score

This was assessed using a modified Luciani scale [24], which 
is a summation of scores (maximum = 9) given for (1) 
decreased body tone, (2) ipsilateral limb extensions and (3) 
dyscoordination (0 = severe, 1 = moderate, 2 = mild, 3 = none). 
Scores are represented as percent of sham.

Animal Perfusion and Tissue Extraction

Animals were fatally anesthetized with isoflurane (³%5) 
 followed by cardiovascular perfusion with ice-cold PBS for 
the hemoglobin and Evans blue assays, and immunoblot 
analyses. The cerebella were then dissected and snap-frozen 
with liquid nitrogen and stored in −80°C freezer, before 
spectrophotometric quantifications or protein extraction.

Hematoma Volume

The spectrophotometric hemoglobin assay was performed 
as previously described [26], where extracted cerebellar 
 tissue was placed in glass test tubes with 3 mL of dis-
tilled water, then homogenized for 60 s (Tissue Miser 
Homogenizer; Fisher Scientific, Pittsburgh, PA). Ultra-
sonication for 1 min lysed erythrocyte membranes (then 
centrifuged for 30 min), and Drabkin’s reagent was added 
(Sigma-Aldrich) into aliquots of supernatant that reacted for 
15 min. Absorbance, using a spectrophotometer (540 nm; 
Genesis 10uv; Thermo Fisher Scientific, Waltham, MA), 
was calculated into hemorrhagic volume on the basis of a 
standard curve [27].

Vascular Permeability

Under general anesthesia, the left femoral vein was catheter-
ized for 2% intravenous Evans blue injection (5 ml/kg; 1 h 
circulation). Extracted cerebellar tissue was weighed, homog-
enized in 1 ml PBS, then centrifuged for 30 min, after which 
0.6 ml of the supernatant was added with equal volumes of 
trichloroacetic acid, followed by overnight incubation and 
 re-centrifugation. The final supernatant underwent spectro-
photometric quantification (615 nm; Genesis 10uv; Thermo 
Fisher Scientific, Waltham, MA) of extravasated dye, as 
described [28].

Western Blotting

As routinely done [26], the concentration of protein was 
determined using DC protein assay (Bio-Rad, Hercules, 
CA). Samples were subjected to SDS-PAGE, then trans-
ferred to a nitrocellulose membrane for 80 min at 70 V (Bio-
Rad). Blotting membranes were incubated for 2 h with 5% 
nonfat milk in Tris-buffered saline containing 0.1% Tween 
20 and then incubated overnight with the following primary 
antibodies: anti- AQP4 (1:200; Santa Cruz Biotechnology, 
Santa Cruz, CA), anti-collagen IV (1:500; Chemicon, 
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Temecula, CA) and anti-zonula occludens (ZO)-1 (1:500; 
Invitrogen Corp., Carlsbad, CA). This was followed by incu-
bation with secondary antibodies (1:2,000; Santa Cruz 
Biotechnology) and processed with ECL plus kit (Amersham 
Bioscience, Arlington Heights, Ill). Images were analyzed 
semiquantitatively using Image J (4.0, Media Cybernetics, 
Silver Spring, MD).

Statistical Analysis

Statistical significance was considered at P < 0.05. Data were 
analyzed using analysis of variance (ANOVA). Significant 
interactions were explored with T-test (unpaired) and 
 Mann-Whitney rank sum test when appropriate.

Results

Collagenase infusion led to dose-dependent elevations of 
cerebellar water and neurodeficit (Figs. 1a, b). Compared to 
male controls, cerebellar water was significantly elevated in 
postpartum females at 0.2 and 0.4 units collagenase and neu-
rodeficit across all doses (P < 0.05). Kaplan-Meier survival 
analysis demonstrated a significantly increased mortality 
rate (Fig. 1c, P < 0.05) in postpartum females (approximately 
30%) compared to male controls (0%). Collagenase infusion 
(0.6 U) led to a greater hematoma size (Fig. 2a) and vascular 
permeability (Fig. 2b) in postpartum females compared to 
male controls (P < 0.05). Immunoblots of shams (Fig. 3a) 
showed greater AQP4, and diminished COL-4 (collagen-IV) 
and ZO-1 expressions in postpartum females compared to 
male controls (P < 0.05), while collagenase infusion (0.6 U) 
injury was equivalent and did not cause any additional 
changes compared to respective shams (Fig. 3b, P < 0.05).

Discussion

Intracerebral hemorrhage (ICH) is the least treatable form 
of stroke clinically and is a devastating complication after 
pregnancy accompanied by life-long neurodeficits [1–6]. 
This study infused collagenase into the unilateral (right) side 
of the cerebellar hemisphere of postpartum rats as an 
approach to model these features, since available animal 
models to study the pathophysiological basis of these out-
comes are lacking.

Our results are in support of the clinical evidence for cere-
bral vascular vulnerability in the postpartum period. Around 
half of the cases of ICH in this patient population will have 
eclampsia [7], and this is related to hemostatically relevant 
increases of aquaporin-4 (AQP4) expression, blood-brain 
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Fig. 1 Postpartum worsens outcomes at 24 h after collagenase  infusion. 
(a) Cerebellar water, (b) neurological score and (c) survival analysis; 
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ing doses of 0, 0.2, 0.4 and 0.6 units collagenase. The values are 
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barrier (BBB) disruption and brain edema [8]. In agreement, 
we found greater AQP4, and diminished COL-4 (collagen-
IV) and ZO-1 expressions in the cerebella of postpartum 
female shams compared to the male controls. The collage-
nase model is an ideal method for study since it did not alter 
these levels any further; however, the increased vascular vul-
nerability in postpartum animals led to greater brain edema, 
neurodeficit, BBB rupture and hematoma size across most 
doses studied. The lack of significant difference in cerebellar 
water at the highest collagenase dose (0.6 U) is likely either 
a reflection of mortality (i.e., severely injured animals died) 
or due to the high baseline AQP4 expressions leading to an 
edematous outflow.

In summary, we have characterized a highly reliable and 
easily reproducible experimental model of intracerebral hem-
orrhage using postpartum rats. Since the cerebellum contains 
some of the highest levels of AQP4 [9] with the greatest 
AQP4 increase during the postpartum period [10], this ICH 
model provides a basis for studying the clinical and 

pathophysiological features of this disease while establishing 
a foundation for performing further preclinical therapeutic 
investigations.
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Abstract The recombinant tissue plasminogen activator (t-PA) 
is a useful therapy for acute ischemic stroke patients, but there is 
a major risk factor of hemorrhagic transformation. Hyperglycemic 
patients are not able to admit t-PA because hyperglycemia exag-
gerates ischemic brain and vascular damage following transient 
focal cerebral ischemia and frequently induces hemorrhagic 
transformation of the infarct during reperfusion. However, the 
mechanisms underlying hemorrhagic transformation induced 
by hyperglycemia are still unknown. Furthermore, previous 
reports focused upon microscopic hemorrhage rather than mac-
roscopic hemorrhagic transformation. In order to make these 
problems clear, it is necessary to establish an experimental 
model that induces constant macroscopic hemorrhagic transfor-
mation in the infarct area caused by middle cerebral artery 
occlusion and the reperfusion model on the hyperglycemic rat. 
This experimental study can establish the model in which mac-
roscopic hemorrhagic transformation occurs following 1.5 h 
occlusion and 24 h reperfusion by using the intraluminal thread 
method on hyperglycemic rats. It might be useful to determine 
the mechanisms and understand why hyperglycemia exagger-
ates the causes inducing macroscopic hemorrhagic transforma-
tion in the infarct area, and this reproducible model provides a 
platform for evaluating treatment strategies.

Keywords Hemorrhagic transformation · Hyperglycemia · 
Ischemia · Reperfusion

Introduction

Hyperglycemia is risk factor for aggravated brain injury dur-
ing human cerebral ischemia [1, 2]. Although thrombolytic 
therapy with tissue plasminogen activator (tPA) in ischemic 
stroke can improve clinical outcome when delivered soon 
after stroke onset [3], tPA also increases the risk of hemor-
rhagic transformation [4, 5]. It is also reported that hypergly-
cemia aggravates ischemic injury after reperfusion, causing 
hemorrhagic transformation for hyperglycemia in treatment 
with t-PA usage [6, 7].

In experimental transient ischemia models using hyperg-
lycemic rats, blood brain barrier (BBB) disruption is caused 
mainly by severe oxidative stress with increased activity of 
matrix metalloproteinase-9 (MMP-9) in the ischemic area 
during reperfusion [8–13]. Recently studies have suggested 
that hyperglycemia exacerbates hemorrhagic transformation 
[7, 12, 13].

However, the mechanisms underlying hemorrhagic trans-
formation induced by hyperglycemia are still unknown. 
Furthermore, previous reports focused upon microscopic 
hemorrhage rather than macroscopic hemorrhagic transfor-
mation. In this study, we established a macroscopic hemor-
rhagic infarct model in the hyperglycemic rat to study 
mechanisms underlying the human observation that hyperg-
lycemia worsens stroke outcome.

Materials and Methods

The experimental protocol was approved by the Local 
Animal Care Committee of Saitama Cardiovascular and 
Respiratory Center. Twenty-four adult male Sprague-Dawley 

T. Tsubokawa (*)  
Department of Neurosurgery, Saitama Cardiovascular and Respiratory 
Center, Kumagaya, Saitama, Japan and 
Department of Neurosurgery, Kyorin University, Tokyo, Japan and 
Department of Neurosurgery, Saitama Cardiovascular and Respiratory 
Center, 1696 Itai, Kumagaya, Saitama, 360-0105, Japan 
e-mail: ttsubokawa-nsu@umin.ac.jp

H. Joshita 
Department of Neurosurgery, Saitama Cardiovascular and Respiratory 
Center, Kumagaya, Saitama, Japan

Y. Shiokawa 
Department of Neurosurgery, Kyorin University, Tokyo, Japan

H. Miyazaki
Department of Neurosurgery, Kugayama Hospital, Tokyo, Japan

Hyperglycemia and Hemorrhagic Transformation of Cerebral 
Infarction: A Macroscopic Hemorrhagic Transformation Rat Model

Tamiji Tsubokawa, Hiroo Joshita, Yoshiaki Shiokawa, and Hiroshi Miyazaki 



44 T. Tsubokawa et al.

rats weighing between 270 and 350 g were divided randomly 
into two groups: the normoglycemia and hyperglycemia 
groups.

A preliminary study was performed to determine the ade-
quate occlusion time for inducing BBB dysfunction, infarct 
with brain edema and mortality. In accordance with the 
results of the preliminary experiment [14], in this experi-
ment, 1.5 h ischemia and 24 h reperfusion are applied as a 
transient reperfusion model.

Middle Cerebral Artery Occlusion (MCAO) 
 and Reperfusion Model

Rats were weighed prior to surgery. Anesthesia was induced 
with ketamine (80 mg/kg i.p.) and xylazine hydrochloride 
(8 mg/kg i.p) followed by atropine (0.1 mg/kg i.s). A heat-
ing pad and a heating lamp were used to maintain the rectal 
temperature between 36.5 ± 0.5°C. Rats were intubated, 
and respiration was maintained with a small animal respira-
tor. Rats were subjected to MCAO as described by Yin et al. 
[15], with some modifications. Briefly, with the use of an 
operating microscope, the left common carotid artery, inter-
nal carotid artery (ICA) and external carotid artery (ECA) 
were surgically exposed. The ECA was then isolated and 
coagulated. A 4–0 silicon-coated nylon suture (Doccol Co., 
Albuquerque, NM) was inserted into the ICA through the 
ECA stump and gently advanced to occlude the MCA. The 
mean arterial blood pressure, heart rate, arterial blood gases 
and blood glucose levels before, during, and after ischemia 
were analyzed. After 90 min of MCA occlusion, the suture 
was removed to restore blood flow, the neck incision was 
closed, and the rats were allowed to recover. After the 
experiment, the animals were housed individually until 
 sacrifice. All animals had free access to food and water.

Hyperglycemia Model

Hyperglycemia was induced by intraperitoneal injection of 
50% glucose (5 mL/kg) after anesthesia, and the blood sugar 
level was 507 ± 51.4 mg/dL at 15 min after injection. On the 
other hand, the blood sugar level was 183 ± 32.8 mg/dL in the 
normoglycemia group.

Macroscopic Observation and TTC Staining

Two groups were used for evaluation of infarction volume. 
At 24 h after MCAO, rats were deeply anesthetized 

with ketamine and perfused transcardially with ice-cold 
 phosphate-buffered saline. Then rats were decapitated, and 
the brains were rapidly removed. All brains were carefully 
evaluated for macroscopic hemorrhagic changes before 2% 
2,3,5-triphenyltetrazolium chloride (TTC; Sigma, Germany) 
staining. The tissue was sliced into 2-mm-thick coronal 
sections, and the slices were stained in TTC for 30 min at 
37°C in the dark [15]. Four coronal sections per animal 
were then photographed. TTC stains both neuronal and 
glial cells with a deep red pigment. In areas where neuronal 
loss occurs, TTC does not stain and tissue remains white.

Morphological Assessment

At 24 h after the MCAO, the rats were anesthetized, and 
 transcardially perfused with PBS and 4% paraformaldehyde 
as described previously [15]. For hematoxylin and eosin 
staining, slices were stained with hematoxylin for 3 min and 
eosin for 30 s.

Statistics

Data are presented as means ± SEM. Statistical differences 
between the various groups were assessed by a Mann-
Whitney rank sum test. A value of p < 0.05 was considered 
statistically significant.

Results

Physiological Data

No statistical differences were observed between the nor-
moglycemia and the hyperglycemia groups with regard to 
mean arterial blood pressure, heart rate, arterial blood gases 
and body weight. There was a significant difference in blood 
glucose levels between the normoglycemia group and the 
hyperglycemia group, as expected.

Brain Infarction and Hemorrhagic 
Transformation

Hemorrhagic transformation was not observed in the 
 normoglycemia group. Hemorrhagic transformation was 
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seen macroscopically in the ipsilateral MCA territory in the 
hyperglycemia group. All hyperglycemic rats had hemor-
rhagic transformation in the infarct area, but hemorrhage did 
not extend outside of the infarct area (Fig. 1). It was signifi-
cantly increased in the hyperglycemia group to induce hem-
orrhagic transformation (p < 0.05). Representa tive samples 
of TTC-stained brain sections in the normoglycemia and 
hyperglycemia groups are shown in Fig. 2. The H&E stain-
ing revealed extravasation of blood from the microvessels 
into the surrounding brain parenchyma (Fig. 3).

Discussion

Hyperglycemia is linked to a worse outcome after transient 
ischemia in rats by aggravation of the ischemic change and 
hemorrhagic transformation in the infarct area [6–13]. The 
aggravating factors may be related to the severity of isch-
emic brain damage and capillary endothelium damage 
caused by oxidative stress and enhanced MMP-9, which 
induces small pericapillary hemorrhage [8–13]. It has  
not yet been clearly demonstrated why hyperglycemia 

aggravates ischemic reperfusion injuries. Also, it is not 
yet clear why small pericapillary hemorrhage at the early 
stage of reperfusion escalates to macroscopic hemorrhage 
by 24 h after reperfusion in all hyperglycemia rats. There 
have been no previous reports of macroscopic hemorrhagic 
transformation, except small blood leakages near broken 
capillaries in a rat hyperglycemic reperfusion model [7, 
11–13].

Therefore, to investigate treatments to prevent aggrava-
tion of ischemic-reperfusion brain damage caused by 
hyperglycemia, it is necessary to establish an ideal isch-
emic-reperfusion model in order to reproducibly induce 
hemorrhagic lesions with a consistent size in the infarct 
area. As shown for the model reported here, consistent 
macroscopic hemorrhagic transformation in the infarcted 
area was produced after 50% glucose solution administered 
as an intraperitoneal injection, followed by 1.5 h of MCA 
occlusion and 24 of reperfusion.

This model should prove to be useful for probing 
 mechanisms that connect hyperglycemia to aggravation of 
reperfusion brain damage, as well as identifying better treat-
ments to inhibit the aggravating effects of hyperglycemia on 
the reperfusion hemorrhagic transformation.

Fig. 1 Hemorrhagic transformation is seen macroscopically in the ipsilateral MCA territory on the hyperglycemia group (a–d). Hemorrhagic 
transformation is not observed in the normoglycemia group (e)
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Fig. 2 The area of infarction is demonstrated by TTC staining 1.5 h 
ischemia/24 h reperfusion at the MCA. Normoglycemia rat is shown on 
the left side, which has an infarct located in the left MCA perfusion area 

with slight brain edema, but not any hemorrhage at the infarcted area. 
On the right side, the hyperglycemia rat has hemorrhage in the infarcted 
area with severe brain edema
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Abstract Hemorrhagic transformation (HT) is a major fac-
tor limiting the use of tissue plasminogen activator for stroke. 
HT has been found in animals undergoing transient focal 
cerebral ischemia with hyperglycemia. This study examined 
the incidence rate, location and content of HT.

Rats were divided into two groups: the hyperglycemic 
group and normoglycemic group. Rats received an injection of 
50% glucose (6 ml/kg, i.p.) or an equivalent volume of saline 
15 min before 2-h transient middle cerebral artery occlusion 
(tMCAO) with reperfusion. Rats were killed 4, 8 or 24 h later 
and used for blood–brain barrier permeability, hemoglobin 
content, brain edema, and infarct volume measurements. 
Mortality and HT incidence rates were also evaluated. We 
found that all hyperglycemic rats had HT, and two out of six 
normoglycemic rats had HT 24 h after tMCAO. Hyperglycemic 
rats had more severe Evans blue leakage (p < 0.05) and brain 
edema (p < 0.05) in the ipsilateral hemisphere. However, 
infarct volumes were the same in hyperglycemic and normo-
glycemic rats. In conclusion, acute hyperglycemia reliably and 

consistently resulted in hemorrhagic transformation in a rat 
model of transient focal cerebral ischemia. The model is use-
ful for experimental assessment of new therapies for HT.

Keywords Hemorrhagic transformation · Hyperglycemia · 
Middle cerebral artery occlusion

Introduction

Hemorrhagic transformation (HT) in ischemic stroke is com-
mon and represents an almost natural event in the process of 
cerebral infarction [1–4]. There is currently no effective 
treatment to limit the occurrence of HT after stroke. A major 
factor limiting the use of tissue plasminogen activator (tPA) 
to reduce ischemic brain damage in patients is HT [5, 6].

Hyperglycemia has a major role in post-ischemic HT. In 
experimental transient middle cerebral artery occlusion 
(tMCAO) models, acute hyperglycemia increases HT [7]. 
The present study investigated mortality rate, location and 
content of HT formation, brain infarct volume, brain edema 
formation, blood-brain barrier (BBB) permeability, and neu-
rologic deficits after transient focal cerebral ischemia with 
reperfusion in a hyperglycemic rat model.

Materials and Methods

Animal Preparation and Middle Cerebral 
Artery Occlusion

Animal study protocols were approved by the University 
of Michigan Committee on the Use and Care of Animals. 
A total of 58 male Sprague-Dawley rats (Charles River 
Laboratories; Portage, MI) weighing 275–300 g were used in 
this study. Rats were fasted for 12 h before surgery, but had 
free access to water. Anesthesia was induced by inhalation of 
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5% isoflurane in a nitrous oxide/oxygen mixture (70/30). 
Rectal temperature was maintained at 37.5°C with use of a 
feedback-controlled heating pad.

Middle cerebral artery occlusion was induced using the 
filament model as previously described, with some modifica-
tions [8, 9]. The suture was removed after 2 h of occlusion. 
The animal was allowed to awaken and recover with free 
access to food and water.

The left femoral artery was catheterized for continuous 
blood pressure monitoring. Blood was obtained from the cath-
eter for analysis of pH, PaO

2
, PaCO

2
, hematocrit, and glucose.

Experimental Groups

Rats were divided into two groups, the hyperglycemic and 
normoglycemic groups. All rats had tMCAO. Fifteen min-
utes prior to MCAO, hyperglycemic rats had an intraperito-
neal injection of 50% glucose (6 mL/kg). Normoglycemic 
rats received an equivalent volume of saline. There were four 
parts of this study. First, rats (n = 5–6) were killed 2 h after 
reperfusion for Evans blue content measurement. Second, 
brain water content (n = 5–9) was determined 8 h after MCAO. 
Third, rat brains were sampled (n = 5–14) for hemoglobin 
content determination 24 h after MCAO. Fourth, rats (n = 6–8) 
were used for histology examination, including measure-
ments of infarct volume and brain swelling, 24 h after MCAO. 
Mortality and HT were also examined at 24 h after MCAO.

BBB Integrity

Evans blue dye (2% in saline, 4 m/kg) was given intravenously 
2 h after MCAO, immediately after the intraluminal filament 
removal. Two hours after Evans blue injection, the chest wall 
was opened under lethal anesthesia, and the brains were perfused 
with 0.1 mol/l phosphate-buffered saline through the left ventri-
cle to remove the intravascular localized dye until colorless 
perfusion fluid was obtained from the right atrium. After decap-
itation, the brain was removed and dissected into left and right 
hemispheres, and each hemisphere was weighed. Brain samples 
were then placed in 3 ml 50% trichloroacetic acid solution, and 
then homogenized and centrifuged (10,000 rpm for 20 min). The 
supernatant was measured at 610 nm for absorbance by a spec-
trophotometer (Ultrospec 3; Pharmacia LKB). The concentra-
tion of Evans blue was quantified from a linear standard curve 
and was expressed as micrograms per gram of brain tissue.

Hemoglobin Measurement

HT formation was also quantified by spectrophotometric 
assay of brain hemoglobin content [10]. At 24 h after MCAO, 

the animals were perfused transcardially with 0.1 mol/l 
phosphate-buffered saline under deep anesthesia until the 
outflow fluid from the right atrium was colorless. The brain 
was rapidly removed and dissected into two parts, the left 
and the right hemispheres. The hemispheric brain tissue was 
then homogenized in 0.1 mol/l phosphate-buffered saline 
followed by 30-min centrifugation (13,000 g). Then 200 ml 
reagent (QuantiChrom Hemoglobin Assay Kit; BioAssay 
Systems) was mixed with 50 ml supernatant. After 15 min, 
optical density was determined by a spectrophotometer 
(Ultrospec 3; Pharmacia LKB) at 400 nm wavelength. The 
total hemispheric hemoglobin content was calculated as mil-
ligrams per hemisphere by hemoglobin standard.

Brain Water Content Measurement

Eight hours after MCAO, animals were anesthetized and 
decapitated as described in our previous study [11]. The 
brains were removed and dissected into three parts: the cer-
ebellum and left and right hemispheres. Brain samples were 
immediately weighed on an electronic balance (model AE 
100; Mettler Instrument) to obtain the wet weight. Brain 
samples were then dried in a gravity oven at 100°C for 48 h 
to obtain the dry weight. Brain water content was then calcu-
lated as (wet weight-dry weight)*100/wet weight.

Histology

Twenty-four hours after MCAO, the animals were reanesthe-
tized and perfused intracardially with 4% paraformaldehyde 
in 0.1 mol/l phosphate-buffered saline (pH 7.4). Brains were 
removed and kept in 4% paraformaldehyde for 6 h, and then 
immersed in 25% sucrose for 3–4 days at 4°C. The brains 
were embedded in the mixture of 25% sucrose and optimal 
cutting temperature compound (Sakura Finetek), and 20 mm-
thick coronal frozen sections were made on a cryostat. After 
disposing the 2-mm anterior part of the forebrain, slices for 
every 2 mm-thick interval distance were stained with crysel 
violet or hematoxylin-eosin (H&E). The crysel violet stain-
ing was used for measurements of infarct volume, and the 
H&E staining was used to measure the brain swelling. In 
total, five slices of each brain were stained and analyzed.

1. To quantify infarct volume, the areas of infarction at five 
coronal levels throughout the brain were identified, and 
the infarct and hemispheric volumes were measured with 
National Institutes of Health Image by an investigator 
blind to the treatments. To avoid artifacts in volume mea-
surement from brain edema within the infarct, infarct vol-
ume was calculated by measuring and subtracting the 
volume of the noninfarcted ipsilateral hemisphere from 
the volume of the contralateral hemisphere [12].
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2. The extent of brain swelling was determined by the ratio 
of the ipsilateral hemispheric volume to the contralateral 
for edema formation. Swelling was measured and ana-
lyzed by whole hemisphere and by region (basal ganglia).

Statistical Analysis

Results are expressed as mean ± SD. Statistical significance 
was analyzed by two-tailed Student’s t test and Mann-
Whitney U test for continuous variable, and by x2 test for 
mortality and HT formation rate. Statistical significance was 
considered at p < 0.05.

Results

Physiological variables were measured immediately before 
the introduction of MCAO. The levels of pH, PO

2
, and PCO

2
 

were in the normal range. Blood glucose levels were signifi-
cantly higher in the hyperglycemic rats compared with the 
normoglycemic rats (385.6 ± 73.7 to 123.7 ± 39.2 mg/dL, 
p < 0.05). Hyperglycemia increased the mortality rate in this 
tMCAO model (18.9% vs. 0 in normoglycemic group, 
p < 0.05, c2 test).

Evans blue content was increased in the ipsilateral hemi-
sphere as compared with the contralateral hemisphere in 
both groups at 4 h after MCAO (p < 0.01, Fig. 1). Evans blue 
content 4 h after MCAO was higher in hyperglycemic 
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animals than that in normoglycemic animals (76.1 ± 49.6 mg/g 
vs. 20.5 ± 12.6, p < 0.05, Fig. 1).

All six hyperglycemic rats had HT, but only two out of six 
normoglycemic rats had HT 24 h after MCAO. Hemorrhage 
was either petechial or confluent petechial hemorrhage, 
occurring mostly in the basal ganglia (91%, Fig. 2a–f). 
Hemoglobin contents 24 h after MCAO were significantly 
higher in hyperglycemic animals than in normoglycemic 
animals (601 ± 309 vs. 383 ± 140 mg, p < 0.05, Fig. 2g).

Brain swelling occurred in the ipsilateral hemisphere after 
MCAO. Hyperglycemia increased the brain swelling ratio in 
the basal ganglia (1.8 ± 0.5 vs. 1.3 ± 0.3 in the normoglyce-
mia, p < 0.05). Also, brain water content of the ipsilateral 
hemisphere was higher in hyperglycemic animals than in 
normoglycemic animals (82.1 ± 1.3 vs. 80.7 ± 0.5, p < 0.05; 
Fig. 3).

There was a tendency for hyperglycemia to increase the total 
infarct volume in the ipsilateral hemispheres, but statistical 
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significance was not reached (164.3 ± 93.4 vs. 117.1 ± 49.8 mm3, 
in normoglycemic rats, p > 0.05).

Discussion

The findings of our current study are: (1) HT occurs in all 
hyperglycemic rats after tMCAO; (2) most HTs are located 
in the basal ganglia; (3) hyperglycemia increases BBB leak-
age at 4 h and brain water content at 24 h following tMCAO. 
These results suggest the animal models of HT will be useful 
for experimental assessment of new therapies for HT.

In experimental animal models of MCAO with reperfu-
sion, hyperglycemia induces HT [7, 13]. Although the pre-
cise mechanisms that enhance HT are unknown, acidosis 
may be involved in hyperglycemia-induced HT [13]. The 
resultant cellular acidosis includes enzymatic dysfunction, 
enhanced free radical production through increased iron-
catalyzed hydroxyl radical production [14], depressed mito-
chondrial function by inhibited ADP-stimulated respiratory 
activity [15], induction of endonucleases that may initiate 
programmed cell death [16], increased intracellular Ca2+ 
accumulation [17], and cellular swelling [18]. Recent studies 
indicate that hyperglycemia can increase the production  
of matrix metalloproteinases, reactive oxygen species, and 
proinflammatory cytokines that might result in vascular dam-
age and lead to hemorrhage [19].

Hyperglycemia has a major impact on post-ischemic HT. 
In experimental tMCAO models, acute hyperglycemia induced 
by glucose administration augments ischemic injury and 

increases HT [7, 20, 21]. Human data also show that hyperg-
lycemia is a very strong predictor of HT in patients undergo-
ing tPA therapy [19].

In conclusion, acute hyperglycemia can induce HT in rats 
with transient focal cerebral ischemia.
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Abstract Background: Germinal matrix hemorrhage (GMH) is 
a neurological disorder associated with very low birth weight 
premature infants. This event can lead to post-hemorrhagic 
hydrocephalus, cerebral palsy, and mental retardation. This study 
developed a novel animal model for pre-clinical investigations.

Methods: Neonatal rats underwent infusion of clostridial 
collagenase into the right germinal matrix (anterior caudate) 
region using stereotaxic techniques. Developmental milestones 
were evaluated over 10 days, cognitive function at 3 weeks, 
and sensorimotor function at 4 weeks after collagenase infu-
sion. This was accomplished by anthropometric quantifica-
tions of cranial, cerebral, cardiac, and splenic growths.

Results: Collagenase infusion led to delays in neonatal 
developmental milestones, followed by cognitive and senso-
rimotor dysfunctions in the juvenile animals. Cranial growth 
was accelerated during the first week after injury, and this 
was followed by significant brain atrophy, splenomegaly, 
and cardiac hypertrophy 3 weeks later.

Conclusion: This study characterized the developmental 
delays, mental retardation, and cerebral palsy features 
resembling the long-term clinical course after germinal 
matrix hemorrhage in premature infants. Pre-clinical testing 
of therapeutics in this experimental model could lead to 
improved patient outcomes while expanding upon the 
pathophysiological understanding of this disease.

Keywords Animal models · Neurological deficits · Stroke, 
experimental

Introduction

Germinal matrix hemorrhage (GMH) is the rupture of imma-
ture blood vessels within the subventricular (anterior caudate) 
progenitor cell region of neonatal brains [1] during the first 
7 days of life [2]. GMH occurs in 20–25% of very low birth 
weight (VLBW £ 1,500 g) premature infants [3–5] and affects 
3.5/1,000 births in the United States each year [6]. This is an 
important clinical problem, since the consequences are hydro-
cephalus (post-hemorrhagic ventricular dilation), cognitive and 
motor developmental delay, cerebral palsy, and mental retarda-
tion [4, 7]. However, available animal models to study the 
pathophysiological basis of these outcomes are lacking [8].

An important research priority is the development and vali-
dation of experimental models of brain hemorrhage for trans-
lational studies of human conditions [9]. Elevated MMP-2 
and MMP-9 are associated with GMH induction in humans 
[10, 11]. Stereotaxic collagenase infusion is one of the most 
commonly used methods in adult experimental intracerebral 
hemorrhage (ICH) studies [12, 13] and functions as an MMP 
to lyse the extracellular-matrix around blood vessels to cause 
vascular rupture [13, 14]. This approach enables investiga-
tions of neurological and brain injury outcomes [12–19].

In this study, we hypothesized that unilateral germinal-
matrix collagenase infusion in neonatal rats would model 
features similar to clinical GMH [4, 7]. With this approach, 
applications of therapeutic strategies can be tested to improve 
outcomes and to gain a better pathophysiological under-
standing of this disease [9].

Methods and Materials

Animal Groups and General Procedures

This study was in accordance with the National Institutes of 
Health guidelines for the treatment of animals and was 
approved by the Institutional Animal Care and Use Committee 
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at Loma Linda University. Timed pregnant Sprague-Dawley 
rats were housed with food and water available ad libitum. 
Postnatal day 7 (P7) pups were blindly assigned to the fol-
lowing (n = 8/group): sham (naive), needle (control), and 
collagenase infusion. All groups were evenly divided within 
each litter.

Experimental Model of GMH

Using an aseptic technique, rat pups were gently anesthe-
tized with 3% isoflurane (in mixed air and oxygen) while 
placed prone on a stereotaxic frame. Betadine sterilized the 
surgical scalp area, which was incised in the longitudinal 
plane to expose the skull and reveal the bregma. The follow-
ing stereotactic coordinates were determined: 1 mm (ante-
rior), 1.5 mm (lateral) and 3.5 mm (ventral) from bregma.  
A bore hole (1 mm) was drilled, into which a 27-gauge nee-
dle was inserted at a rate of 1 mm/min. A microinfusion 
pump (Harvard Apparatus, Holliston, MA) infused 0.3 units 
of clostridial collagenase VII-S (Sigma, St Louis, MO) 
through a Hamilton syringe. The needle remained in place 
for an additional 10 min after injection to prevent “back-
leakage.” After needle removal, the burr hole was sealed with 
bone wax, the incision sutured closed, and the animals were 
allowed to recover. The entire surgery took an average of 
20 min. Upon recovering from anesthesia, the animals were 
returned to their dams. Needle controls consisted of needle 
insertion alone without collagenase infusion, while naïve 
animals did not receive any surgery.

Developmental Milestones

Animals were assessed over 10 days after collagenase infu-
sion. For the righting reflex, time needed for the rat pups to 
completely roll over onto all four limbs after being placed on 
their backs was measured [20]. For negative geotaxis, the 
time needed for complete rotation (180°) after being placed 
head down on a slope (20° angle), was recorded [20]. The 
maximum allotted time was 60 s/trial (two trials/day).

Cognitive Measures

Higher order brain function was assessed during the third 
week after collagenase infusion. The T-Maze assessed short-
term (working) memory [21]. Rats were placed into the stem 
(40 cm × 10 cm) of a maze and allowed to explore until one 
arm (46 cm × 10 cm) was chosen. From the sequence of ten 

trials, of left and right arm choices, the rate of spontaneous 
alternation (0% = none and 100% = complete, alternations/
trial) was calculated, as routinely performed [22, 23]. The 
Morris water maze assessed spatial learning and memory on 
four daily blocks, as described previously in detail [16, 17]. 
The apparatus consisted of a metal pool (110 cm diameter), 
filled to within 15 cm of the upper edge, with a platform 
(11 cm diameter) for the animal to escape onto, that changed 
location for each block (maximum = 60 s/trial), and was digi-
tally analyzed by Noldus Ethovision tracking software. Cued 
trials measured place learning with the escape platform vis-
ible above water. Spatial trials measured spatial learning 
with the platform submerged, and probe trials measured spa-
tial memory once the platform had been removed. For the 
locomotor activity, in an open field, the path length in open-
topped plastic boxes (49 cm-long, 35.5 cm-wide, 44.5 cm-
tall) was digitally recorded for 30 min and analyzed by 
Noldus Ethovision tracking software [17].

Sensorimotor Outcome

At 4 weeks after collagenase infusion, animals were tested 
for functional ability. Neurodeficit was quantified using a 
summation of scores (maximum = 12), given for (1) postural 
reflex, (2) proprioceptive limb placing, (3) back pressure 
towards the edge, (4) lateral pressure towards the edge, (5) 
forelimb placement, and (6) lateral limb placement (2 = severe, 
1 = moderate, 0 = none), as routinely performed [22]. For the 
rotarod, striatal ability was assessed using an apparatus con-
sisting of a horizontal, accelerated (2 rpm/5 s), rotating cyl-
inder (7 cm diameter × 9.5 cm wide), requiring continuous 
walking to avoid falling recorded by photobeam circuit 
(Columbus Instruments) [16, 17]. For foot fault, the number 
of complete limb missteps through the openings, was counted 
over 2 min while exploring over an elevated wire (3 mm) 
grid (20 cm × 40 cm) floor [23].

Assessment of Growth

Over 28 days after collagenase infusion, the head (width and 
height) and rump-to-crown (length) measurements were per-
formed using a Boley Gauge (Franklin Dental Supply, 
Bellmore, NY), as previously described [24]. Head width 
was measured anterior to the side of the ears, head height 
from posterior to the adjacent mandible, and rump-to-crown 
was the greatest cranial (caudal) to tail (rostral) extension. At 
the completion of experiments, the brains were removed, and 
hemispheres separated by a midline incision (loss of brain 
weight has been used as the primary variable to estimate 
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brain damage in juvenile animals after neonatal brain injury 
[25]). For organ weights, the spleen and heart were sepa-
rated from surrounding tissue and vessels. The quantification 
was performed using an analytical microbalance (model AE 
100; Mettler Instrument Co., Columbus, OH) capable of 
1.0 mg precision.

Statistical Analysis

Significance was considered at P < 0.05. Data were analyzed 
using analysis of variance (ANOVA), with repeated measures 
(RM-ANOVA) for long-term neurobehavior. Significant 
interactions were explored with conservative Scheffe post hoc 
and Mann-Whitney rank sum tests when appropriate.

Results

Collagenase infusion delayed the developmental acquisition 
of eye opening, negative geotropism and righting reflex by 
2–3 days (Fig. 1a–c, P < 0.05). Three weeks after GMH, sig-
nificant deficits were discovered in spatial learning and 
memory (Fig. 2a, b, P < 0.05), T-maze (working) memory 
(Fig. 2c, P < 0.05), and hyperactivity, in the open field (dec-
reased corner time and increased center crossings, Fig. 2d, e, 
P < 0.05). Juvenile animals had significant sensorimotor dys-
function, as revealed by the neurodeficit score, accelerating 
rotarod and foot fault (Fig. 3a–c, P < 0.05). These dysfunc-
tions were associated with increased cranial size at 7 days 
(Fig. 4a, P < 0.05), and dysfunctional growth of the body, 
brain, heart, and spleen (Fig. 4b–e, P < 0.05) 3 weeks later.

Discussion

Germinal matrix hemorrhage (GMH) is an important prob-
lem affecting approximately 12,000 births in the United 
States each year [6]. The clinical consequences of GMH are 
developmental delay, cerebral palsy, and mental retardation 
[4, 7]. In this study collagenase was infused into the germi-
nal matrix of neonatal rats as an approach to model these 
features, since animal models to study the basis of these out-
comes are lacking [8].

This neonatal rat model of GMH resembles the neurologi-
cal consequences seen in the pediatric population after 
hemorrhagic brain injury. Collagenase infusion led to devel-
opmental delays in the neonates that were followed by 
cognitive and sensorimotor dysfunction in the juvenile 
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Fig. 3 Sensorimotor dysfunction: Cerebral palsy measurements were 
performed in the juveniles at 1 month after collagenase infusion. (a) 
Neurodeficit score, (b) rotarod, and (c) foot fault. Values expressed as 

mean ± SEM, n = 8 (per group), *P < 0.05 compared with controls (sham 
and needle trauma)
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developmental stage. The cranium was enlarged compared to 
somatic growth during the first week, with significant brain 
atrophy 3 weeks later. This presentation is likely a reflection 
of hydrocephalic cerebrospinal fluid build-up, leading to cra-
nial expansion and compression of the brain tissue into an 
atrophic developmental growth pattern. Splenomegaly and 
cardiac hypertrophy presented at 1 month after injury, and 
this could either be a reflection of the disproportionate 
somatic growth or of prolonged peripheral hemostatic or 
inflammatory consequences of the brain bleed.

In summary, we have characterized a highly reliable and 
easily reproducible experimental model of germinal matrix 
hemorrhage using neonatal rats. This provides the basis for 
studying the clinical and pathophysiological features of this 
disease, and establishes a foundation for performing further 
preclinical therapeutic investigations.
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Abstract ICH is a disease with high rates of mortality and 
morbidity, with a substantial public health impact. Spon-
taneous ICH (sICH) has been extensively studied, and a large 
body of data has been accumulated on its pathophysiology. 
However, the literature on traumatic ICH (tICH) is limited, 
and further investigations of this important topic are needed. 
This review will highlight some of the cellular pathways in 
ICH with an emphasis on the mechanisms of secondary 
injury due to heme toxicity and to events in the coagulation 
process that are common to both sICH and tICH.

Keywords Intracranial hemorrhage · Heme toxicity · Iron 
toxicity · Coagulation · Inflammation · Vascular response

Introduction

ICH is a disease with high rates of mortality and morbidity, 
with a substantial public health impact. ICH can be classi-
fied as spontaneous or traumatic. Spontaneous ICH (sICH) 

has been extensively studied, and a large body of data has 
been accumulated on its pathophysiology. However, the lit-
erature on traumatic ICH (tICH) is limited. The need to 
investigate the specific mechanisms of tICH is underscored 
by the fact that ICH is a well-known feature of severe TBI, 
and carries a high risk of morbidity and mortality. Progression 
of the hemorrhage is associated with poor clinical outcomes 
[1, 2]. This is true not only of large hemorrhages, but also of 
microbleeds detected only on susceptibility-weighted imag-
ing (SWI) and not on routine CT or MRI [3]. Moreover, 
these detrimental sequalae often extend beyond the area of 
the hemorrhage. Metabolic changes have been found in 
regions remote from focal hemorrhagic lesions, suggesting 
diffuse injury after human traumatic brain injury [4]. In a rat 
TBI model, the severity of intracerebral hemorrhage was 
correlated with the degree of final cortical atrophy [5].  
In addition, TBI itself may induce coagulopathy, which  
further increases the extent of intracerebral hemorrhage 
and the incidence of poor outcome associated with such 
injuries [6].

The management of traumatic intracerebral hemorrhage 
(tICH) presents a paradox. On one hand, current management 
of severe TBI is directed towards preservation of adequate 
cerebral perfusion pressure (CPP). This approach frequently 
requires therapies that raise the arterial blood pressure when 
increased intracranial pressure (ICP) does not respond to 
efforts to return it to normal levels. On the other hand, increas-
ing the blood pressure in traumatic injuries will likely increase 
blood loss. Since the progression of the hemorrhage is great-
est in the first 24 h, while the edema formation begins imme-
diately after trauma and commonly peaks within 48–72 h, the 
current CPP-driven management may be detrimental in terms 
of ICH progression. Ideally, the management to optimize 
CPP and to control ICH should be  coordinated in the tempo-
ral progression of TBI. In addition to increasing the blood 
pressure pharmacologically to maintain adequate cerebral 
perfusion pressure, strategies to reduce hemorrhage progres-
sion and to address the harmful effects of the hemorrhage 
are needed. To achieve this goal, an understanding of the 

J. Lok (*) and W. Leung  
Neuroprotection Research Laboratory, Massachusetts General 
Hospital, Boston, MA, USA and  
Department of Pediatrics, Pediatric Critical Care Medicine, 
Massachusetts General Hospital, Boston, MA, USA  
e-mail: jlok1@partners.org

S. Murphy and N. Noviski 
Department of Pediatrics, Pediatric Critical Care Medicine, 
Massachusetts General Hospital, Boston, MA, USA 

W. Butler 
Department of Neurosurgery, Massachusetts General Hospital, 
Boston, MA, USA 

E.H. Lo 
Neuroprotection Research Laboratory, Massachusetts General 
Hospital, Boston, MA, USA, and 
Department of Neurology, Massachusetts General Hospital,  
Boston, MA, USA and 
Department of Radiology, Massachusetts General Hospital,  
Boston, MA, USA

Intracranial Hemorrhage: Mechanisms of Secondary Brain Injury

Josephine Lok, Wendy Leung, Sarah Murphy, William Butler, Natan Noviski, and Eng H. Lo 



64 J. Lok et al.

pathophysiology of tICH is essential. Although there are sig-
nificant differences between tICH and sICH, they share com-
mon processes, and a review of the literature on sICH could 
shed light on the mechanisms of injury in tICH.

This review will highlight some of the cellular pathways in 
ICH with an emphasis on the mechanisms of secondary injury 
due to heme toxicity and to events in the coagulation process 
that are common to the different types of sICH and tICH.

Release of Free Heme

Heme is a major component of hemoproteins, including 
hemoglobin, myoglobin, cytochromes, guanylate cyclase, 
and nitric oxide synthase. Free heme is deposited in tissue 
only in pathological conditions. Hemorrhage, ischemia, 
edema, and mechanical injury damage are all processes that 
may result in the release of heme from hemoproteins [7]. 
Intracellular heme originates from cytoplasmic hemopro-
teins and from mitochondrial cytochromes located in neu-
rons and glia [8]. Extracellular heme is released from dying 
cells and from extravasated hemoglobin from red blood cells 
[9]. The release of oxyhemoglobin (oxyHb) leads to super-
oxide anion (02•) and hydrogen peroxide (H

2
O

2
) release as 

oxyhemoglobin undergoes auto-oxidation to methemoglo-
bin. Free heme is degraded by heme oxygenase-1 (HO-1) 
and heme oxygenase-2 (HO-2) into Fe2+, CO, and one isomer 
of biliverdin, which rapidly reduces to free bilirubin. Free 
heme is lipophilic and enhances lipid peroxidation [10]. Free 
iron is extremely toxic to cells it reacts with H

2
O

2
 to form 

hydroxyl radicals, and degrades membrane lipid peroxides to 
yield alkoxy– and peroxy– radicals, which cause further 
chain reactions of free radical-induced damage [10, 11]. The 
result is oxidative damage to lipids, DNA, and proteins, lead-
ing to caspase activation and neuronal death [12]. Additionally, 
damage to endothelial cells causes BBB breakdown, result-
ing in vasogenic edema, increased ICP, and ischemia [13–
15]. The effect of bilirubin formation after TBI is unclear. At 
low physiologic nanomolar concentrations in the healthy 
brain, bilirubin has potent antioxidative properties, but at 
high concentrations, it can act as a neurotoxin [7]. The level 
at which it is neuroprotective vs. neurotoxic is not clear, 
especially in the complex environment after TBI. The role of 
CO generation is also controversial, and may have both 
 beneficial and detrimental effects on the vascular smooth 
muscle [7].

Because of the potential harmful effects of Hb breakdown, 
HO-1 and HO-2 activity may be detrimental after TBI. HO 
inhibitors have been shown to reduce edema in models of 
ischemia, hemorrhage, and trauma [16–18]. However, there 
is also evidence that HO-1 is neuroprotective [16]. These dis-
crepancies may result from the model used, and the brain 
region or even the cell type studied. In cell culture, for 

example, HO-1, induced in reactive astrocytes and microglia/
macrophages, protects cortical astrocytes but not neurons 
from oxidative stress after exposure to Hb and H

2
O

2
 [17, 18]. 

Other investigations show that the anti-oxidant activity of 
bilirubin/biliverdin redox cycling [19], and the administra-
tion of deferoxamine, a scavenger for ferric iron that improved 
spatial memory in a rodent model of ICH [20].

Haptoglobin (Hp), a glycoprotein that binds free Hb 
almost irreversibly, is a potential endogenous neuropro-
tectant after ICH [13, 21, 22]. In the Hb-Hp complex, the 
iron moiety is situated within the hydrophobic pocket of Hb, 
preventing its oxidative and cytotoxic activities [23]. Hp 
binding also facilitates the clearance of free Hb by mono-
cytes and macrophages, and promotes iron recycling [24]. In 
addition to preventing Hb-induced oxidative cellular damage 
to cells, Hp-Hb binding protects Hb itself from oxidative 
damage. This is especially important since oxidative changes 
to Hb results in its inability to bind to Hp or to the Hb scav-
enger receptor CD163 on macrophages [25], which mediate 
Hb endocytosis and clearance. Interestingly, the presence of 
free Hb alone could induce a state of hypohaptoglobinemia 
[11], making the induction of Hp expression even more cru-
cial. The Hp level in the brain is low at baseline [11], but its 
expression can be induced in the brain and in peripheral 
blood by intracerebral injection of blood [11]. Overexpres-
sion of Hp, induced pharmacologically with sulforaphane 
[an activator of nuclear factor-erythroid 2-related factor 
(Nrf2)], reduces brain injury after experimental ICH [11].

Oligodendrocytes appear to be the major producer of Hp 
in the CNS [11]. Since oligodendrocytes are closely associ-
ated with axons, they are uniquely situated to decrease the 
effects of heme toxicity on white matter tracts, which are 
positioned along the path of blood extravastion during aSAH. 
In fact, Hp-overexpressing mice show better axonal integrity 
than Hp-null mice [11]. This function of oligodendrocyes 
adds to their known activities in protecting axons from exci-
totoxic and oxidative stress. In addition to protecting neu-
rons, Hp also protects oligodendrocytes themselves from 
heme toxicity [11], ensuring continued intracranial produc-
tion of Hp. Thus, Hp is a promising endogenous agent that 
can be utilized to limit Hb-mediated toxicity in ICH.

Activation of Coagulation

Coagulation disorders are common after TBI, including both 
hypercoagulability and coagulopathy. In the presence of 
 coagulopathy, there is a significant increase in the risk of mor-
bidity and mortality from TBI. Tissue factor (TF), a protein 
present in endothelial cells and leukocytes and a key physio-
logical initiator of the coagulation cascade, is released into the 
general circulation following injury to brain vessels [26]. 
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Cerebral vessels have a rich store of TF and play a central role 
in inducing CNS and systemic coagulopathy [26, 27]. The 
large amount of TF released can overwhelm normal control 
mechanisms that prevent excessive coagulation. With signifi-
cant hemorrhage, anti-thrombin, clotting factors, and platelets 
are consumed. At the same time, the expression of plasmino-
gen activator-inhibitor (PAI-1) expression is increased, inhib-
iting the fibrinolytic system [28]. Tissue hypoperfusion and 
activation of the protein C pathway have also been implicated 
in the early coagulopathy seen in TBI [29]. These factors con-
tribute to DIC, which is seen in up to 25% of patients with 
severe TBI. DIC-induced coagulopathy may develop within 
hours of injury [30]. On the other hand, TF-dependent activa-
tion of coagulation can cause both microvascular and macro-
vascular fibrin thrombi formation. Excessive microthrombi 
formation may obstruct flow in small vessels and is proposed 
to be a cause of delayed ischemia in investigations of aSAH 
[31]. To illustrate the complexity of the coagulation system, 
several thrombin - mediated processes will be highlighted here 
as examples of the many interactions with in the coagulation 
pathways.

Thrombin has been shown to be a potent inducer of 
microparticle release from platelets and endothelial cells 
[32]. MPs are small vesicles consisting of a small amount of 
cytosol and a bilayer plasma membrane with surface anti-
gens from the cell of origin. MP release occurs during many 
types of apoptogenic, procoagulant, or proinflammatory 
stimulation [33]. These stimuli trigger the migration of pro-
coagulant phospholipids, such as phosphotidylserine, to the 
outer leaflet of the plasma membrane, with subsequent mem-
brane budding resulting in MP release. Phosphotidylserine 
on MP surfaces creates an additional procoagulant surface 
for the assembly of clotting enzyme complexes [28]. MPs 
also provide a reservoir of circulating TF and enhance the 
catalytic efficiency of the TF/factor VIIa complex [28].

In addition to promoting fibrin clot formation, thrombin 
also mediates vasoconstriction through the thrombin receptor, 
PAR1, found on endothelial cells [34]. When cleaved by throm-
bin, activated PAR1 mediates vasoconstriction and upregulates 
its own expression, increasing the vessel responsiveness to 
thrombin [34]. These processes potentiate vasoconstriction, 
which limits bleeding but can worsen ischemia after TBI. 
PAR1 activation also directly triggers inflammation [35] and 
increases BBB permeability, edema, and cell death [32], illus-
trating the complex dynamics within the coagulation system.

Activation of Platelets

Beyond their crucial role in hemostasis, activated platelets 
have important secondary effects on the vasculature. The 
interaction of platelets with the exposed collagen of the blood 

vessel and with activated leukocytes contributes to platelet 
degranulation and to the formation of adhesion molecules in 
the endothelium [36]. These events trigger the release of 
eicosanoids and free radicals from granulocytes, increasing 
oxidative stress in the microenvironment of the hemorrhage. 
Platelets also directly contribute to vasoconstriction after 
ICH. Platelets and mast cells release 5-HT when activated. 
5-HT has many actions, including increasing vascular per-
meability [36], and vasoconstriction in large cerebral arteries 
but vasodilation in small cerebral arteries [37, 38]. It also 
stimulates the sensory fibers of the trigeminovascular sys-
tem, which release substance P (SP) antidromically [39], 
contributing to the effects of neurogenic inflammation. In 
experimental SAH, platelets also interact with perivascular 
nerves as follows: release of SP from these nerves stimulates 
the arachadonic acid cascade within platelets [40], contribut-
ing to inflammation through products of AA metabolism 
such as prostaglandins and leukotrienes.

Activation of Leukocytes

Leukocyte-endothelial cell interactions, mediated by inter-
cellular adhesion molecule-1 (ICAM-1), lymphocyte func-
tion-associated antigen-1 (LFA-1), macrophage antigen-1 
(Mac-1), and endothelial (E)-selectin, constitute another 
important element in the inflammatory response [41]. These 
interactions are believed to contribute to the development of 
vasospasm in aSAH. Infiltrating neutrophils may secrete 
TNFa and pro-inflammatory proteases, and generate ROS 
[42]. Dying leukocytes may stimulate macrophages to 
release proinflammatory mediators [43]. Mast cells migrate 
to vessel walls after SAH and release histamine when 
 stimulated by bradykinin [44]. In studies of cerebral isch-
emia, leukocyte-endothelial cell adhesion helps to initiate 
and propagate reperfusion injury. Mice that have received 
 neutralizing antibodies against leukocyte adhesion receptors 
and mutant mice that are genetically deficient in these 
 adhesion receptors [45] experience less microvascular dys-
function and tissue injury following ischemia/reperfusion. If 
the same holds true for post-traumatic hemorrhage, then 
 anti-leukocyte strategies should be explored as a therapeutic 
option.

Actions of Microglia, Astrocytes,  
and Oligodendrocytes

In studies of SAH, activated microglia have phagocytic 
activities that help to clear the hematoma. Thus, micro-
glial activation and macrophage infiltration can be beneficial 
after hemorrhage. However, activated microglia also release 
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cytokines [46–48], ROS [49, 50], and nitric oxide [51, 52], 
all of which also contribute to hemorrhage-induced brain 
injury. In animal models of ICH, use of anti-microglial 
 strategies, such as tetracycline derivatives, has resulted in 
reduced injury size, edema, and improved neurologic func-
tion [53], but has not yet been substantiated in clinical stud-
ies. Importantly, these therapies must maintain the beneficial 
actions of microglia while decreasing their proinflammatory 
activities.

Astrocytes modulate the neuronal response to brain 
injury through the production of angiogenic and neu-
rotrophic factors. For instance, they influence neuronal 
 sensitivity to glutamate toxicity by regulating the expres-
sion of the NMDA receptor subunit and the glutamate trans-
porter excitatory amino acid carrier [54]. Interestingly, 
astrocytes could also modulate microglial ROS production 
[49] and thus play a role in limiting the harmful effects of 
micoglial ROS release, without compromising the other 
positive effects of microglial activation. Oligodendrocytes 
also play an important role. As discussed earlier, one of 
their responses to hemorrhage is the increased expression of 
haptoglobin [11], which binds free heme and limits heme-
induced toxicity.

The Vascular Response

The different cells within the blood vessels respond differ-
ently to the presence of extravascular blood [55]. Cerebral 
arteries contain three structural layers: the external layer (the 
adventitia) contains axons of the perivascular nerves in a col-
lagen sheath; the media contains smooth muscle; the internal 
layer (the intima) contains endothelial cells and the basement 
membrane. Oxyhemoglobin, released by lysed red blood 
cells, is pathogenic for all three layers [55]. In the adventitia, 
the loss of nerve fibers has been reported after sICH [56, 57]. 
This type of denervation could be expected to results in loss 
of neurogenic control of cerebral arteries [55] and impair-
ment of autoregulation. In the media, myonecrosis occurs 
with loss of contractile protein in the smooth muscle [58, 
59]; additionally, the amount of interstitial collagen increases 
[58]. Together, these processes contribute to arterial narrow-
ing, which is not vasospasm-mediated [60]. In the intima 
layer, matrix metalloproteinases (MMPs) are released after 
hemorrhage. MMPs degrade the basement membrane and 
tight junction proteins, resulting in disruption of the BBB. 
Local substances released by multiple cell types also affect 
the permeability of the BBB [61]. Perivascular nerve fibers 
release CGRP, 5-HT, and SP, which contribute to mast cell 
release of histamine [55], increasing inflammation.

Endothelial cells themselves release substances that  
can be detrimental in the setting of TBI. An example is 

endothelin, a potent vasoconstrictor, which helps to limit 
hemorrhage but may aggravate ischemic secondary injury 
after TBI. After ICH, endothelial cells also upregulate the 
expression of receptors to SUR1 and to angiotensin I (AT1) 
[62, 63]. These responses also contribute to vasoconstriction. 
SUR1 [63] and ET-1 [55] have the additional effect of 
increasing BBB permeability. Specific antagonists to SUR1, 
AT1 receptors, and ET-1 [55, 62, 63] have been shown to 
reduce cerebral edema and improve outcome in animal mod-
els of ICH and trauma. These are only a few examples of the 
diverse responses triggered in cerebral endothelial cells after 
ICH, which have been studied most extensively in the con-
text of vasospasm after aSAH. It has been pointed out that 
vasospasm also plays a role in the different types of hemor-
rhage after TBI [64, 65], but it is unclear whether the treat-
ment of post-traumatic vasospasm improves outcome.

Recent studies show that endothelial microparticles (MP) 
are released into the circulation at high proportions in TBI. 
In TBI, the proportion of endothelial MPs (compared to 
platelet MPs) was found to be higher than in many other 
disease entities, including spontaneous SAH, which is known 
to cause extensive cerebral endothelial damage [28]. This 
finding suggests that severe TBI and tICH result in more 
extensive endothelial activation than sICH, excacerbating 
the prothrombotic and proinflammatory signaling pathways 
in TBI.

Conclusion

Intracerebral hemorrhage initiates many cellular responses 
beyond those that restore hemostasis, and these responses 
may contribute to secondary brain injury (see Fig. 1). ICH is 
often accompanied by increased ICP, ischemia, oxidative 
damage, vasogenic edema, and cytotoxic edema. These pro-
cesses disrupt mitochondrial energetics and lead to neuronal 
cell death. Heme toxicity, iron toxicity, and activation of 
coagulation are obviously key elements in both sICH and 
tICH. Thus, the data on cellular mechanisms in sICH may be 
applicable to the understanding of tICH. However, there are 
also significant differences among the different types of 
traumatic and spontaneous ICHs. These differences include: 
the distribution of the various hemorrhage subtypes (sub-
dural, subarachnoid, intraparenchymal, or intraventricular) 
in spontaneous vs. traumatic bleeds, the extent and rate of 
hemorrhage progression, the degree and duration of increased 
intracranial pressure, and the presence of blood beneath  
the subarachnoid layer vs. the dura. Additionally, the pres-
ence of concomitant injuries in TBI may influence the 
response to ICH. Thus, specific research on the pathophysi-
ology of tICH and the recovery process is needed in order  
to identify  specific therapeutic targets for these processes.
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Abstract Following intracerebral hemorrhage (ICH) there 
is a sequential response involving activation of the coagula-
tion cascade/platelet plug formation, vascular repair, upregu-
lation of endogenous defense mechanisms and clot resolution. 
How these responses are coordinated and modified by differ-
ent hematoma sizes has received little attention. This paper 
reviews evidence that thrombin can modulate and may coor-
dinate the components of the endogenous response. This has 
potential consequences for treatment of ICH with a number 
of modalities.

Keywords Thrombin · Coagulation · Vascular repair · 
Hematoma resolution · Iron-handling proteins

Introduction

The endogenous response to an intracerebral hemorrhage 
(ICH) involves: (1) clot/platelet plug formation to stop the 
bleed, (2) vascular repair and (3) clot resolution. As clot reso-
lution can release potentially neurotoxic chemicals (e.g., iron), 
there is also (4) upregulation of endogenous defense mecha-
nisms that may counteract the effects of those chemicals 
(e.g., iron chelators;[1]). To avoid re-bleeding, which might 

occur if the clot resolved prior to completion of vascular repair 
or potential neurotoxicity if clot resolution occurs prior to 
induction of defense mechanisms, these responses must be 
coordinated (Fig. 1). Therapeutically, a number of approaches 
have been used to enhance the endogenous response. For 
example, Factor VIIa has been given to promote clotting [2], 
surgery with and without tissue plasminogen activator (tPA) 
has been used to accelerate clot removal [3], thiazolidine-
diones have been given to modulate clot phagocytosis by 
microglia [4], and deferoxamine has been administered to 
enhance iron defense [5].
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Fig. 1 The sequential endogenous response to ICH. While the coagula-
tion cascade is activated immediately upon hemorrhage, there will be 
continued production of thrombin and fibrin until sufficient vascular 
plugging and repair have occurred to prevent further entry of fibrinogen 
and prothrombin. The time course of vascular repair after ICH has not 
been well studied. It is probably initiated immediately after ictus and is 
sufficient to prevent further hemorrhage by the time that hematoma 
resolution is complete. Fibrinolysis begins almost immediately after the 
hemorrhage. However, in the early stages after ICH, fibrin deposition 
exceeds lysis. Resolution occurs when lysis exceeds fibrin deposition 
(decreased thrombin cleavage of fibrinogen) and when there is clear-
ance of cellular elements of the hematoma. The time course of resolu-
tion varies with hematoma size (see text). The induction of endogenous 
defense mechanisms involves (at least in part) the production of new 
protein. This involves a time delay after ictus (e.g., iron handling pro-
teins peak 24–72 h after ICH in the rat)
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While information is available about parts of the endoge-
nous response (e.g., the coagulation cascade and the role of 
microglia, leukocytes, complement and plasminogen activa-
tors in clot resolution), less is known about coordination of 
the endogenous responses and how they might be modulated 
by ICH severity. One potential coordinator of the endoge-
nous responses is thrombin. This paper examines this poten-
tial role and highlights some therapeutic consequences.

Normal Natural History of Clot Formation 
and Resolution After ICH

After cerebrovascular rupture, there is almost instantaneous 
activation of the coagulation cascade and the start of clot for-
mation. In about two-thirds of patients, bleeding stops soon 
after ictus, but in the remaining patients there is continued 
hematoma expansion for part of the first day [6], an expansion 
phase that is increased in patients on oral anticoagulant therapy 
[7]. In humans, the hematoma has been reported to then resolve 
over weeks, although this depends upon clot size [8]. It should 
be noted that even after the physical hematoma resolves, hema-
toma degradation products can still remain in the brain. Thus, 
high levels of iron are still found in the rat brain 28 days after 
ICH even though the hematoma has resolved [1].

Thrombin Generation and Coagulation  
After ICH

Thrombin, by converting fibrinogen to fibrin (and by stabili-
zation of the fibrin clot via activation of Factor XIII), is cen-
tral to the coagulation cascade. However, it also has other 
effects on the coagulation cascade, activating Factor XI, as 
well as cofactors VIII and V, and stimulating platelets. These 
effects serve to amplify the coagulation cascade. The actions 
of thrombin are carried out by either enzyme activity (e.g., 
conversion of fibrinogen to fibrin) or cell thrombin receptors 
(e.g., platelet activation). Three protease-activated receptors 
(PAR-1, -3 and -4) are thrombin receptors [9].

While thrombin is produced almost instantaneously from 
prothrombin at the ictus, there may be continued production 
until the injury site is completely plugged, preventing further 
entry of prothrombin into the brain. As noted above, in some 
patients, this may take several hours.

Thrombin and Vascular Repair

Vascular repair after ICH has received little attention. Repair 
entails reestablishment of the endothelial barrier, but also 

involves changes in other elements of the neurovascular unit 
(e.g., astrocytes, pericytes and vascular smooth muscle cells). 
Circulating endothelial progenitor cells may also be involved 
in re-endothelialization [10, 11]. Thrombin has profound 
effects on cerebral endothelial cell proliferation and shape 
[12, 13]. It also has marked effects on other elements of the 
neurovascular unit. Thus, for example, it changes astrocyte 
shape [14], indirectly causes pericyte contraction [15] and 
induces smooth muscle cell proliferation [16]. Thrombin can 
also cause migration of progenitor cells from the subventric-
ular zone to sites of injury [17].

Thrombin and Clot Resolution

There is a surprising lack of definitive evidence about the 
relative importance of different mechanisms in clearing 
intracerebral hematomas. Perihematomal levels of plasmino-
gen activators are increased after ICH [18], but the relative 
importance of tPA and urokinase (uPA) in fibrinolysis after 
ICH is uncertain. Both tPA and uPA have been used clini-
cally to aid in clot removal, although there is, to date, no 
evidence that this reduces ICH-induced injury in patients 
[19]. Removal of the cellular constituents of the hematoma 
involves several processes. Erythrocyte energy failure can 
cause cell lysis, complement activation inserts a membrane 
attack complex in the cell membrane leading to lysis, and 
there can be phagocytosis of the erythrocytes and cell ele-
ments [4, 20, 21]. Phagocytosis can be carried out by micro-
glia or invading macrophages from the bloodstream [4, 21].

Thrombin has the potential to impact both fibrinolysis and 
the clearance of cellular components of the hematoma. 
Thrombin indirectly impacts fibrinolysis as fibrin (and par-
ticularly partially degraded fibrin) enhances plasminogen 
activator activity leading to greater plasmin production [22]. 
Thrombin also directly induces cerebral endothelial cells to 
produce uPA [13]. ICH-induced inflammation is also regu-
lated by thrombin. It upregulates inflammatory mediators, 
activates microglia and promotes leukocyte influx into brain 
[6]. Thrombin can also cause activation of the complement 
cascade in the brain, including membrane attack complex 
formation [23]. These results indicate that thrombin modu-
lates clot resolution as well as clot formation.

Thrombin and Endogenous Defense 
Mechanisms

A number of mechanisms that may limit brain injury are 
upregulated after ICH. For example, there is a marked 
increase in the expression of iron-handling proteins such as 
ferritin, transferrin and transferrin receptor [1]. These changes 
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may reduce the iron toxicity that can follow hematoma reso-
lution [6]. While expression of iron handling proteins is regu-
lated by a number of systems, intracerebral thrombin triggers 
a marked increase in transferrin and the transferrin receptor 
expression in brain [24]. As thrombin is produced immedi-
ately upon hemorrhage, the upregulation in iron handling 
proteins occurs early after ICH [1], allowing the proteins to 
be present before the onset of erythrocyte lysis within the 
hematoma. Iron itself can also upregulate the expression of 
iron handling proteins [25], but if iron release during hema-
toma resolution were to be the sole signal for upregulation, 
there would be potential iron-induced neurotoxicity in the 
hours necessary for protein upregulation.

Thrombin Inhibition After ICH

Understanding the temporal effects of thrombin in ICH not 
only requires knowledge of its production and targets, it also 
requires information about what factors inhibit thrombin’s 
action and how these change after ICH. Protease nexin-1 
(PN-1) is the main thrombin inhibitor present in brain. It is 
highly expressed in astrocytes, but there is also evidence for 
neuronal expression [9]. PN-1 (mRNA and protein) is upreg-
ulated in the brain after rat ICH [26]. Plasminogen activator 
inhibitor (PAI)-1 can also inhibit thrombin, and it too is 
upregulated after ICH [27]. However, although these inhibi-
tors may inhibit free thrombin, a substantial amount of 

thrombin remains bound within the hematoma where it is 
protected from inactivation [28]. Thus, as the hematoma 
resolves there is continual release of thrombin from the 
hematoma. The action of that thrombin will depend on access 
to targets (for example, fibrinogen and platelets).

Thrombin as a Coordinator of the 
Endogenous Responses and Therapeutic 
Consequences

A temporally coordinated endogenous response to ICH 
involving coagulation/platelet plug formation, vascular 
repair, hematoma resolution and upregulation of defense 
mechanisms necessitates some crosstalk between these dif-
ferent events. The pleiotropic effects of thrombin suggest 
that it may be involved in such coordination (Fig. 2). As 
described above, it is central to the coagulation cascade and 
platelet plug formation, it affects vascular repair and hema-
toma resolution, and it can induce some of the endogenous 
defense mechanisms. Thrombin is initially formed at the 
onset of hemorrhage, and this is important for coagulation 
and platelet plug formation. This early production of throm-
bin may also be important for initiating vascular repair and 
providing the signal for upregulation of defense mechanisms, 
such as iron handling proteins.

The release of clot-bound thrombin may also provide a 
way of coordinating hematoma resolution with vascular 
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Fig. 2 Thrombin impacts many elements of the endogenous response 
to ICH. (a) The production of thrombin serves to seal the site of initial 
rupture via production of a clot/platelet plug, and it is also involved in 
regulating vascular repair. Thrombin is also involved in clot resolution. 
By sealing the rupture, clotting and vascular repair can stop further 
entry of prothrombin and fibrinogen into the brain, preventing further 
fibrin deposition. In addition, thrombin activates microglia, promotes 
macrophage entry into the brain (both cell types are involved in hema-

toma phagocytosis) and can accelerate fibrinolysis, aiding hematoma 
resolution. Because thrombin is present within the clot, hematoma reso-
lution may cause its release, which may serve to produce more fibrin if 
the vasculature has not been fully repaired. (b) Thrombin is also 
involved in upregulating defense mechanisms in the brain (e.g., iron-
handling proteins), which may reduce clot-derived neurotoxicity. While 
clot-derived factors may also upregulate defense mechanisms, throm-
bin upregulation may occur, earlier providing greater protection
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repair. If hematoma degradation occurs before vascular 
repair is fully achieved, leakage of fibrinogen from the dam-
aged vessel may be cleaved by thrombin from the degrading 
hematoma to form a new fibrin clot. This might provide a 
quicker response than activation of the coagulation cascade 
and creation of thrombin from prothrombin leaking from the 
bloodstream. In addition, the continual release of clot-bound 
thrombin from the resolving hematoma may provide a signal 
to maintain upregulation of phagocytosis and defense mech-
anisms until the clot has finally resolved. If this is the case, 
thrombin may also participate in ending the endogenous 
response to ICH. As the vessel is repaired and the hematoma 
resolves, there will be a decline in extravascular thrombin, 
and this may be a signal for the cessation of the inflammatory 
response and the return of defense mechanisms to normal 
levels. This potential role of thrombin requires further 
examination.

ICH severity varies from microbleeds to hematomas of 
over 100 mL. Presumably, the extent of the endogenous 
response needs to vary with the size of the hematoma. As the 
amount of prothrombin entering the brain with the hemor-
rhage varies with the size of the hematoma, thrombin pro-
duction would reflect the severity of the hemorrhage and 
may regulate the endogenous response to match ICH size.

A role for thrombin in coordinating the endogenous response 
would have several therapeutic consequences. Thrombin has 
been the target in clinical and preclinical ICH trials. Increasing 
thrombin production to prevent hematoma expansion was the 
basis of the Factor VIIa trial [2]. While that trial showed that 
Factor VIIa could reduce hematoma growth, it did not improve 
outcome. In contrast, there is preclinical evidence that throm-
bin can participate in ICH-induced injury [29], and delayed 
thrombin inhibition with argatroban improved outcome in a rat 
ICH model [30]. These results reflect the differential time-
dependent roles of thrombin in ICH.

Clot removal has been examined extensively as a method 
of reducing ICH-induced injury without, as yet, significant 
clinical benefit [19]. The poor outcome in patients that had 
ultra-early clot removal because of rebleeds [31] reflects the 
importance of ensuring that vascular repair has occurred 
prior to clot removal/resolution. Whether more delayed clot 
removal may have unanticipated effects on ICH-induced 
injury by affecting the endogenous response to ICH by 
removing clot-bound thrombin has not been examined  
(e.g., will it affect the upregulation of endogenous defense 
mechanisms?).

Summary

Thrombin has pleiotropic effects on the response of the 
brain to ICH, including roles in coagulation/platelet plug 
formation, vascular repair, clot resolution and upregulation 

of endogenous defense mechanisms, and may act as a 
 coordinator of the endogenous response. Understanding the 
integration of the response of the brain to ICH may give 
insight into how better to modulate that response to reduce 
ICH-induced injury.
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Abstract Src kinase signaling has been implicated in multiple 
mechanisms of intracerebral hemorrhage (ICH). These include 
(1) thrombin-mediated mitogenic stress, (2) excitatory amino 
acid (AA)-mediated excitatory toxicity, (3) vascular endothe-
lial growth factor (VEGF) and matrix metalloproteinases 
(MMPs)-mediated changes of vascular permeability, (4) cytok-
ines-mediated inflammatory responses, and (5) others. These 
work together after ICH, causing brain injuries in the acute 
stage and self-repair in the recovery stage. We found that acute 
administration of the Src inhibitor, PP2, blocks the blood-brain 
barrier (BBB) breakdown and brain edema that occurs after 
ICH. However, delayed and chronic administration of PP2 pre-
vents the BBB repair and edema resolution after ICH. These 
results led us to suggest that the two contradictory findings 
share the same principles at least in part via activation of Src 
kinases in acute or recovery stages after ICH. Acute Src kinase 
activation after ICH leads to BBB damage, and chronic Src 
kinase activation after ICH leads to BBB repair.

Keywords Src kinases · Blood-brain barrier · Vasogenic 
edema · Neurogenesis · Neuronal apoptosis · Intracerebral 
hemorrhage

Introduction

A series of studies show that inhibition of Src, a family of 
non-receptor tyrosine kinases, attenuates blood-brain bar-
rier (BBB) breakdown, vasogenic edema, mitogen-activation 
protein kinase (MAPK) activation, neuronal cell cycle reac-
tivation, and subsequent neuronal death in the acute stage 
(0–24 h) after subarachnoid hemorrhage (SAH) or intracere-
bral hemorrhage (ICH) [1–5].

In contrast, inhibition of Src kinases blocks BBB repair 
and brain edema resolution in the recovery stage (7–14 days) 
after ICH, in part because Src kinase proto-oncogene mem-
bers stimulate proliferation of newborn brain endothelial 
cells and perivascular astrocytes in the “neurovascular niche” 
that repair the damaged BBB [4]. Although there are no 
direct reports on Src kinase-mediated neurogenesis after 
ICH, Src kinases increase the numbers of newborn neuronal 
cells in the dentate gyrus (DG) via activation of the mito-
genic signaling cascade in the recovery stage (7days) after 
cerebral ischemia [6].

Mitogenic signaling encourages cells to re-enter the cell 
cycle. The cell cycle is regarded as the central process lead-
ing to cellular proliferation (e.g., neural progenitor cells). 
However, increasing evidence over the last decade supports 
the notion that neuronal cell cycle re-entry results in post-
mitotic death [7]. This suggests inhibition of the cell cycle 
could block not only neural progenitor cell proliferation, but 
also neuronal apoptosis.

Therefore, any therapeutics that prevent neuronal death 
by blocking mitogenic signaling may have limited benefit 
because they may also prevent neurogenesis. This may pro-
vide at least a partial explanation for the contradictory phe-
nomena of acute or chronic administration of Src kinase 
inhibitor in the preclinical treatment of ICH and ischemia, 
since inhibition of Src kinase activation has been shown to 
reduce progenitor cell proliferation. This might subsequently 
block BBB repair, edema resolution and decrease neurogen-
esis after brain injuries [4, 6].

Activation of Src Kinases Mediates  
Acute Brain Injuries After ICH

We previously reported that the expression of Lyn, one of the 
Src family kinases, was upregulated 21-fold following ICH 
[8, 9], and activity of Src kinases increased 3–5-fold at 4 h 
after experimental ICH [2, 3]. In the follow-up function 
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study, we showed acute administration of Src kinase inhibi-
tor, PP2, decreased local cerebral glucose utilization (LCGU) 
and activity of Src kinases, attenuated BBB breakdown, 
brain edema and cell death around ICH, and improved behav-
ioral function following ICH [2–4, 10]. These findings sug-
gest that activation of Src kinases mediates brain injuries in 
the acute stage after ICH. The possible Src kinase related-
mechanisms that lead to acute brain injuries after ICH 
include: (1) ICH/VEGF//Src/MMPs/BBB breakdown and 
brain edema; (2) ICH/glutamate/NMDA receptors (regulated 
by Src/Ca2+/ROS/mitochondrial failure/cell death (Fig. 1).

Molecules and Signaling That Lead to Cell 
Cycle Re-entry via Activation of Src Kinases 
After ICH

Intracerebral hemorrhage results in the release of a wide 
variety of molecules, including thrombin, heme and iron 
[11], ROS [12, 13], NO [14], vascular endothelial growth 
factor (VEGF) [15], excitatory amino acids such as gluta-
mate [16], various inflammatory cytokines such as interleu-
kin-1 (IL-1), IL-6 and IL-10, tumor necrosis factor-a 
(TNF-a) [17–20], and others (Fig. 1).

Most of these molecules are able to trigger mitogenic sig-
naling. The signaling of one molecule is often modified or 
augmented by another (Fig. 1). For example, mitochondrial 
failure results in the release of ROS, which enhances TNF-a 
production [21]. Intracellular TNF-a accumulation in turn 
causes mitochondrial failure [22] and promotes ROS genera-
tion, producing a vicious cycle. The signaling can also be 
accelerated by one molecule on its own, such as the auto-
crine cycling of NO, mediated by the inducible enzymes NO/
Ras/Raf/MEK-1/ERK 1, 2/NF-kB/NO [23]. These kinds of 
positive feedback make it possible to elevate molecules 
abruptly, either as a normal physiological response to ICH or 
as the cause of ICH-induced damage itself.

Src kinases are important upstream regulators in the  process 
of mitogenic signaling transduction. As shown in Fig. 1, 
examples of some Src kinase-mediated signaling pathways 
that lead to brain injuries by forcing neuronal cell cycle re-
entry include: (1) ICH/VEGF//Src/Ras/ERK or P38/cell cycle 
re-entry, (2) ICH/thrombin/thrombin receptors/Src/Ras/ERK 
or P38/cell cycle re-entry, (3) ICH/glutamate/NMDA recep-
tors (regulated by Src)/Ca2+/calpain/Ras/ERK or P38/cell 
cycle re-entry, (4) ICH/glutamate/PLC (enhanced by Src)/
JNK/cell cycle re-entry, and (5) ICH/TNF-a/TNF-a receptor/
PI3K (enhanced by Src)/Akt/GSK-3b/cell cycle re-entry.

Cell Cycle Re-entry Induces  
Apoptosis of Neurons

Under physiological conditions, neurons are subjected to 
a variety of stimuli and signals. These include mitogenic 
signals that promote re-entry into the cell cycle and also a 
series of anti-mitogenic factors that strive to maintain the 
neuron at rest [23]. However, once brain injuries occur, 
this balance is lost. For example, some cell cycle proteins 
(e.g., cyclin D, PCNA and GADD34) are produced in 
mature neurons very soon after experimental rat brain 
ischemia [24–27]. In an in vitro ICH model, we and others 
observed that neurons did not proceed to S phase, but 
rather died via apoptosis after the G0/G1 transition [3, 
28]. However, Ab challenged neurons could proceed 
through S phase before dying [29], but these neurons 
became trapped in S phase.

Tumor cells that enter the cell cycle neither finish divid-
ing nor revert to their G0 quiescent state [27, 30–32]. On 
the other hand, a neuron that re-enters the cell cycle can-
not revert to an earlier G0 either, because the transitions 
through the mitotic cell cycle are irreversible processes 
[33]. Presumably, the failure to complete the cell cycle in 
these stressed neurons triggers specific apoptotic or other 
cell death mechanisms to rid the tissue of these cells. 
Since Src kinase inhibition can block mitogenic signaling 
that is activated after ICH, Src kinase inhibition appears 
to be a candidate strategy for the treatment of ICH.

Cell Cycle Re-entry Induces Proliferation  
of Neural Progenitor Cells

Neurogenesis arises from brain progenitor cells rather than 
from differentiated adult neurons. It is now clear that neu-
rogenesis occurs in the brain of adult mammals [34–37]. 
This neurogenesis may be associated with maintenance or 
restoration of neurological function after brain ischemia 
and ICH, suggesting that neurogenesis is functionally 
important to recovery [4, 37]. In addition, elevated mito-
genic signaling after ICH would produce proliferation of 
endothelial cells and glial cells to fix the disrupted BBB. 
This could be an explanation for the finding that inhibition 
of Src kinase activation blocked BBB repair and brain 
edema resolution, and reduced progenitor cell proliferation, 
leading to decreased neurogenesis after brain ischemia and 
ICH [4, 6].
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Future Directions

Future studies will need to address which specific Src family 
members (e.g., c-Src, c-Yes, Fyn, Lck, Lyn, Hck, Blk, c-Fgr) 
may mediate ICH-induced brain injuries or neurogenesis sep-
arately. It is even possible that different Src family members 
might mediate BBB breakdown and BBB repair. Moreover, it 
is necessary to search for small molecular compounds that are 
more specific for certain Src family members that might 
mediate different aspects of the injury caused by ICH.
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Abstract Brain arteriovenous malformations (AVMs) are a 
rare but important cause of intracranial hemorrhage (ICH) in 
young adults. In this paper, we review both human and animal 
studies of brain AVM, focusing on the: (1) natural history of 
AVM hemorrhage, (2) genetic and expression studies of AVM 
susceptibility and hemorrhage, and (3) strategies for develop-
ment of a brain AVM model in adult mice. These data target 
various mechanisms that must act in concert to regulate 
 normal angiogenic response to injury. Based on the various 
lines of evidence reviewed in this paper, we propose a 
“response-to-injury” model of brain AVM pathogenesis.

Keywords Brain arteriovenous malformations · Intracranial 
hemorrhage · Gene expression · Genetics · Angiogenesis · 
Inflammation · Animal models

Brain arteriovenous malformations (AVM) represent a 
 relatively infrequent but important source of neurological 
morbidity in relatively young adults [1]. Brain AVMs have a 
population prevalence of 10–18 per 100,000 adults [2, 3], 
and a new detection rate (incidence) of approximately 1.3 
per 100,000 person-years [4, 5]. The basic morphology is of 
a vascular mass, called the nidus, that directly shunts blood 
between the arterial and venous circulations without a true 
capillary bed. There is usually high flow through the feeding 
arteries, nidus, and draining veins. The nidus is a complex 
tangle of abnormal, dilated channels, not clearly artery or 
vein, with intervening gliosis.

Seizures, mass effect, and headache are causes of  associated 
morbidity, but prevention of new or recurrent intracranial 
hemorrhage (ICH) is the primary rationale to treat AVMs, 
usually with some combination of surgical resection, embo-
lization, and stereotactic radiotherapy. The risk of spontane-
ous ICH has been estimated in retrospective and prospective 
observational studies to range from 2% to 4% per year [6], but 
approximately 50% of patients present initially with a bleed. 
Other than non-specific control of symptoms, e.g., headache 
and seizures, primary medical therapy is lacking.

Treatment of unruptured AVMs is controversial and has 
led to an ongoing randomized clinical trial to test whether the 
best medical therapy has better outcomes than procedural 
intervention (http://clinicaltrials.gov/ct/show/NCT00389181). 
Because of the complexity of AVM treatment and a wide range 
of expert opinions, it is unlikely that a single clinical trial can 
settle all of the questions related to management strategies. 
Thus, understanding the pathogenesis of AVM formation and 
progression to ICH will be important for informing patient 
management decisions.

In this review, we propose a novel “response-to-injury” 
paradigm to explain sporadic brain AVM pathogenesis, based 
on findings from clinical research studies of AVM patients 
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and animal models investigating AVM formation to date. 
Figure 1 shows a speculative synthesis of pathways involved 
in AVM pathogenesis. Inciting event(s), while not known, 
might include sequelae of even modest injury from an other-
wise unremarkable episode of trauma, infection, inflamma-
tion, irradiation, or a mechanical stimulus such as 
compression. The normal response to these inciting events 
would involve angiogenesis, endothelial mitogenesis, and 
vascular stabilization. However, when superimposed on an 
underlying structural defect, such as a microscopic develop-
mental venous anomaly or some sort of venous outflow 
restriction in a microcirculatory bed, or an underlying genetic 
background, such as mutations in key angiogenic genes, the 
normal injury response is shifted towards an abnormal dys-
plastic response. In the next few sections, we will review the 
available data on factors involved in the abnormal “response-
to-injury” in AVMs.

Evidence for Abnormal Angiogenesis  
and Inflammation in AVM

Studies of surgically resected AVM tissue suggest an active 
angiogenic and inflammatory lesion rather than a static con-
genital anomaly. Several groups [7, 8] have shown that a 

prominent feature of the AVM phenotype is relative overex-
pression of vascular endothelial growth factor (VEGF-A) at 
both the mRNA and protein level. Extrapolating from animal 
models, VEGF may contribute to the hemorrhagic tendency 
of AVMs [9]. The vascular phenotype of AVM tissue may be 
explained, in part, by an inadequate recruitment of peri-
endothelial support structures, which is mediated by angio-
poietins and TIE-2 signaling. For example, angiopoietin-2 
(ANG-2), which allows loosening of cell-to-cell contacts, is 
overexpressed in the perivascular region in AVM vascular 
channels [10].

A key downstream consequence of VEGF and ANG-2 
signaling, contributing to the angiogenic phenotype, is matrix 
metalloproteinase (MMP) expression. MMP-9 expression, in 
particular, appears to be at least an order of magnitude higher 
in AVM than in control tissue [11, 12], with levels of natu-
rally occurring MMP inhibitors, TIMP-1 and TIMP-3, also 
increased, but to a lesser degree. Additional inflammatory 
markers that are overexpressed include myelo peroxidase 
(MPO) and interleukin 6 (IL-6), both of which are highly 
correlated with MMP-9 [11, 13]. MMP-9 expression is cor-
related with the lipocalin-MMP-9 complex, suggesting neu-
trophils as a major source. In a subset of unruptured, 
non-embolized AVMs, neutrophils (MPO) and macrophages/
microglia (CD68) were all prominent in the vascular wall and 
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Fig. 1 “Response-to-injury” paradigm for formation of brain AVMs. In 
the normal circulation, an injury upregulates the expression of angio-
genic factors, such as VEGF, which induces EC mitogenesis; newly 
formed vessels will develop into a stable neovasculature under normal 
conditions (gray arrow). In addition to EC mitogenesis, formation of 
stable vessels also involves recruitment of mural cells including peri-
cytes and, in the case of arterial or venous structures, smooth muscle. 
All of these processes involve TGF-b signaling. The blue box on the 
left details the canonical TGF-b signaling pathway. The genes that are 
mutated in HHT are circled in red; BMP-9 may also be a physiological 

ligand for ALK-1 signaling. In the presence of certain genetic back-
grounds, this otherwise normal injury repair process can lead to a vas-
cular dysplastic response (red arrow) when signaling through aberrant 
ALK-1 and/or ENG, or in a closely related pathway (question marks). 
Other contributory pathways may include EFNB2 and EPHB4 imbal-
ance, possibly through involvement of Notch signaling. Additional 
modifier influences are indicated, and may include increased endothe-
lial shear stress from the high flow rates through a fistulous A-V con-
nection. Inflammation and involvement of circulating precursor cells 
may also be relevant
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intervening stroma of AVM tissue, whereas T and B lympho-
cytes were present but rarely observed [14]. Higher immuno-
globulin levels have been reported in AVM tissue than in 
control brain [15].

Exactly how the dysplastic response propagates is not 
known, but recruitment of progenitor cell populations may 
be one source influencing AVM growth and development, 
and is an area in need of further exploration. For example, 
endothelial progenitor cells (EPCs) are present in the nidus 
of brain and spinal cord AVMs, and may mediate pathologi-
cal vascular remodeling and impact the clinical course of 
AVMs. Gao et al. demonstrated that both brain and spinal 
AVM tissues displayed more CD133-, SDF-1-, and CD68-
positive signals than epilepsy and basilar artery control tis-
sues [16]. EPCs, identified as CD133 and KDR double 
stained-positive cells, were increased in the brain and spinal 
cord AVM nidus, mainly at the edge of the vessel wall. The 
expression of SDF-1 was co-localized with CD31-positive 
and a-smooth muscle cell expression, and was predomi-
nantly found within the vessel wall. More generally, circulat-
ing bone-marrow derived cells have a major role in both 
microcirculatory angiogenesis [17, 18] and conductance ves-
sel remodeling [19, 20]. If AVM pathogenesis involves these 
two processes, it is reasonable to infer that bone-marrow 
derived cells may have an underappreciated role in lesion 
formation and growth. An unresolved issue with all stem cell 
interactions is the extent to which progenitor cells actually 
integrate into existing tissue compartments, or whether they 
provide a nursing function by supplying critical components 
of the repair response such as cytokines, growth factors, and 
enzymes to the tissue, i.e., do progenitor cells supply “troops” 
or merely “ordinance.”

Evidence for Genetic Influences in AVMs

Candidate genes and pathways for brain AVM pathogene-
sis have been suggested by Mendelian disorders, which 
exhibit AVMs as part of their clinical phenotype, and gene 
expression studies. AVMs in various organs, including the 
brain, are highly prevalent in patients with hereditary hem-
orrhagic telangiectasia (HHT, OMIM#187300), an auto-
somal dominant disorder of mucocutaneous fragility. 
Compared to sporadic lesions, brain AVMs in HHT tend to 
be smaller and are more likely to have single draining 
veins, be located superficially, and be multiple. However, 
they are generally similar to the sporadic lesions and can-
not be distinguished individually on the basis of their 
angioarchitecture.

The two main subtypes of HHT (HHT1 and 2) are caused 
by loss-of-function mutations in two genes [21] originally 
implicated in TGF-b signaling pathways (Fig. 1). The first is 
endoglin (ENG), which encodes an accessory protein of 
TGF-b receptor complexes. The second is activin-like kinase 

1 (ALK1, or ACVLR1), which codes for a transmembrane 
kinase also thought to participate in TGF-b signaling. There 
are hundreds of reported mutations in ALK1 and ENG [22], 
but the functional effect appears to be haplo-insufficiency 
rather than a mutation-specific set of dysfunctions. A third 
candidate gene for AVM pathogenesis is SMAD4, encoding 
a downstream participant in TGF-b and bone morphogenic 
protein (BMP) signaling. SMAD4 is mutated in a combined 
syndrome of juvenile polyposis and HHT [23]. These HHT 
mutations can be viewed as risk factors for brain AVM since 
the prevalence in HHT1 (ENG) is 1,000-fold higher and 
HHT2 (ALK1) is 100-fold higher compared to the prevalence 
of brain AVMs in the general population (10/100,000) [24].

At the earliest stages of vascular development, mice 
lacking Alk-1 (Acvrl1) form systemic A-V fistulae from 
fusion of major arteries and veins [25]. Endothelial cell-
specific ablation of the murine Alk-1 gene causes vascular 
malformations to form during development, whereas mice 
harboring an EC-specific knockout of Alk-5 (the type I 
TGF-b receptor) or Tgfbr2 show neither vascular malfor-
mation formation nor any other perturbation in vascular 
morphogenesis [26]. The exact signaling pathways for 
ALK-1 and ENG are complex and interrelated, and their 
relative importance and cellular specificity are controversial 
[27]. ENG interacts with multiple TGF-b-related signaling 
pathways and interacts with TGFBR2 (the type II TGF-b 
receptor) as well as with type I TGF-b receptors, ALK-1 
and ALK-5 [28]. ENG can also bind ligands besides TGF-b, 
including activins and BMP family members [29, 30]. 
Regardless of the exact signaling mechanism leading to 
vascular malformation, it is clear that mutations and likely 
genetic variation in TGF-beta signaling genes are important 
players in the “response-to-injury” paradigm of AVM 
pathogenesis.

Candidate Gene Studies in Non-HHT  
AVM Patients

The mechanism of AVM initiation is as yet unknown. Even if 
it involves a structural aberration or mechanical insult – per 
se not a heritable trait – the subsequent growth and behavior 
of the lesion may still be influenced by genetic variation. For 
example, multiple genetic loci influence VEGF-induced 
angiogenesis [31, 32]. Therefore, a pathogenesis that involves 
a “response-to-injury” at any level may be at least partially 
influenced by heritable aspects of such a response.

Candidate gene studies of sporadic AVM cases have iden-
tified single nucleotide polymorphisms (SNPs) in several 
genes associated with risk of AVM susceptibility and/or pro-
gression to ICH. Previously, SNPs in ALK1 (IVS3-35A>G) 
and ENG (207G>A) were found to be associated with an 
increased risk of AVM [33]. The ALK1 finding was later 
 replicated in an independent cohort of AVM patients from 
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Germany [34, 35]. Additionally, common SNPs in interleu-
kin (IL) genes have been associated with increased risk of 
AVM among certain race-ethnic groups. Among Hispanics, 
a promoter SNP in IL-6 (–174G>C) was associated with a 
two-fold increased risk of AVM after adjusting for age, sex, 
and genetic ancestry. Among self-reported Caucasians, com-
mon SNPs in IL-1b, two promoter (–31T>C and –511C>T) 
and one exonic (+3953C>T), were also associated with an 
increased risk of AVM susceptibility [36]. The IL-1b pro-
moter polymorphisms have also been reported to have func-
tional effects on IL-1b transcription. Thus, genetic variation 
in these cytokines may contribute to AVM pathogenesis by 
enhancing or maintaining a proinflammatory state necessary 
for lesion formation.

Evidence for genetic influences on the clinical course of 
AVM rupture resulting in intracranial hemorrhage (ICH) has 
also been reported in three different settings: presentation 
with ICH [36–38], new ICH after diagnosis [39, 40], and ICH 
after treatment [41]. The same IL-6 promoter polymorphism 
(–174G>C) was associated with clinical presentation of ICH 
[37], and the high-risk G allele correlated with increasing 
IL-6 mRNA and protein levels in AVM tissue [13]. More 
recently, SNPs in the EPHB4 gene, encoding a tyrosine kinase 
receptor involved in embryogenic arterial-venous determina-
tion, were also reported to be associated with increased risk of 
ICH presentation [38]. Loss of function mutations in EphB4 
(receptor) and Efnb2 (ligand) cause vascular defects and AVM 
formation in mice similar to that observed in Notch1 gain-of-
function mutants, but these results suggest that different 
mechanisms can lead to the same phenotype [42].

Not surprisingly, SNPs in inflammatory genes also appear 
to influence the risk of ICH in the natural course of AVMs, 
including promoter SNPs in TNF-a (–238G>A) [39] and 
IL1B (–31T>C and –511C>T) [36]. In addition to their asso-
ciation with spontaneous ICH in the natural, untreated 
course, both APOE e2 [40] and TNF-a-238 A [39] alleles 
appear to confer greater risk for post-radiosurgical and post-
surgical hemorrhage [41].

Genome-Wide SNP and Expression Studies  
in AVM Patients

A drawback of candidate gene studies is that, while they are 
hypothesis driven, they represent at best an educated guess 
as to which genes are involved. An alternative approach is to 
conduct a genome-wide association (GWAS) or expression-
profiling study. The GWAS approach relies upon scanning 
all common variations in the genome utilizing microarrays 
that feature hundreds of thousands to millions of SNPs or 
probes covering known genes. GWAS can identify associ-
ated genes if the causal variants are common in the general 

population and have shown moderate success for several 
common complex diseases. An advantage of the GWAS 
approach is the ability to uncover completely novel biologi-
cal mechanisms. For example, inflammation was not previ-
ously known to be causally involved in age-related macular 
degeneration (AMD), but a series of studies published in 
2005, including the first successful example of GWAS [43], 
implicated the Y204H polymorphism in the complement 
factor H gene with risk of AMD [44]. These genetic findings 
were subsequently replicated in several independent cohorts 
and have paved the way for development of new therapeutic 
interventions [44]. Preliminary results from the first GWAS 
study in Caucasian brain AVM patients have recently been 
reported [45].

Genome-wide expression profiling can also be used to 
identify genes that are likely to have a functional role in the 
disease process. The basic premise is that different patient 
groups (diseases) can be distinguished by their gene expres-
sion “signature,” defined as the unique and consistent pattern 
of up- and down-regulation of genes. Two small genome-
wide expression studies of brain AVM tissue have identified 
overexpression of inflammatory and angiogenesis-related 
genes, including VEGFA, ENG, ANGPT2, ITGAV, VEGFR1 
(FLT1), and MMP9 [7, 46]. Decreased expression was 
observed for TIE1, TEK (TIE2), and ANGPT1 [7, 46].

Increasingly, there is interest in performing genome-wide 
expression profiling of peripheral blood to identify vascular 
disease-specific gene expression signatures that may serve as 
clinically useful molecular biomarkers [47–50]. Identifying 
blood biomarkers for ICH may have clinical utility in identi-
fying high-risk AVM patients, especially those who come to 
clinical attention without ICH. The first such study in brain 
AVM patients has recently been published in abstract form 
[51], demonstrating differential blood expression profiles 
in ruptured compared to unruptured brain AVM patients. 
Pathway analysis of differentially expressed genes impli-
cated inflammatory pathways and VEGF, MAPK, and Wnt 
signaling, which has relevance for AVM model development 
as discussed below. Integration of data from multiple 
genome-wide approaches, including both SNP genotype and 
gene expression data, may offer additional insight into dis-
ease mechanisms.

Experimental AVM Models

Model systems for studying AVM are needed to test mecha-
nistic hypotheses and develop novel therapies. We have pre-
viously discussed the development of cerebral microvascular 
dysplasia, a surrogate model for brain AVM [52]. There has 
been considerable progress in AVM model development  
during the past year.
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A logical approach to animal models is to focus on genes 
that are clearly related to the human disease phenotype, 
which for AVM are those genes described above leading to 
HHT. It is known that both Eng+/– [53] and Alk1+/– [54] 
adult mice develop vascular lesions in various organs, but 
spontaneous lesions in the brain are quite modest, and only 
seen in older Eng+/– mice using scanning electron micros-
copy [55]. Our group showed that more pronounced forms of 
cerebral microvascular dysplasia can be induced using VEGF 
stimulation in Eng+/– or Alk1+/– mice [56–58], which can 
be enhanced by local increases in tissue perfusion rates in the 
Alk1+/– background [56]. Recently, we found that, for a 
given degree of virally mediated VEGF overexpression, 
Eng+/– mice have more severe cerebrovascular dysplasia 
than Alk1+/– mice, which simulates the relative penetrance 
of brain AVM in HHT patients (HHT1 > HHT2) (Fig. 2c) 
[57]. These experiments result in enlarged, dysmorphic vas-
cular structures at the capillary level, not the large vessels 
seen in the human disease.

Oh and colleagues have developed several innovative 
inducible knockout systems using a novel endothelial Cre 
transgenic line [26, 59]. Antenatal conditional deletion of 
Alk1 causes severe cerebrovascular dysplasia and apparent 
fistula formation (Fig. 2a). Interestingly, conditional Alk1 
deletion in adult mice induced AV fistulas and hemorrhage in 
the lung and GI tracks, but not in skin or brain. Importantly, 
upon induction of skin wounding, Alk1 deleted mice devel-
oped vascular dysplasia and direct A-V connections, sug-
gesting an abnormal response to injury (Fig. 2b). Direct A-V 
connections have also been detected in the retina of Eng-
deficient neonatal mice [60]. The combination of local ang-
iogenic stimulation (Matrigel + VEGF/FGF) and Eng loss 
led to gross venous enlargement [60]. These results suggest 
that physiological or environmental factors, in addition to 
genetic variation, are required for Alk1 and Eng-deficient 
vessels to develop vascular malformations in adult mice. In 
support of this notion, Walker et al. recently described cere-
brovascular dysplasia and apparent A-V shunting after focal 
VEGF stimulation in mice subjected to regional conditional 
Alk1 deletion [61].

An additional mechanism of potential interest – especially 
to the phenomenon of AVM rupture – was suggested by a 
recent study by Lebrin et al. [62]. Thalidomide reduced 
epistaxis and enhanced blood vessel stabilization in nasal 
mucosa of HHT patients. In Eng+/– mice, thalidomide treat-
ment stimulated mural cell coverage and thus rescued vessel 
wall defects partially through upregulation of platelet-derived 
growth factor-B (PDGF-B) expression in endothelial cells 
and stimulated mural cell activation.

Notch signaling appears important for the determination 
of arterial and venous fate, a process that seems to depend on 
local levels of VEGF [63]. There is empirical evidence that 
proteins involved in Notch signaling – including the receptor, 

its ligands, and downstream signals – are expressed in excised 
surgical specimens [64, 65]. Animal experiments support a 
potential link with the human disease. Using conditional 
endothelial expression, Murphy and colleagues used a tetra-
cycline-responsive promoter to suppress overexpression dur-
ing development and then, by withdrawal of doxycycline, 
overexpressed the intracellular signaling portion of Notch-4 
(int3) in early post-natal mice. They observed a rapidly lethal 
phenotype, which mimicked aspects of human AVMs, includ-
ing dysplastic posterior fossa vasculature with apparent A-V 
shunting.

Taken together, both genetic manipulation and angiogenic 
stimulation appear to be important aspects of AVM model 
development. The angiogenic stimulus can be varied, for 
example via injury, exogenous growth factor delivery, or the 
use of young, perinatal animals that have high inherent 
angiogenic activity in the brain. An ideal AVM model should 
strive to contain the following components: (1) anatomic: 
nidus of abnormal vessels of varying sizes at micro- and 
macro-circulatory levels; (2) physiologic: A-V shunting, 
hemodynamically significant, i.e., sufficient to decrease 
feeding artery or increase draining venous pressures; (3) bio-
logical: alterations in angiogenic and inflammatory protein 
expression, involvement of or intersection with known 
genetic pathways; (4) clinical: relative quiescence, sponta-
neous hemorrhage into the parenchyma or CSF spaces. 
Currently, such an ideal animal model that would more 
closely mimic the human phenotype has not been developed 
in adults. However, insights from the current AVM models 
suggest that regional conditional gene deletion plus angio-
genic stimulation may promote the ideal AVM development 
in adult mouse brain.

Since submission of this article, Walker et al. [66] have 
reported on focal VEGF stimulation coupled with regional 
homozygous deletion of Alk1 in the adult mouse brain. This 
report describes post-natal vascular malformations with phe-
notypic aspects of human bAVM, including arteriovenous 
shunting, which provides additional proof-of-principle for 
the scenario shown in Fig. 1.

Summary and Synthesis of Data Regarding 
the Etiology and Pathogenesis of AVM

Elucidating the mechanisms and factors influencing AVM 
lesion formation and progression to ICH offers promise for 
developing innovative treatments and better risk stratifica-
tion for clinical management or clinical trial design. Further, 
study of brain AVM could be a powerful platform from 
which to gain insights into general vascular biologic mecha-
nisms relevant to a wide variety of diseases affecting the vas-
cular system.



88 H. Kim et al.

B

a b

WT Alk–/–

c d

WT

a

A

b c e

d

Alk–/–



Brain Arteriovenous Malformation Pathogenesis: A Response-to-Injury Paradigm  89

* *
*

LacZ400

300

200

100

C
ap

ill
ar

y 
de

ns
ity

0
WT Alk1+/– Eng+/–

VEGF

c d

*

+#
LacZ4

3

2

1

D
ys

pl
as

tic
 in

de
x

0
WT Alk1+/– Eng+/–

VEGF

C

ba
B

WT Alk+/– Eng+/–

Fig. 2 Brain AVM in Alk1 or Eng deficient mice. (A) Endothelial Alk1 
deletion results in AVMs in the brain [59]. (a–e) Dissection microscopic 
views of vascular images of control (WT, a, c) and mutant (Alk1–/–; b, 
d, e) in postnatal day 3 mouse brains by latex dye injected into the left 
ventricle of the heart. Magnified views of blood vessels in the hipocam-
pal area (d, e). Asterisks indicate peculiar looping of vessels at the distal 
tips of arteries shunting to veins (e). A artery, V vein. (B) Wounding can 
induce de novo AVM formation in Alk1-deleted adult mice [59]. 
Vascular patterns shown by latex dye injected into the left heart of con-
trol (WT, a, c) and mutant (Alk1–/–, b, d) mice bearing wounds in the 
ear (a, b) or dorsal skin (c, d), 8 days after induction of Alk1 gene dele-
tion. The images were taken after clearing in organic solvents. Center 
of the wound is indicated by asterisks. Note that only mutant mice 

developed AV shunts shown by the presence of latex dye in both arter-
ies and veins. AV shunting and abnormal vascular morphologies were 
apparent only in the wound areas. Blood vessels away from the wound 
indicated by arrows with asterisks (b and d) showed normal appear-
ance. Inset in d shows a magnified view of AV fistulas formed in the rim 
area of the mutant wound. (C) Overexpression of VEGF in the striatum 
of Alk1 and Eng haplo-insufficient mice resulted in vascular dysplasia 
[57]. (a) Injection site (grey square). (b) Angiogenic foci and dysplastic 
capillaries (arrows). Inserts are enlarged images of dysplastic capillar-
ies. Scale bars: 100 mm (top panel) and 50 mm (bottom panel). (c, d) 
Capillary density and dysplasia index. *p<0.05, vs. AAV-LacZ group. 
#p < 0.05, vs. AAV-VEGF-transduced WT or Alk1+/– mice. VEGF 
AAV-VEGF-injected mice, LacZ AAV-LacZ-injected mice

Fig. 2 (continued)
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Abstract Hypoxic-ischemic brain injury remains a leading 
cause of mortality and morbidity in neonates. The inflamma-
tory response, which is characterized in part by activation of 
local immune cells, has been implicated as a core component 
for the progression of damage to the immature brain follow-
ing hypoxia-ischemia (HI). However, mounting evidence 
implicates circulating immune cells recruited to the site of 
damage as orchestrators of neuron-glial interactions and per-
petuators of secondary brain injury. This suggests that re-
directing our attention from the local inflammatory response 
toward the molecular mediators believed to link brain-
immune cell interactions may be a more effective approach 
to mitigating the inflammatory sequelae of perinatal HI. In 
this review, we focus our attention on cyclooxygenase-2, a 
mediator by which peripheral immune cells may modulate 
signaling pathways in the brain that lead to a worsened 
 outcome. Additionally, we present an overview of emerging 
therapeutic modalities that target mechanisms of neuroin-
flammation in the hypoxic-ischemic neonate.

Keywords Hypoxia-ischemia · Neuroinflammation · Cyclo-
oxygenase-2 · Immature brain · Neuron-glial · Immune cell

Introduction

Hypoxia-ischemia (HI) occurs in 1 to 6 per 1,000 live full-
term births [1]. Of those affected, 15–20% will die in the 
postnatal period, and 25% of survivors will be left with long-
term neurological disabilities [2–4]. Intrauterine asphyxia is 
the underlying mechanism of hypoxic injury and is a conse-
quence of circulatory problems, including clotting of placen-
tal arteries and placental abruption [5]. HI in the neonate is a 
manifestation of systemic hypoxia combined with reduced 
cardiac output [6].

Studies have shown that the pathophysiology of brain 
injury secondary to HI consists of a biphasic profile (Fig. 1). 
The initial phase of HI is characterized by brain acidosis and 
the depletion of high-energy phosphorylated compounds, 
such as adenosine triphosphate and phosphocreatine [1, 7, 
8]. This primary energy failure leads to the loss of membrane 
ionic homeostasis, depolarization of the cell, osmotic dys-
regulation, and inhibition of protein synthesis, further lead-
ing to necrosis [9, 10]. The secondary processes evolve over 
days after the brain insult and are also characterized by a 
depletion of high-energy phosphorylated compounds, how-
ever without tissue acidosis. Although the pathogenesis of 
secondary brain injury involves multiple pathophysiological 
processes, accumulating evidence implicates the inflamma-
tory response as a core component of damage [11–13].

Neuroinflammation includes initial release of proinflam-
matory mediators by injured or dying cells, activation of 
microglia and astrocytes, and leukocyte infiltration. It is the 
synergistic actions of these events that potentiate brain dam-
age and lead to neurological dysfunction [14]. However, 
experimental studies thus far have focused mainly on selec-
tively targeting these mechanisms, which may explain why 
there are no pharmacotherapies proven clinically viable for 
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the treatment of HI brain damage. In fact, increasing evi-
dence suggests identifying molecular mediators responsible 
for orchestrating brain-immune cell interactions as a more 
promising approach [15–17].

This review will provide a brief overview of the current 
understanding of the local and peripheral inflammatory 
response involved in neonatal HI, and the role of cyclooxy-
genase-2 (COX-2) in brain-immune cell interactions and the 
progression of neuroinflammation.

Changing Landscape of Neuroinflammation

The immune response in the brain is highly complex and 
involves the participation of several different resident cells 
(Fig. 2). Microglia, astrocytes, and neurons directly react and 
contribute to neuroinflammation in the HI-injured neonate. 
The role of each of these cell types in propagating the local 
inflammatory response is important in understanding the 
dynamic microenvironment.

Microglia

Microglia cells serve as specialized sensors for brain tissue 
damage. In response to ischemia, microglia morphologi-
cally change from a resting ramified phenotype to a motile 

activated amoeboid cell able to migrate to necrotic areas to 
remove cellular debris [10, 18]. However, in the process, 
these activated cells contribute to secondary brain injury by 
releasing a variety of pro-inflammatory mediators including 
cytokines, reactive oxygen species, complement factors, free 
radical species, and nitric oxide, which contribute to cell 
death, ultimately creating a vicious perpetuating cycle [2].

Mounting evidence suggests that infiltrating peripheral 
immune cells may be necessary for the activation of micro-
glia, thereby exacerbating neurodegeneration after ischemia. 
In an in vitro study, microglia, when co-cultured with 
T-cells, become activated, thereby releasing an inflammatory 
cytokine [19]. In an in vivo study, removal of a population of 
infiltrating macrophages, neutrophils, B cells, and T cells by 
splenectomy appeared to reduce microglia activation and 
dramatically reduce brain damage [20]. Systemic inhibition 
of monocyte/macrophage or neutrophil populations has also 
been shown to reduce cerebral infarct volume after ischemic 
injury [21–23]. However, the exact mechanism by which 
peripheral immune cells activate and/or propagate the local 
inflammatory response and enhance neuronal death remains 
to be determined.

Astrocytes

Astrocytes, which are the predominant glial cell type in the 
central nervous system (CNS), have been shown to produce 
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Fig. 1 Pathophysiology of a 
hypoxic-ischemic event. Decrease 
in cerebral blood flow results in a 
decrease in high-energy 
phosphate reserves (i.e., 
adenosine triphosphate; 
phosphocreatine) and a build-up 
of lactic acid. Loss of membrane 
ionic homeostasis leads to 
intracellular accumulation of 
sodium (Na+), calcium (Ca2+), and 
water (edema), thereby depolar-
izing the cell and releasing 
glutamate (triangle) and 
potassium (K+) into the extracel-
lular space. Intracellular calcium 
ion accumulation leads to enzyme 
induction (i.e., lipases, proteases, 
endonucleases) and free fatty acid 
elevation, which undergo 
peroxidation. The result is the 
accumulation and/or release of 
inflammatory mediators (i.e., 
cyclooxygenase-2), which can 
lead to apoptosis, glial activation, 
and peripheral immune cell 
infiltration
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inflammatory mediators in a variety of brain injures includ-
ing HI [24, 25]. Inflammatory cytokines have been associ-
ated with neonatal HI brain damage and later development of 
cerebral palsy [2, 26]. Specifically, elevated levels of inter-
leukin (IL)-6 in cerebrospinal fluid of asphyxiated newborns 
have been correlated with an increased degree of brain dam-
age and poor neurological outcome [27]. Additionally, recent 
evidence has implicated IL-15 as playing a leading role in 
neuroinflammation in the injured immature rat brain [28]. 
Importantly, astrocytes are the main source of both IL-6 and 
IL-15 in CNS injury and inflammation [2, 29].

Astrocytes may also influence the local inflammatory 
response through their communicative partnership with 
neighboring cells [30]. Under pathological conditions, astro-
cytes play a critical role in the activation of microglia [31, 
32], and by-products of reactive astrocytes such as tumor 
necrosis factor-alpha (TNF-a) and IL-6 are associated with 
neuronal demise after HI [33]. On the other hand, astrocytes 
are also a source of trophic factors, such as granulocyte-col-
ony-stimulating factor (G-CSF) [34], and are responsible for 
regulating neurotransmitter and ion concentrations, remov-
ing debris, and maintaining an optimal environment for neu-
ronal function [35]. Impairment of astrocyte function during 
HI is thought to influence neuron viability [33]. Therefore, it 

is important to identify key molecular mediators responsible 
for initiating astrocyte signaling pathways involved in wors-
ening brain injury, without eliminating the protective func-
tion of these cells.

Neurons

Once thought to be passive bystanders in neuroinflammation, 
neurons are now known to play a more active role. As such, 
neurons can be a source of inflammatory mediators, includ-
ing complement, COX-2, and cytokines after HI [12, 36]. 
Neurons can express COX-2 at low levels under normal con-
ditions; however, under pathological conditions, COX-2 is 
upregulated in response to mitogens, inflammatory media-
tors, and hormones [37]. Induction of COX-2 expression in 
neurons is also driven by physiological synaptic activity [38] 
and acute paradigms of excitotoxicity [39], thereby promot-
ing local inflammatory reactions and injury to themselves 
[40–42]. Moreover, neurons contribute to the production of 
proinflammatory mediators that can alter vascular permea-
bility and regional blood flow, and enhance chemotactic 
activity and thereby promote leukocyte migration [11].
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Fig. 2 Neuroinflammatory cascade after brain injury. Downstream 
cyclooxygenase-2 (COX-2) effectors from infiltrating peripheral 
immune cells activate astrocytes and microglia, which in turn release 
cytokines, chemokines, reactive oxygen and nitrogen species (ROS and 
RNS, respectively), and complement factors. These inflammatory 
mediators can further activate resident brain cells, thereby amplifying 
neuroinflammatory signals and neuronal cell death. Excessive exposure 

to inflammatory mediators compromises astrocyte functions leading  
to downregulation of glutamate transporters, impaired glutamate  
re-uptake, elevated glutamate release, and decreased neurotrophic fac-
tor (i.e., granulocyte-colony stimulating factor [G-CSF]) release; all of 
which can lead to neuronal cell death. Neuronal release of cytokines, 
complement factors, and COX-2 can lead to autocrine or paracrine-
mediated neuronal death
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Once peripheral leukocytes and monocytes enter the brain 
parenchyma, their actions appear to be multifaceted [43]. 
Certain immune cell subpopulations may directly elicit neu-
ronal death via contact-dependent mechanisms [44] or release 
molecular mediators that activate resident cells, thus promot-
ing further brain injury [45, 46]. In line with this concept, 
recent studies have shown that T-lymphocyte-deficient mice 
demonstrate attenuated brain injury and neurological deficits 
after experimental stroke [47, 48]. To make matters more 
complex, regulatory T-lymphocytes have been shown to have 
a protective role in the brain after stroke [49]. Immune cells 
have also been implicated in the generation of new neurons 
and improvement of spatial learning and memory perfor-
mance in neurodegenerative disease [50–52].

Neuro-Glial Interactions

Astrocytes are viewed as an active participant in synaptic 
transmission and processing of information – a departure 
from the old dogma in which astrocytes were identified as 
merely physical supporters for neighboring neurons [35]. 
Moreover, opening of gap-junctional communication chan-
nels links dying astrocytes in the ischemic core with penum-
bral cells [53]. Therefore, astrocytes might compromise 
juxtaposed cells found in salvageable tissue that otherwise 
may have survived.

Studies have suggested that inflammatory mediators might 
be the driving force for altering astrocyte function and thereby 
impacting neuron-glial signaling. For example, astrocytes 
undergo IL-1b-induced elevations in intracellular calcium, 
which may enhance glia-to-neuron signaling, leading to a 
reduction in neuron survival [54]. Proinflammatory cytokines 
may also be responsible for impairing astrocyte energy metab-
olism, thereby jeopardizing neuronal vulnerability [35]. Thus, 
it is reasonable to conceptualize that targeting cytokines may 
lead to a profound modulation of astrocyte function and 
improve neuronal survivability in this mechanism.

Central Role of COX-2

Cyclooxygenase is a rate-limiting enzyme responsible for 
catalyzing the synthesis of prostaglandins from arachidonic 
acid [55]. Cyclooxygenase possesses two catalytic sites: a 
COX active site responsible for the conversion of arachidonic 
acid into the endoperoxide, PGG2, and a peroxidase active 
site responsible for the rapid conversion of PGG2 into 
another endoperoxide, PGH2 [56]. PGH2 is further pro-
cessed to form prostaglandins, prostacyclin, and thrombox-
ane A2. To date, two COX isoforms have been identified. 

COX-1 is constitutively expressed in the brain, and its  
by-products are thought to contribute to normal physiologi-
cal function [57]. COX-2 is also constitutively expressed in 
the brain (neurons, astrocytes, microglia, and endothelia), 
but can be inducible under pathological conditions [57]. In 
the brain, COX-2 acts as a key mediator of inflammation, 
orchestrating a wide spectrum of brain injuries, including 
excitotoxic brain injury, cerebral ischemia, traumatic brain 
injury, and neurodegenerative disorders [58]. COX-2 can 
propagate the neuroinflammatory response and contribute to 
tissue damage through the production of toxic prostanoids 
and reactive oxygen species [37]. COX-3 has also been 
reported in brain tissue [59], but is a splice variant of COX-1 
with unknown function [60].

COX-2 Orchestrates Immunologic  
Responses After HI

COX-2, a well-established mediator of adult brain injury 
[37], is emerging as a key player in neuroinflammation after 
hypoxic-ischemic brain damage in the neonate [12]. Peripheral 
immune cells such as T-lymphocytes, B-cells, and natural 
killer cells have the capability to upregulate COX-2 expres-
sion when activated [61]. However, immune cell infiltration 
into the brain parenchyma is thought to play a beneficial role 
also through the production of neurotrophic factors [62]. 
Activated monocytes, macrophages, and neutrophils are the 
peripheral cell source for the neurotrophic factor, G-CSF. 
Peripherally produced G-CSF can also enter the brain by 
crossing the intact blood-brain barrier and binding to its 
receptor on neurons and glial cells [63, 64]. In the brain, 
G-CSF has been shown to protect neurons and trigger neuro-
genesis [65]. However, excessive and/or prolonged activation 
of inflammatory mediators can decrease neurotrophic sup-
port and neurogenesis in brain areas responsible for behavior 
and cognition [66–68]. Studies suggest COX-2 may mediate 
suppression of G-CSF, since inhibition of COX-2 was able to 
increase G-CSF production [69, 70]. This downregulation of 
neurotrophic factors contributes to secondary brain injury 
and cell death after a hypoxic-ischemic insult [71].

Emerging Therapeutic Modalities  
Targeting Inflammation

There are various therapeutic modalities that have attempted 
to modulate the neuroinflammation that results from HI 
brain injury in neonates. These treatment options have tar-
geted various stages in the inflammatory cascade, including 
COX-2 inhibition, and also investigated the use of growth 
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factors such as G-CSF. In the following paragraphs, we will 
review these emerging therapeutic modalities and explore 
the various studies that have been conducted between 1970 
and 2010 using relevant literature from the National Library 
of Medicine and National Institute of Health Database 
(www.pubmed.gov).

COX-2 Inhibition

To date, many studies have investigated the anti-inflamma-
tory properties of COX-2 inhibition and the benefits with 
improving neurological outcomes after various adult brain 
injuries. Yet surprisingly, only one study to date has inves-
tigated the use of COX-2 inhibition on neonatal HI brain 
injury. The study led by Fathali et al. used postnatal day 10 
rat pups to assess the effects of NS398, a known selective 
COX-2 inhibitor, on various neurologic outcomes after 
right common carotid artery occlusion followed by 2 h of 
hypoxia [12]. The authors first described that COX-2 inhi-
bition limited morphologic damage, improved long-term 
functional deficits, reversed somatic growth retardation, 
and lowered mortality rates after a hypoxic-ischemic injury 
in neonatal rats. Of note, COX-2 inhibition significantly 
reduced the expression of IL-6, a proinflammatory cytokine, 
and in turn reduced the infiltration of inflammatory cells, 
such as macrophages and neutrophils, which suggests that 
the increased survivability and neuroprotection provided 
by COX-2 may be mediated by a reduction in neuroinflam-
mation [12].

G-CSF Administration

G-CSF is a 20-kDa protein belonging to the cytokine family 
of growth factors. It is responsible for stimulating the prolif-
eration, survival, and maturation of cells committed to the 
neutrophil granulocyte lineage by binding to specific G-CSF 
receptors [72]. In addition to its role in neutropenia, G-CSF 
has been shown to be neuroprotective in various brain injury 
models through direct apoptotic inhibition, inflammatory 
cell modulation, and/or trophic effects on neuronal cells.

One of the first studies to investigate the anti-inflamma-
tory properties of G-CSF was conducted in 1992 by Gorgen 
et al. who looked at the role of G-CSF in gram-negative 
septic rodents [73]. The study showed that G-CSF could 
interfere with TNF-a production through a negative feed-
back signal. Later, in 2005, both Gibson and Komie-
Kobayashi would also demonstrate the anti-inflammatory 
role of G-CSF by showing that treatment could modulate 
the inflammatory response after injury [74, 75]. Specifically, 

Komie-Kobayashi demonstrated G-CSF’s ability to suppress 
inducible nitric oxide synthase (iNOS) production and decrease 
activation of microglial cells expressing iNOS – according to 
Western blot and immunohistochemistry analysis. Gibson, on 
the other hand, found that G-CSF treatment only suppressed 
the upregulation of IL-1b mRNA and had no effect on TNF-a 
and iNOS mRNA expression. Additionally, in models of 
peripheral infections, G-CSF-induced JAK-STAT signaling 
was found to reduce TNF-a, interleukin (IL)-1b, IL-2, IL-6, 
and IL-8, and elevate IL-1b receptor antagonists [76].

In terms of its neurotrophic capabilities, various studies 
have confirmed G-CSF as an essential neurotrophic factor, 
noting its ability to stimulate the release of stem cells from 
the bone marrow, promoting both neural repair and neural 
plasticity [72]. A study led by Shyu et al. in Circulation 
(2004) found that ischemic stroke rats treated with G-CSF 
could mobilize autologous hematopoietic stem cells into the 
circulation, enhance their translocation into ischemic brain, 
and significantly improve lesion repair [77]. Additionally, in 
rat ischemic models, peripherally administered G-CSF was 
found to enhance structural repair and function by increasing 
the number of newly generated neurons in both healthy and 
ischemic subjects [78].

In neonatal HI, only three studies can be found on PubMed 
using the search criteria “G-CSF and neonatal hypoxia isch-
emia.” Unfortunately, none of the studies looked at the role 
of G-CSF as an anti-inflammatory agent. Instead, the focus 
of attention was on the role of G-CSF in apoptosis. The first 
study led by Yata et al. (2007) found that five 50 mg/kg 
G-CSF post-treatment injections over 4 days could reduce 
apoptotic neuron loss while increasing the expression of pro-
survival signals [79]. Specifically, the investigators found 
that the anti-apoptotic protein Bcl-2 declined with injury and 
reversed after treatment, while the pro-apoptotic protein, 
Bax, increased following HI injury and again was reversed 
following G-CSF treatment. This is in line with another study 
conducted by Kim et al. (2008) that found similar neuropro-
tective outcomes following a single injection of 50 mg/kg 
G-CSF after injury [80].

Summary

In summary, the emerging landscape of neuroinflammation 
reveals highly complex interactions involving neurons, glia, 
and peripheral immune cells in the neonatal brain injured by 
HI. The mechanism of these multidirectional communica-
tions and their specific involvement in brain injury began to 
unveil only recently. It is however important to dissect 
molecular orchestrators of these interactions further in order 
to devise novel therapeutics with increased likelihood of suc-
cess in clinical trials. Recent studies demonstrated a critical 
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involvement of COX-2 in brain inflammation after HI and 
implied the use of COX inhibitors in treatment for neonatal 
encephalopathy in the clinical setting. While COX-2 appears 
to be a major neuroinflammatory mediator after HI, GCSF 
can negatively modulate inflammatory responses in the 
immature brain. Interestingly, COX-2 can also mitigate 
GCSF action and thereby can compromise neuronal surviv-
ability in the brain. Collectively, these finding suggest that 
COX-2 inhibitors and exogenous GCSF are promising treat-
ment modalities on which to rely.

Perspective

Based on the results obtained so far, it is also reasonable to 
anticipate that COX-2 plays a major role in mediating neuro-
glial interactions as well as in orchestrating immunological 
cell response in HI-induced brain injury. Further studies of 
this matter are warranted.

In the adult stroke model, splenectomy prior to cerebral 
ischemia reduced brain injury by elimination of the largest 
pool of immunological cells in the system. Consequently, it 
positively verified the involvement of peripheral immune 
cells in the mechanism of brain injury progression after 
stroke. Considering that all clinical trials of anti-inflamma-
tory agents against stroke failed, these latest findings may 
point towards a reassessment as to whether anti-inflamma-
tory therapies for stroke can reduce the peripheral immune 
system’s involvement. These new evaluation criteria would 
also stand true for numerous candidate treatments of neona-
tal HI currently being tested in neuroscience laboratories, 
including G-CSF. In addition, it would be worthwhile to 
develop immunomodulatory therapies aimed at switching 
the immune response after HI to Th

2
 cells. Significant prog-

ress in this field should not come as a surprise quite soon 
considering the latest studies employing “beneficial” sub-
types of T cells (Th

2
/Th

3
) to support neuroprotection and/or 

regeneration. However, the existing studies of neuro-glial-
immune interactions have been conducted almost exclusively 
in adult stroke models. In addition, a few relevant studies of 
neonatal HI included unsexed animals. Thus, the peripheral 
immune involvement in neonatal HI awaits further investiga-
tions, considering distinct characteristics of the developing 
brain and immunologic immaturity of the neonate. In con-
clusion, the molecular circuitry of neuro-glial-immune com-
munications in the hypoxic-ischemic neonatal brain with 
gender-specific investigations needs to be deciphered. It is 
believed that targeting master mediators of these interactions 
may pave the way to the first successful clinical trial with 
therapeutic agents that combat neuroinflammation after neo-
natal HI.
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Abstract Red blood cell (RBC) lysis and iron release con-
tribute to intracerebral hemorrhage (ICH)-induced brain 
injury. Tissue-type transglutaminase (tTG), which has a role 
in neurodegeneration, is upregulated after ICH. The current 
study investigated the effect of RBC lysis and iron release on 
brain tTG levels and neuronal death in a rat model of ICH. 
This study had three parts: (1) Male Sprague-Dawley rats 
received an intrahippocampal injection of 10 mL of either 
packed RBCs or lysed RBCs; (2) rats had a 10 mL injection 
of either saline, hemoglobin or FeCl

2
; (3) rats received a 

10 mL injection of hemoglobin and were treated with an iron 
chelator, deferoxamine or vehicle. All rats were killed 24 h 
later, and the brains were sectioned for tTG and Fluoro-Jade 
C staining. Lysed but not packed RBCs caused marked tTG 
upregulation (p < 0.05) and neuronal death (p < 0.05) in the 
ipsilateral hippocampus CA-1 region. Both hemoglobin and 
iron mimicked the effects of lysed RBCs, resulting in tTG 

expression and neuronal death (p < 0.05). Hemoglobin-
induced tTG upreglution and neuronal death were reduced 
by deferoxamine (p < 0.05). These results indicate that 
RBC lysis and iron toxicity contribute to neurodegenera-
tion after ICH.

Keywords Cerebral hemorrhage · Iron · Tissue-type trans-
glutaminase · Neurodegeneration

Introduction

Intracerebral hemorrhage (ICH) is a subtype of stroke with 
high morbidity and mortality [1]. Community-based studies 
have indicated a mortality of more than 40%, and many sur-
vivors are left with significant neurological deficits [2, 3]. 
Previous studies have demonstrated that lysed red blood cells 
(RBC) but not packed RBCs result in marked brain edema at 
24 h in a rat ICH model [4]. Both in vivo and in vitro experi-
ments have demonstrated that hemoglobin and its degrada-
tion products, especially iron, contribute to brain injury after 
ICH [5, 6].

Tissue-type transglutaminase (tTG) is abundantly expressed 
in the brain, and upregulation of tTG may contribute to the 
pathology of several neurodegenerative conditions, including 
Alzheimer’s disease, Parkinson’s disease, and Huntington’s 
disease [7, 8]. Neurodegeneration also occurs after ICH, and 
evidence indicates that ICH induces perihematomal tTG 
upregulation and that cystamine, a tTG inhibitor, can reduce 
ICH-induced brain swelling and neurological deficits [3]. 
Fluoro-Jade C staining has been used to detect neuronal 
degeneration [9], and we have developed the intra-hippocam-
pal injection model in rats [10]. In this study, we investigated 
the effect of iron on the expression of tTG and neuronal death 
in the hippocampus.
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Materials and Methods

Animal Preparation and Intracerebral Infusion

The University of Michigan Committee on the Use and Care 
of Animals approved the animal protocols. Adult male 
Sprague-Dawley rats (275–350 g, Charles River Laboratories, 
Portage, MI) were anesthetized with pentobarbital (45 mg/kg, 
i.p.). Physiological parameters were recorded immediately 
before intrahippocampal injections and were in the normal 
range. Core body temperature was maintained at 37.5°C. 
Saline, hemoglobin (Hb), FeCl

2
, packed RBCs and lysed 

RBCs were infused into the right hippocampus stereotacti-
cally (coordinates: 3.8 mm posterior, 3.2 mm ventral, and 
3.5 mm lateral to the bregma).

Experiment Groups

This study has three parts: (1) rats (n = 6, each group) received 
an intrahippocampal injection of 10 mL of either packed 
RBCs or lysed RBCs; (2) rats (n = 6 each group) had a 10 mL 
injection of saline, bovine Hb (150 mg/mL) or FeCl

2
 (1 mM); 

(3) rats (n = 6 each group) received a 10 mL injection of 
bovine Hb (150 mg/mL) and were treated with either defer-
oxamine (100 mg/kg, i.p. given immediately after Hb injec-
tion and then every 12 h) or vehicle. All rats were killed 24 h 
later, and the brains were sectioned for immunohistochemis-
try and Fluoro-Jade C staining.

Immunohistochemistry

Rats were anesthetized with pentobarbital (60 mg/kg; i.p.) 
and underwent transcardiac perfusion with 4% paraformalde-
hyde in 0.1 mol/L (pH 7.4) phosphate-buffered saline. Brains 
were removed and kept in 4% paraformaldehyde for 6 h, then 
immersed in 30% sucrose for 3 to 4 days at 4°C. Brains were 
then placed in optimal cutting temperature embedding com-
pound (Sakura Finetek, Inc., Torrance, CA) and 18-mm sec-
tions taken on a cryostat. Sections were examined using the 
avidin-biotin complex technique. The primary antibody was 
mouse anti-transglutaminase-2 monoclonal antibody (1:200 
dilution, NeoMarkers, Fremont, CA), and the secondary anti-
body was anti-mouse immunoglobulin G antibody (1:500 
dilution, Vector Laboratories, Inc., Burlingame, CA). Normal 
horse immunoglobulin G (Vector Laboratories, Inc. 
Burlingame, CA) was used as a negative control. The number 
of tTG positive cells in the CA1 region was counted.

Fluoro-Jade C Staining

Brain sections were kept in 0.06% potassium permanganate 
(KMnO

4
) for 15 min and rinsed in distilled water. Sections 

were stained by gently shaking for 30 min in a working 
solution of Fluoro-Jade C (10 mL 0.01% Fluoro-Jade C in 
distilled water and 90 mL 0.1% acetic acid), then rinsed in 
distilled water three times. After drying with a blower, 
slides were quickly dipped into xylol and covered after 
mounting with DPX. Fluoro-Jade-positive C cells were 
counted in the CA1 on the pictures taken by a digital cam-
era at high power (×40 magnification) [11].

Statistical Analysis

All the data in this study are presented as mean ± SD. Data 
were analyzed by Student’s t test. A level of P < 0.05 was 
considered statistically significant.

Results

After lysed RBC injection, tTG positive cells were mostly 
expressed in the ipsilateral hippocampus with very few in the 
contralateral hippocampus. The number of tTG positive cells 
was significantly higher in the ipsilateral CA-1 area after 
injection of lysed RBCs compared to packed RBCs (91 ± 22 
vs. 29 ± 13 cells/mm, p < 0.01, Fig. 1a). Lysed RBCs, but not 
packed RBCs, also induced more Fluoro-Jade C-positive 
cells in the ipsilateral CA-1 region (81 ± 28 vs. 15 ± 11 cells/mm, 
n = 6, p < 0.01; Fig. 1b).

Intrahippocampal injection of Hb and iron mimicked 
the effects of lysed RBCs on tTG expression and neuronal 
degeneration. Much higher numbers of tTG positive cells 
were induced in the ipsilateral hippocampus CA-1 by Hb 
(125 ± 44 cells/mm) and FeCl

2
 (127 ± 35 cells/mm) com-

pared to saline (6 ± 6 cell/mm; p < 0.01, Fig. 2a). Also, 
there were many more Fluoro-Jade-positive cells in the 
ipsilateral hippocampus after Hb (92 ± 31 cells/mm) and 
iron injection (110 ± 35 cells/mm) than after saline injec-
tion (7 ± 6 cells/mm, p < 0.01, Fig. 2b).

Deferoxamine was used to examine the effect of iron in 
Hb-induced tTG upregulation and neuronal death. Hb-induced 
neuronal degeneration was abolished by deferoxamine (tTG 
positive cells: 29 ± 13 vs. 101 ± 45 cell/mm in vehicle-treated 
group, p < 0.01, Fig. 3a; Fluoro-Jade C-positive cells: 48 ± 30 
vs. 100 ± 26 cells/mm in vehicle-treated group, p < 0.05, 
Fig. 3b).
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Discussion

In this study we demonstrate: (1) lysis of RBCs induces brain 
tTG expression and causes neuronal death in the hippocam-
pus; (2) Hb and iron can mimic the effect of lysed RBCs, 
causing expression of tTG in hippocampus and resulting in 

neuronal death; (3) deferoxamine blocks Hb-induced tTG 
upregulation and neuronal death.

Tissue-type transglutaminase (tTG) has been implicated 
in various neurodegenerative diseases. tTG has a role in neu-
ral development and function [8], but several studies have 
demonstrated that tTG is present in cells and tissues during 
apoptotic cell death and is associated with apoptosis [12]. 
Thus, upregulation of brain tTG has been found in different 
animal models of CNS diseases, including cerebral isch-
emia, traumatic brain injury, calcium-induced hippocampal 
damage and spinal cord injury [13–16]. Our recent study 
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showed that brain tTG levels are increased in the perihema-
tomal area after ICH, and cystamine, a tTG inhibitor, reduces 
ICH-induced brain edema and neurological deficits [3]. 
Release of Hb from RBCs and Hb breakdown products cause 
brain damage after ICH. Iron overload occurs in the brain 
after ICH, and intracerebral infusion of iron causes brain 
damage, such as brain edema and oxidative brain injury [17]. 
The results from our current study suggest that iron can 
upregulate brain tTG and that such upregulation may con-
tribute to iron-induced brain damage.

To clarify the role of iron in Hb-induced tTG upregula-
tion, an iron chelator, deferoxamine, was used. We found that 
deferoxamine attenuates Hb-induced upregulation of brain 
tTG, suggesting that the effects of Hb on tTG are, at least 
partially, mediated by iron. The mechanisms by which Hb 

and iron upregulate tTG still need to be fully elucidated. 
However, it is known that oxidative stress can upregulate 
tTG in neuronal and astrocyte cultures [18, 19]. This effect 
may be via both transcriptional regulation [18, 19] and 
 inhibition of proteasomal degradation [20]. In conclusion, 
iron can increase brain tTG levels and cause brain injury.
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Abstract After intracerebral hemorrhage (ICH), hemoglo-
bin (Hb) that is released from erythrocytes within the brain 
hematoma is highly cytotoxic and leads to severe brain 
edema and direct neuronal damage. Therefore, neutraliza-
tion of Hb could represent an important target for reducing 
the secondary injury after ICH. Haptoglobin (Hp), an endog-
enous Hb-binding protein in blood plasma, is found in this 
study to be upregulated in the hematoma-affected brain after 
ICH. Both in vivo and in vitro studies indicate that Hp 
upregulation is primarily mediated by oligodendrocytes. Hp 
acts as a secretory protein capable of neutralizing the cell-
free Hb. We also found in an “ICH-like” injury that Hp-KO 
mice show the most severe brain injury and neurological 
deficits, whereas Hp-Tg mice are the most resistant to ICH 
injury, suggesting that a higher Hp level is associated with 
the increased resistance of animals to hemolytic product-
mediated brain injury after ICH. We conclude that brain-
derived Hp plays a cytoprotective role after ICH, and Hp 
may represent a new potential therapeutic target for 
 management of ICH.

Keywords Haptoglobin · Hemoglobin · Oligodendrocyte · 
Intracerebral hemorrhage · Hematoma and neuroprotection

Introduction

Haptoglobin (Hp) is an endogenous hemoglobin (Hb)-binding 
protein present in blood plasma. In blood, Hp binds cell-free 
Hb (derived from damaged or senescent erythrocytes) to 
form highly stable Hb-Hp complexes [1]. This process is 
capable of shielding and stabilizing the heme iron within 
the Hb hydrophobic pocket and thereby blocking the pro- 
oxidative property of Hb [2, 3]. Normally, Hp is produced by 
hepatocytes and then released to the blood [4, 5] where it 
binds the cell-free Hb and mediates the fast removal of Hb 
from circulation [6, 7]. The clearance of the Hp-Hb com-
plexes occurs via circulating blood monocytes and tissue 
macrophages that express the Hb scavenger receptor CD163 
[8–10]. In addition, the uptake of Hp-Hb complexes by hepa-
tocytes plays an important role in iron recycling. Hp indi-
rectly exerts a broad range of anti-inflammatory activities 
and plays an anti-oxidant role most notably by virtue of its 
ability to bind free Hb, accelerating the rapid clearance of Hb 
by monocytes and macrophages.

The Hp reservoir in blood plasma is relatively high, allow-
ing for efficient buffering of the Hb in case of acute hemo-
lytic events. Although the role of Hp in intravascular 
hemolysis is well accepted, the role of Hp in the brain is 
essentially unknown [11]. Limited studies suggest the pres-
ence of Hp in the neural retina [12] and subarachnoid blood 
clot [13]; however, its expression profile and role in the brain 
is not clear.

Following ICH, a large amount of Hb is released into the 
brain parenchyma after erythrocytes undergo hemolysis 
within the hematoma [14, 15]. The cell-free Hb is a potent 
neurotoxin capable of initiating deleterious reactions by 
causing oxidative damage to lipids, DNA and proteins 
[16, 17]; caspase activation [18, 19]; blood-brain-barrier 
(BBB) disruption [14, 15, 20]; and irreversible neuronal 
damage [21–23]. We postulate that Hp may benefit the brain 
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after ICH assuming Hp can either penetrate to the brain 
through the disrupted BBB or being locally produced by the 
brain cells. Here, we review our finding [24] regarding 
the expression, localization and biological function of Hp in 
the brain after ICH.

Results

Hp Is Increased in the Brain After ICH:  
The Role of Oligodendrocytes

To explore the role of Hp in the brain after ICH, we first 
tested the expression of Hp protein in the brain using Western 
blot analysis. In naïve Sprague-Dawley (SD) rats, Hp expres-
sion in the brain is very low. However, Hp protein in the brain 
increases robustly after ICH, which is seen in as soon as 3 h 
and subsequently increases over time in the first 3 days and 
remains at higher levels for at least 7 days in the hematoma-
affected brain tissues [24]. To verify the origin of brain Hp 
protein, we measured the Hp mRNA changes in the brain 
tissue using RT-PCR. We found that Hp mRNA levels share 
a similar temporal pattern with Hp protein changes, suggest-
ing that Hp is produced locally in the brain. However, we 
cannot rule out that additional Hp protein may enter the brain 
through a disrupted BBB.

Next, we studied the spatial distribution of Hp in the brain 
using immunofluorescence [24]. We found that the Hp signal 
is strong in the hematoma-affected cortex, corpus callosum 
and striatum (Fig. 1A, a–c). Using double immunolabeling 
to identify the specific cell types that express Hp, we found 
that Hp is primarily co-localized within the MBP-positive 
oligodendrocytes [24]. Specifically, Hp immunopositive sig-
nals localize in the oligodendrocytes’ soma within the grey 
matter, as well in the fine processes around the myelinated 
nerve tract in the white matter at the corpus callosum and 
striatum.

To further validate the in vivo findings, we studied Hp 
expression using a primary neuron-glial co-culture system 
generated from E-18 rat embryos. We found that Hp protein 
and mRNA are uniquely expressed by MBP-positive oligo-
dendrocytes (Fig. 1B, d–f). Interestingly, the Hp immunopo-
sitive signal is detected throughout the soma and fine 
processes, which is similar to the Hp localizations detected 
in the rat brains [24].

Using Hp ELISA, we found that Hp is a secretary protein 
as it can be released by oligodendrocytes into the culture 
media [24].

Hp Produced by Oligodendrocytes  
Is Protective to Neurons  
and Oligodendrocytes

To establish if the Hp produced and secreted by oligodendro-
cytes is biologically functional, we employed oligodendro-
cytes cultured from Hp-KO [25] and Hp-Tg [26] mice brains. 
As expected, at 20 days in culture, Hp-KO oligodendrocytes 
have practically no Hp presence in the culture media, whereas 
Hp-Tg oligodendrocytes release high levels of Hp into the 
culture media (Fig. 2a, b). We then collected the oligoden-
drocyte-conditioned media and transferred it to the neuron 
cultures. Compatibility of the media transfer was also con-
firmed. Next, we measured the injury to the neurons caused 
by hemolytic products by subjecting the neurons to an “ICH-
like” injury (lysed RBC + hypoxia) and assessing the LDH 
released into the culture media by the injured neurons. At 
24 h after adding lysed RBCs, the neurons in the medium 
from Hp-overexpressing oligodendrocytes demonstrated sig-
nificantly less injury as compared to the neurons in the 
medium from Hp-deficient oligodendrocytes (Fig. 2c, d). 
This suggests that Hp produced by oligodendrocytes can 
neutralize the hemolytic product-mediated neurotoxicity. In 
parallel studies, we found that the Hp-Tg oligodendrocytes, 
similar to neurons, are much more resistant than the Hp-KO 
oligodendrocytes to the RBC lysate-mediated damage, sug-
gesting that Hp is cytoprotective not only to neurons, but also 
to oligodendrocytes, the cells that produce Hp [24].

The Levels of Hp Expression  
Are Associated with Resistance  
to ICH-Mediated Brain Damage

To further define the relationship between Hp and ICH, we 
subjected the Hp-KO, Hp-Tg and WT control mice to a mod-
ified ICH injury (M-ICH). In this M-ICH injury model, we 
injected lysed RBCs (not whole blood) into the basal ganglia 
to better mimic the events associated with blood toxicity fol-
lowing hemolysis in the hematoma. At 7 days after M-ICH, 
we assessed brain damage by determining the neurological 
deficits (NDS; a composite score from a battery of behav-
ioral tests, including foot fault, cylinder, postural reflex and 
corner tests) [27]. As predicted, Hp-KO mice suffer the most 
severe neurological deficits, whereas Hp-Tg mice are the 
least susceptible to M-ICH injury (Fig. 3), demonstrating 
that Hp in the brain is in fact important in protecting the 
animals from hemolytic product-mediated brain damage 
after ICH.
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Fig. 1 (A) The representative Hp immunofluorescence to show Hp 
localization in the ICH-affected brain. The SD rats were subjected to 
M-ICH and analyzed for presence of Hp at 24 h using immunofluores-
cence (now converted to black and white and inverted). Hp immunopo-
sitive cells were detected in cerebral cortex (a), corpus callosum (b) and 
basal ganglia (c) adjacent to the hematoma. Scale bar = 50 mm. ICH: 
location of ICH. (B) Photograph of Hp localization in the rat primary 

neuron-glial co-cultures. The oligodendrocytes are visualized with anti-
myelin basic protein antibody (MBP, d). The rat Hp is visualized with 
sheep anti-Hp (e). A merged image of Hp and MBP is shown in (f). 
The scale bar = 100 mm. Note: Among all of the brain cell types in the 
field, only MBP-positive cells are immunopositive for Hp. Hp proteins 
localize in the soma and the fine processing of MBP-positive oligo-
dendrocytes
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Fig. 2 Hp produced by oligodendrocytes is cytoprotective. (a) A repre-
sentative photograph of oligodendrocytes-enriched culture (OEC) pre-
pared from mouse brain at 20 days in vitro. The oligodendrocytes are 
visualized with MBP immunofluorescence. (b) Bar graph of quantify-
ing Hp protein in the OEC culture media prepared from Hp-KO and 
Hp-Tg mice, as determined using Hp ELISA. *p £ 0.05. (c) A represen-
tative photograph of mouse primary cortical neuron cultured for 
15 days. The neurons are visualized with MAP2 immunofluorescence. 

(d) Bar graph of LDH showing the injury to neurons in culture in 
response to “ICH-like” injury (lysed RBC + hypoxia) in presence of 
media conditioned by OEC from Hp-KO or Hp-Tg mice. The OEC 
conditioned media was directly transferred into the neuronal culture by 
replacing 2/3 volume of the neuronal culture medium and incubated for 
15 min before “ICH-like” injury. The LDH in culture media was 
determined at 24 h. The data are displayed as mean ± SEM (n = 3).  
*p £ 0.05
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Conclusion

Hp expression after ICH is increased in the brain, where it is 
primarily confined to oligodendrocytes, and can be secreted 
into the extracellular space to play a cytoprotective role 
against the toxicity of hemolysis products. The temporal and 
spatial profile of Hp synthesis in the brain appears to be 
highly strategic for optimal control of hemolysis-mediated 
cytotoxicity [28, 29]. We propose that Hp could be a poten-
tial therapeutic target for ICH.
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Abstract Intracerebral hemorrhage (ICH) causes severe brain 
injury in aged rats. Autophagy occurs in the brain after ICH, 
and the present study examined the effects of aging  
on autophagy after ICH. Aged (18–22-month) and young (4–6-
month) male Fischer rats received an intracerebral injection of 
100-mL autologous whole blood. Rats were killed at day 7 for 
Western blot analysis to measure microtubule-associated pro-
tein light chain-3 (LC3), a biomarker of autophagosome, and 
cathepsin D, a lysosomal biomarker. Rats were killed at 11 
weeks after ICH for brain histology. Age-related changes in 
neurological deficits were also examined. Western blotting 
showed that the LC3-I/LC3-II conversion ratio in the ipsilateral 
basal ganglia was higher in aged compared to young rats 
(p < 0.05). Perihematomal cathepsin D levels were also higher 
in aged rats (p < 0.05). Neurological deficits after ICH were 
more severe in aged rats, and they had a slower recovery of 
function (p < 0.05). In addition, there were more ferritin and 
OX-42 positive cells in the ipsilateral basal ganglia in aged than 
in young rats 11 weeks after ICH (p < 0.05). Brain atrophy was 
found in both young and aged rats. In conclusion, ICH causes 
more severe autophagy and neurological deficits in aged rats.

Keywords Aging · Autophagy · Cerebral hemorrhage · 
Ferritin

Introduction

Age is an important factor affecting brain injury after 
ischemic and hemorrhagic stroke. Intracerebral hemorrhage 
(ICH) causes more severe brain swelling and neurological 
deficits in aged than in young rats [1], but the mechanisms 
underlying the enhanced injury have not been well studied.

Autophagy plays an important role in cellular homeosta-
sis, and is involved in ICH and cerebral ischemia. Iron has an 
important role in autophagic cell death after ICH [2]. Light 
chain 3 (LC3) is a marker of autophagosomes. LC3 has two 
forms: type I is cytosolic and type II is membrane-bound. 
During autophagy, LC3-II is increased by conversion from 
LC3-I [3]. Cathepsin D is an enzyme in lysosomes that is 
associated with autophagy [4].

Ferritin, a naturally occurring iron chelator, is involved  
in maintaining brain iron homeostasis. Ferritin levels are 
upregulated in the brain after ICH [5, 6], and they may limit 
iron-induced brain injury. Microglia are cells within the 
brain that respond to injury such as cerebral ischemia and 
ICH [7, 8].

The present study examined the effect of aging on 
autophagic cell death after ICH. Neurological deficit and 
brain ferritin levels were also examined.

Materials and Methods

Animal Preparation and Intracerebral Infusion

Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. Male 
Fischer rats at different ages (4–6 and 18–22 months old, 
Geriatrics Center, University of Michigan or NIH) were used 
in this study. The animals were anesthetized with pentobar-
bital (45 mg/kg i.p.). The right femoral artery was catheter-
ized for continuous blood pressure monitoring and blood 
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sampling. Blood was obtained from the catheter for analysis 
of blood pH, PaO

2
, PaCO

2
, hematocrit, and blood glucose. 

Core temperature was maintained at 37°C with use of a feed-
back-controlled heating pad. The rats were positioned in a 
stereotaxic frame (Kopf Instrument), and a cranial burr hole 
(1 mm) was drilled on the right coronal suture 3.5 mm lateral 
to the midline. Autologous whole blood (100 mL) was infused 
into the right caudate nucleus at a rate of 10 mL/min through 
a 26-gauge needle (coordinates: 0.2 mm anterior, 5.5 mm 
ventral and 3.5 mm lateral to the bregma) with the use of a 
microinfusion pump. The needle was removed, the burr hole 
was filled with bone wax, and the skin incision was closed 
with sutures after infusion. Animals were killed at 1 or 11 
weeks after ICH and the brains used for immunohistochem-
istry or Western blot analysis.

Immunohistochemistry

Rats were anesthetized with pentobarbital (60 mg/kg, i.p.) 
and perfused with 4% paraformaldehyde in 0.1 M pH 7.4 
phosphate-buffered saline. Brains were removed, kept in 4% 
paraformaldehyde for 4–6 h, then immersed in 25% sucrose 
for 3–4 days at 4°C. The brains were embedded in OCT com-
pound (Sakura Finetek USA Inc.) and sectioned on a cryostat 
(18 mm thick). Immunohistochemistry was performed using 
the avidin-biotin complex technique as previously described 
[9]. The primary antibodies were rabbit anti-human ferritin 
IgG (1:400 dilution; DAKO) and mouse anti-rat CD11b 
(MRC OX42; 1:200 dilution; Serotec, Oxford, UK). Normal 
rabbit or mouse IgG was used for negative controls.

Cell Counts

Coronal sections from 1 mm anterior and 1 mm posterior to 
the blood injection site were used for cell counts. Three high-
power images (×40 magnification) were taken in the basal 
ganglia using a digital camera. Ferritin and OX-42 positive 
cells were counted.

Western Blot Analysis

Western blot analysis was performed as previously described 
[9]. Briefly, brain samples were sonicated with Western blot 
lysis buffer. The protein concentration was determined using 
a Bio-Rad Laboratories (Hercules, CA) protein assay kit. 
Fifty micrograms of protein from each sample was separated 

by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred to a hybond-C pure nitrocellulose mem-
brane (Amersham, Piscataway, NJ). Membranes were blocked 
in Carnation nonfat milk and probed with primary and sec-
ondary antibodies. The primary antibodies were mouse anti-
cathepsin D antibody (Sigma, St Louis, MO; 1:1,000 dilution) 
and rabbit anti-MAP-LC3 antibody (Abgent Inc., San Diego, 
CA; 1:400 dilution). The secondary antibodies were goat 
anti-mouse and goat anti-rabbit IgG (BioRad; 1:2,500 dilu-
tion). Relative densities of bands were analyzed with NIH 
Image program (version 1.61).

Behavioral Tests

For the behavioral tests, all animals were tested before and 
after surgery, and scored by experimenters who were blind to 
both neurological and treatment conditions. Three behavioral 
tests were used: forelimb placing, forelimb use asymmetry 
(cylinder) and corner turn tests [10]. (A) Forelimb Placing 
Test. Forelimb placing was scored using a vibrissae-elicited 
forelimb-placing test. Independent testing of each forelimb 
was induced by brushing the vibrissae ipsilateral to that fore-
limb on the edge of a tabletop once per trial for ten trials. 
Intact animals placed the forelimb quickly onto the counter-
top. Percent successful placing responses were determined. 
There is a reduction in successful responses in the forelimb 
contralateral to the site of the injection after ICH [10]. (B) 
Forelimb Limb-Use Asymmetry Test. Forelimb use during 
explorative activity was analyzed by videotaping rats in a 
transparent cylinder for 3–10 min depending on the degree 
of activity during the trial. Behavior was quantified by deter-
mining the occasions when the non-impaired (ipsilateral) 
forelimb was used as a percentage of total number of limb 
use observations on the wall (I). The occasions when the 
impaired forelimb (contralateral to the blood-injection site) 
was used as a percentage of total number of limb use obser-
vations on the wall (C), and the occasions when “both” fore-
limbs were used simultaneously as a percentage of total 
number of limb use observations on the wall (B). A single 
overall limb use asymmetry score was calculated as: Limb 
use asymmetry score = (I/(I + C+B))–(C/(I+C + B)). (C) Corner 
Turn Test. The rat was allowed to proceed into a corner, the 
angle of which was 30°. To the exit the corner, the rat could 
turn either to the left or the right, and this was recorded. This 
was repeated 10–15 times, with at least 30 s between trials, 
and the percentage of right turns calculated. Only turns 
involving full rearing along either wall were included. The 
rats were not picked up immediately following each turn so 
that they did not develop an aversion for their prepotent 
turning response.
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Statistical Analysis

Kruskal-Wallis test and ANOVA test were used. Values are 
mean ± SD. Statistical significance was set at p < 0.05.

Results

Physiological data were measured prior to intracerebral 
blood infusion. The physiological variables, including mean 
arterial blood pressure, blood pH, blood gases and blood glu-
cose, were not different between the two groups.

In young rats the ratio of LC3-II to LC3-I in the ipsilateral 
basal ganglia was higher than that in the contralateral basal 
ganglia 7 days after ICH (p < 0.05, Fig. 1a). The ratio of 
LC3-II to LC3-I in the ipsilateral basal ganglia of aging rats 
was much higher compared with that in young rats (1.76 ± 0.16 

vs. 1.14 ± 0.03, p < 0.05, Fig. 1a). Cathepsin D protein levels 
in the ipsilateral basal ganglia 7 days after ICH were also 
significantly higher in aged compared to young rats 
(2,480 ± 146 vs. 1,476 ± 533 pixels, p < 0.05, Fig. 1b).

Immunohistochemistry showed age-related differences in 
ferritin immunoreactivity and microglia activation in the 
ipsilateral basal ganglia 11 weeks after ICH. There were 
more ferritin-positive cells in the ipsilateral basal ganglia in 
aged rats (p < 0.05, Fig. 2a). Most ferritin positive cells were 
microglia-like. OX-42 staining confirmed more microglia in 
the ipsilateral basal ganglia in aged than in young rats 
(Fig. 2b).

Aged rats had slow recovery after ICH. Marked neuro-
logical deficits were found 1 day after ICH in young and aged 
rats, and there were no significant differences between the 
groups for the initial behavioral deficits at day 1. Young rats 
showed better forelimb using asymmetry scores from day 3 
(Fig. 3a), better forelimb placing scores from day 7 (Fig. 3b) 
and better corner turn scores from week 7 (Fig. 3c).
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Fig. 3 Forelimb use asymmetry (a), 
forelimb placing (b) and corner turn (c) 
tests were performed prior to ICH (P) and 
then at days 1, 3, 5 and weeks 1–11 after 
ICH. Values are mean ± SD, n = 7–8. 
*p < 0.05, #p <0.01 vs. young rats
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Discussion

ICH results in stronger autophagic responses in aged com-
pared to young rats. Autophagy is a cellular degradation pro-
cess in which cellular proteins and organelles are sequestered 
in double-membrane vesicles known as autophagosomes, 
delivered to lysosomes, and digested by lysosomal hydro-
lases. We examined ICH-induced autophagy in young and 
aged rats at day 7 after autophagy in the perihematomal area 
peaks at that time [2]. The function of autophagy after ICH 
still remains unclear, and autophagy could be beneficial or 
harmful. During autophagic processes, injured cellular com-
ponents are degraded in the lysosome. Enhanced autophagy 
in aged ICH rats may result from severe brain injury. Our 
previous studies have demonstrated that brain swelling is 
more severe in aged compared to young rats and that aged 
animals have stronger microglial activation [1]. However, 
over-activated autophagy may actually cause neuronal death. 
Thus, there is evidence showing that autophagy in certain 
pathological situations can trigger and mediate programmed 
cell death [11, 12].

Iron accumulates in the brain after ICH, reaching very 
high levels. Iron causes brain injury after ICH and is not 
cleared from the brain for at least several weeks [6, 13, 14]. 
Our previous studies found that iron can induce autophagy in 
the brain and deferoxamine, an iron chelator, reduces ICH-
induced autophagy. This suggests an important role of iron in 
autophagy following ICH [2]. In this study, there were more 
ferritin positive cells after ICH in aged rats. Ferritin is the 
iron storage protein and can be upregulated in the brain after 
ICH [6]. Iron may participate in the induction of autophagy 
in aged rats, and it would be interesting to know whether iron 
overload after ICH is more severe in aged rats.

Microglia is activated in response to injury. In normal 
brain, microglia are quiescent, but after ICH they become 
highly phagocytic and are involved in clearing debris from 
areas of damage [15]. Microglia become progressively acti-
vated with age in humans [8, 16]. Inhibition of microglia 
activation by minocycline reduces ICH-induced brain injury 
[17]. Activated microglia secretes many toxic materials. In 
the present study we found that there were greater neurologi-
cal deficits after ICH in aged rats. Future studies should 
determine if greater autophagy and microglia activation 
cause worse behavioral deficits in aged rats. Clarification of 
the mechanisms of brain injury after ICH in the aging brain 
should help develop new therapeutic strategies for hemor-
rhagic brain injury.
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Abstract Intracerebral hemorrhage (ICH)-induced brain 
injury is less in female than in male rats, and estrogen can 
reduce such injury in males. Myocardial injury occurs after 
ischemic and hemorrhagic stroke, and the current study 
investigated the effects of gender on heart injury after ICH in 
rats. In the first part of the study, male and female rats had an 
intracerebral injection of 100 mL autologous blood, and 
sham-operated rats had a needle insertion. In the second part 
of the study, male rats were treated with 17b-estrodiol or 
vehicle 2 h after ICH. All rats were then killed after 3 days 
and heart samples collected for histology and Western blot 
analysis. ICH caused heart injury, including petechial hemor-
rhage in male and female rats. To quantify heart stress fol-
lowing ICH, heat shock proteins (HSP) 32 and 27 were 
measured by Western blot analysis. We found that heart HSP-
32 levels were higher in female compared to male rats after 
ICH (p < 0.01), but there was no effect of gender in sham-
operated rats (p > 0.05), nor were there gender differences in 
myocardial HSP27 levels. Treatment with 17b-estrodiol 
increased HSP-32 levels in male ICH rats (p < 0.05). In con-
clusion, an ICH results in heart injury by an unknown mecha-
nism. Gender and estrogen affect the heart response to ICH.

Keywords Intracerebral hemorrhage · Gender · Heat shock 
protein · Myocardium

Introduction

Myocardial injury, such cardiac arrhythmias, elevated tro-
ponin T and cardiac dysfunction, has been documented 
clinically after ischemic stroke, intracerebral hemorrhage 
(ICH) and subarachnoid hemorrhage [1–4]. Heart damage 
has also been found in experimental cerebral ischemia and 
ICH [5, 6].

There are gender differences in brain injury after ischemic 
stroke, ICH and cardiovascular diseases [7–9]. However, it is 
not clear if gender affects myocardial injury after ICH. Heat 
shock protein (HSP)-27 and -32 are two sensitive stress 
markers. Increases of HSP-27 or -32 levels have been found 
in the myocardium during hypoxia, apoptosis and other 
pathophysiological processes [10–13] and are associated 
with protective effects.

The current study investigated the effects of gender and 
estrogen on heart injury and expression of HSP-27 and -32 
following ICH in rats.

Materials and Methods

Animal Groups

The University of Michigan Committee on the Use and Care 
of Animals approved the animal use protocols. There were 
two groups of experiments in this study. In the first, male or 
female Sprague-Dawley rats (250-300 g) were randomized 
to sham or ICH groups. In the second, male rats had an ICH 
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and were treated with 17b-estrodiol (5 mg/kg dissolved in 
1% gelatin in saline) or vehicle (1% gelatin in saline) subcu-
taneously 2 h after ICH. All rats were sacrificed 3 days later 
and heart samples harvested for histology and Western blot 
analysis.

Intracerebral Injection

All animals were anesthetized with pentobarbital (40 mg/kg, 
i.p.). The right femoral artery was catheterized for continu-
ous blood pressure monitoring and blood sampling. Blood 
was obtained from the catheter for analysis of blood pH, 
PaO

2
, PaCO

2
, hematocrit and blood glucose. Core tempera-

ture was maintained at 37°C with use of a feed back-con-
trolled heating pad. Rats were positioned in a stereotactic 
frame, and a cranial burr hole (1 mm) was drilled in the right 
coronal suture 3.5 mm lateral to the midline. ICH rats 
received a 100 mL injection of autologous blood into the 
right caudate nucleus at a rate of 10 mL/min through a 
26-gauge needle using a microinfusion pump. The needle 
was removed and the skin incision closed with sutures after 
infusion. Sham rats only had a needle insertion.

Histology and Immunohistochemistry

Rats were reanesthetized with pentobarbital and perfused 
with 4% paraformaldehyde in 0.1 M phosphate-buffered 
saline, pH 7.4. Hearts were placed in optimal cutting 
temperature embedding compound (Sakura Finetek, Inc., 
Torrance, CA) and sectioned coronally on a cryostat (8-mm-
thick slices). Hematoxylin and eosin (H&E) staining was 
used to study myocardial pathological changes.

For immunohistochemistry, myocardial sections were 
examined using the avidin-biotin complex technique. The 
primary antibodies were rabbit anti-rat HSP-32 or rabbit 
anti-mouse HSP-27 (1:400 dilutions, Stressgen). The sec-
ondary antibody was anti-rabbit immunoglobulin G (1:1,000 
dilution, Vector Laboratories, Inc., Burlingame, CA).

Western Blot Analysis

After extraction of myocardial protein, samples were boiled 
at 95°C for 5 min; 50-mg protein samples were then separated 
on 15% SDS-polyacrylamide gels and transferred to nitrocel-
lulose membranes. The membranes were incubated with  
primary antibodies against HSP-32, HSP-27 (Stressgen) or 

b-actin (Sigma) for 2 h at room temperature after blocking 
with 5% non-fat milk containing 0.1% Tween 20. The mem-
branes were hybridized with HRP-conjugated goat anti-rabbit 
IgG antibody for another hour and detected with the ECL 
chemiluminescence system (Amersham Biosciences) and 
exposed to Kodak film. The relative pixels of the protein 
bands were analyzed with NIH Image software, version1.61.

Statistical Analysis

Statistical analyses were performed using KaleidaGraph 4.0 
software. All data are expressed as means ± SD. Differences 
between the groups were determined by Student’s t-test or 
ANOVA. Differences were set at p < 0.05.

Results

Hematoxylin-eosin staining showed there were petechial 
hemorrhages in the myocardium of both male and female rats 
after ICH (Fig. 1a, b). There were also inflammatory cells 
and myocardial necrosis spots around the hemorrhage area. 
These changes were not observed in sham-operated animals.

The stress-related proteins HSP-27 and -32 were exam-
ined in the myocardium by Western blot analysis. There was 
no difference in HSP-32 in sham-operated male or female 
rats. However, HSP-32 levels were significantly higher in 
females compared to male rats after ICH (11,413 ± 1,873 
pixels vs. 6,907 ± 1,694 pixels, p < 0.01; Fig. 2). To examine 
the effects of estrogen on myocardial HSP-32 expression 
after ICH, male rats were treated with 17b-estrodiol 2 h after 
ICH. We found that HSP-32 levels in the heart were higher  
in rats treated with 17b-estrodiol (9,610 ± 1,532 pixels vs. 
5,754 ± 1,606 pixels in the vehicle-treated rats, p < 0.05, 
Fig. 3).

In contrast to HSP-32, HSP-27 levels were not signifi-
cantly different between male and female rats after sham 
operation or ICH.

Discussion

The myocardial injury after ICH suggests a brain-heart con-
nection. Many studies have described neurogenic heart dis-
ease. Multifocal small subendocardial petechial hemorrhages 
and myocytolysis have been described in the myocardium of 
patients with severe intracranial hemorrhages, particularly 
subarachnoid hemorrhage [14]. This myocytolysis has been 
classified as one of three major patterns of myocardial 
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infarction, called coagulative myocytolysis. This was found 
not only in the heart after sudden death, but also in hearts 
exposed to high levels of catecholamine [15]. Recently, Min 
et al. found cardiac contractile band necrosis after permanent 
middle cerebral artery occlusion, and the cardiac dysfunction 
was associated with elevated levels of norepinephrine [6]. 
Also, intracerebral hemorrhage could damage cardiomyo-
cyte contractility, damage initiated by intracellular calcium 
dysregulation [5]. In the current study, we found scattered 

coagulative myocytolysis foci with petechial hemorrhages in 
myocardium of both male and female ICH rats.

Our results suggest that there may be a difference in myo-
cardial injury between genders after ICH. Many clinical tri-
als and animal studies have shown gender differences in 
tissue injury after cardiovascular disease and stroke. Our pre-
vious studies showed that gender and estrogen play impor-
tant roles in ICH-induced brain injury in rats [8]. The 
stress-related proteins, HSP-32 and -27, are expressed in the 

Fig. 1 H&E staining showing petechial hemorrhages (indicated by arrows) in male (a) or female myocardium (b) 3 days after ICH. Scale 
bar = 200 mm
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myocardium, but they can be further induced under stress-
protecting myocytes. We found female rats had a higher 
HSP-32 level than males after ICH and that 17b-estrodiol 
treatment induced higher levels of HSP-32 in male rats after 
ICH. This suggests that gender differences in myocardial 
HSP-32 may be related to estrogen. Further studies are needed 
to elucidate the exact role of gender in HSP-32 expression in 
the myocardium after ICH.
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Abstract Cerebral iron overload causes brain injury after 
intracerebral hemorrhage (ICH) in rats and pigs. The current 
study examined whether an iron chelator, deferoxamine, can 
reduce ICH-induced DNA damage in pigs. Pigs received an 
injection of autologous blood into the right frontal lobe. 
Deferoxamine (50 mg/kg, i.m.) or vehicle was given 2 h after 
ICH and then every 12 h up to 7 days. Animals were killed at 
day 3 or day 7 after ICH to examine iron accumulation and 
DNA damage. We found that ICH resulted in the develop-
ment of a reddish perihematomal zone, with iron accumula-
tion and DNA damage within that zone. Deferoxamine 
treatment reduced the perihematomal reddish zone, and the 
number of Perls’ (p < 0.01) and TUNEL (p < 0.01) positive 
cells. In conclusion, iron accumulates in the perihematomal 
zone and causes DNA damage. Systemic deferoxamine 
treatment reduces ICH-induced iron overload and DNA 
damage in pigs.

Keywords Cerebral hemorrhage · Deferoxamine · Iron · 
Perls’ reaction · TUNEL

Introduction

Iron accumulation occurs in the brain after intracerebral 
hemorrhage (ICH) and results in brain injury [1–3]. Iron-
induced brain injury including DNA damage may result from 
oxidative stress [4, 5]. Terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end-labeling (TUNEL) is a DNA 
injury marker that is often used to detect double-strand DNA 
damage [4].

Deferoxamine (DFX), an iron chelator, is a FDA-approved 
drug for the treatment of acute iron intoxication and chronic 
iron overload due to transfusion-dependent anemia. DFX 
reduces brain edema, neuronal death and neurological deficits 
following ICH in rats [6–8]. DFX also reduces hemorrhagic 
transformation in a rat model of cerebral ischemia [9].

The current study examined whether systemic DFX treat-
ment reduces brain iron accumulation and DNA damage in a 
pig model of ICH.

Materials and Methods

Animal Preparation, Intracerebral Infusion 
and DFX Treatment

Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. Male 
pigs (8–10 kg, Michigan State University) were sedated with 
ketamine (25 mg/kg, i.m.) and anesthetized with isoflurane. 
After a surgical plane of anesthesia was reached, animals 
were orotracheally intubated. The right femoral artery was 
catheterized for monitoring of blood pressure, blood gases 
and glucose concentrations. Body temperature was main-
tained at 37.5 ± 0.5°C.

A cranial burr hole (1.5 mm) was drilled 11 mm to the right 
of the sagittal and 11 mm anterior to the coronal suture. A 
20-gauge sterile plastic catheter was then placed stereotaxically 
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into the center of the right frontal cerebral white matter and 
cemented in place. Silicone elastomer tubing connected to the 
arterial catheter was filled with 5 mL of autologous arterial 
blood. An infusion pump was connected, and 1.0 mL of whole 
blood was injected over 15 min. After a 5 min break, another 
1.5 mL of whole blood was injected over 15 min [10].

Brain Histology

Pigs were treated with DFX (50 mg/kg; i.m., given at 2 h 
after ICH and then every 12 h for up to 7 days) or vehicle. 
Pigs were reanesthetized on day 3 or day 7, and the brains 
perfused with 10% formalin. Paraffin-embedded brain was 
cut coronally into 10-mm-thick sections.

Enhanced Perls’ Staining

Enhanced Perls’ staining was performed to detect iron accu-
mulation [11]. Paraffin sections were deparaffinized in xylol 
and alcohols of descending concentration, rinsed in distilled 
water, and incubated in Perls’ Prussian blue staining solution 
(1:1, 5% potassium ferrocyanide/5% hydrochloric acid) for 
45 min, followed by washing with distilled water. The sec-
tions were then incubated in 0.5% diamine benzidine tetra-
hydrochloride with nickel for 45 min.

Immunohistochemistry

Ferritin was examined by immunohistochemistry. The pri-
mary antibody was polyclonal rabbit anti-human ferritin IgG 
(DACO, 1:400 dilution). Normal rabbit IgG was used as a 
negative control.

Terminal Deoxynucleotidyl Transferase-
Mediated dUTP Nick End-Labeling (TUNEL)

TUNEL staining was performed using a ApopTag Peroxidase 
Kit (Intergen). First, 3% hydrogen peroxide in 0.1MPBS was 
applied to sections for 5 min to quench endogenous peroxi-
dases. After washing with PBS and equilibrating with the 
solution supplied, the specimens were incubated with TdT 
enzyme at 37°C for 1 h. The reaction was stopped by wash-
ing with buffer for 10 min. Anti-digoxingenin peroxidase 
conjugate was then applied to the slide for 30 min at room 
temperature. 3,3¢ diaminobenzidine (DAB) was used for 
visualization. Omission of the terminal deoxynucleotidyl 
transferase was used as the negative control.

Photography for Cell Counting

Light microphotographs (×40, 4 fields from each distance) were 
taken at 200, 500 and 1,000 mm from the edge of the hematoma.

Statistical Analysis

Data from different animal groups and brain sites were 
expressed as mean ± SD and analyzed by Student’s t-test. 
Differences were considered significant at p < 0.05.

Results

ICH resulted in the development of a reddish zone around 
the clot in pigs at day 3 and 7. Systemic DFX treatment 
reduced this reddish zone (Fig. 1). There were many Perls’-

Fig. 1 Deferoxamine reduces the area of the reddish zone around the clot at 3 days after ICH
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Fig. 2 Ferritin-positive cells in the perihematoma zone at different  
distances away from the edge of hematoma at day 7 after ICH. (a, b) 
200 mm, (c, d) 500 mm and (e, f) 1,000 mm from the hematoma edge. 

The rats were treated by vehicle (a, c, e) or deferoxamine (b, d, f). Scale 
bar = 50 mm. (g) Quantification of ferritin-positive cells. Values are 
means ± SD, #p < 0.01 vs. ICH + Vehicle
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positive cells in the reddish zone, and DFX also reduced the 
number of these cells (p < 0.01).

Ferritin was upregulated in the perihematomal area. 
Ferritin-positive cells around the hematoma were glia-like 
(Fig. 2). Most ferritin-positive cells were detected immedi-
ately next to the clot. There were fewer ferritin-positive 
cells in DFX-treated compared to vehicle-treated pigs 
(Fig. 2).

TUNEL staining was used to detect DNA damage in the 
brain. TUNEL-positive cells were found in the vicinity of 

the clot (Fig. 3). DFX treatment reduced the number of 
TUNEL-positive cells around the hematoma (p < 0.01, 
Fig. 3).

Discussion

This study found that systemic DFX treatment reduces peri-
hematomal iron accumulation and DNA damage in pigs. Our 
previous studies found that DFX is neuroprotective and can 
reduce brain edema and atrophy after ICH in young and aged 
rats [6–8]. DFX has protective effects in ICH models in two 
species (rats and pigs), as well as in young and aged animals, 
suggesting that DFX may also work in humans.

DNA damage was found in the perihematomal zone in 
pigs. Two pathways that can result in DNA damage are endo-
nuclease-mediated DNA fragmentation and oxidative injury 
[12]. It is well known that reactive oxygen species can attack 
DNA directly, forming oxidative base damage and strand 
breaks [13], and that DNA damage by reactive oxygen spe-
cies can be greatly amplified in the presence of free iron [14]. 
Our previous study showed that oxidative stress is a major 
cause of DNA damage in a rat model of ICH [4]. The current 
results suggest that iron released from the clot can cause 
DNA damage in pigs.

Iron overload following ICH is toxic to the brain. The 
duration over which clot lysis and iron release occurs is 
likely to be dependent on hematoma size. Our former data in 
rats [6–8] and present results in pigs show that DFX is effec-
tive in reducing brain injury in different ICH models with 
different sizes of clots.
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Fig. 3 TUNEL staining in the perihematoma zone at different distances 
away from the edge of the hematoma 3 days after ICH. (a, b) 200 mm, 
(c, d) 500 mm and (e, f) 1,000 mm from the edge. Rats were treated with 

vehicle (a, c, e) or deferoxamine (b, d, f). Scale bar = 50 mm.  
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In conclusion, iron accumulation occurs in the pig brain, 
and systemic DFX treatment reduces ICH-induced DNA 
damage.
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Abstract Objects: Neurogenic pulmonary edema (NPE) is  
a well-known complication of subarachnoid hemorrhage 
(SAH), which potentially causes a poor outcome. The aim of 
this study was to examine if NPE occurs in the endovascular 
perforation model of SAH in mice and if apoptosis contrib-
utes to NPE development after SAH in mice.

Methods: Sham-operated or SAH mice were treated with 
an intraperitoneal administration of vehicle or an antiapop-
totic drug Z-Val-Ala-Asp-fluoromethylketone (Z-VAD-FMK) 
1 h post-SAH. Pulmonary edema measurements and evalua-
tion of apoptosis occurrence were performed on the lung at 
24 h post-SAH.

Results: SAH caused NPE, which was associated with 
apoptosis of pulmonary endothelial cells. Z-VAD-FMK 
 significantly prevented apoptosis and NPE.

Conclusions: Pulmonary endothelial cell apoptosis con-
tributes to the pathophysiology of NPE after SAH in mice.

Keywords Apoptosis · Caspase inhibitor · Pulmonary edema · 
Subarachnoid hemorrhage

Introduction

Neurogenic pulmonary edema (NPE) is a potentially life-
threatening complication sometimes associated with a worse 
clinical grade of aneurysmal subarachnoid hemorrhage (SAH) 
[1]. Although the true incidence of NPE remains unclear, 
acute pulmonary edema has been documented in approxi-
mately 90% of sudden deaths from spontaneous SAH [1]. In 
addition, NPE may impair brain oxygenation, aggravate neu-
rogenic injury, and impede aggressive treatments for SAH 
and the subsequent ischemia, worsening neurological recov-
ery in survivors. Only few studies, however, have focused on 
NPE after SAH, and therefore the mechanism for post-SAH 
NPE development has been poorly understood. We exam-
ined if lung cell apoptosis contributes to NPE after SAH in 
mice in this study.

Materials and Methods

All procedures were approved by Loma Linda University 
animal care committee.

Experimental Model of SAH and Study Protocol

SAH was produced by endovascular perforation of the left 
anterior cerebral artery, and sham-operated rats underwent 
identical procedures except that the suture was withdrawn 
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without puncture in CD-1 mice (35-40 g, Harlan, Indianapo-
lis, IN) as described previously [2]. The SAH mice were 
treated with an intraperitoneal administration of vehicle or 
an antiapoptotic drug Z-Val-Ala-Asp-fluoromethylketone 
(Z-VAD-FMK, 6 mg/kg; Sigma-Aldrich, St. Louis, MO) 1 h 
post-SAH. The production of SAH or sham model was con-
tinued until the number of each group was 10. All surviving 
mice were sacrificed, and SAH grading scores (0–18 in one 
number steps) were assessed after evaluating neurological 
scores (3–21 in one number steps) 24 h post-surgery as previ-
ously described [2]. The lung water content was measured on 
the left lobes (n = 6 per group), and Western blots were per-
formed on the right lobes (n = 6 per group). Also, histological 
assessment was performed on the lungs (n = 4 per group).

Lung Water Content (Pulmonary Edema)

Left lungs were sharply dissected free of nonparenchymal 
tissue and weighed (wet weight). The lung specimens 
were dried in an oven at 105°C for 24 h and weighed again 
(dry weight). This was repeated until there was no weight 
change over a 24-h period at which time the samples were 
determined to be dry. Lung water was expressed as a wet-to-
dry weight ratio (W/D) [3].

Western Blot Analyses

Western blot analysis was performed as previously described 
[4]. Equal amounts of protein samples (50 mg) were loaded 
on a Tris glycine gel, electrophoresed and transferred to a 
nitrocellulose membrane. Membranes were blocked with a 
blocking solution, followed by incubation overnight at 4°C 
with the rabbit polyclonal anti-cleaved caspase-3 antibody 
(1:1,000; Cell Signaling, Danvers, MA). Immunoblots were 
processed with appropriate secondary antibodies (1:2,000, 
Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at 21°C, 
and bands were detected with a chemiluminescence reagent 
kit (ECL Plus; Amersham Bioscience, Arlington Heights, 
IL). Blot bands were quantified by densitometry with Image 
J software (NIH, Bethesda, MD). b-Actin (1:2,000, Santa 
Cruz Biotechnology, Santa Cruz, CA) was blotted on the 
same membrane as a loading control.

Histological Assessments

Lungs were fixed by cardiovascular perfusion with phos-
phate-buffered saline and 10% paraformaldehyde. The lungs 
were postfixed in 10% paraformaldehyde followed by 30% 

sucrose (weight/volume) for 3 days. Ten-micron-thick 
 coronal sections were cut on a cryostat (Leica Microsystems 
LM3050S) and mounted on poly-l-lysine-coated slides. 
Hematoxylin-eosin, terminal deoxynucleotidyl transferase-
mediated uridine 5¢-triphosphate-biotin nick end-labeling 
(TUNEL; in situ cell death detection kit; Roche, 
Indianapolis, IN) and 4¢,6-diamidino-2-phenylindole (DAPI; 
VECTASHIELD; Vector, Burlingame, CA) staining were 
performed according to the manufacturer’s protocol. The 
TUNEL-positive cells were counted in the three fields in 
each case at × 400 magnification in a blinded manner, and the 
average number of cells was expressed.

We also immunostained the sections with the rabbit poly-
clonal anti-von Willebrand factor (vWF) antibody (1:50, 
Santa Cruz Biotechnology, Santa Cruz, CA) and then sub-
jected the sections to TUNEL and DAPI staining as previ-
ously described [4]. The sections were visualized with a 
fluorescence microscope, and pictographs were recorded and 
analyzed with MagnaFire SP 2.1B software (Olympus, 
Melville, NY).

Statistics

All values were expressed as mean ± SD. Unpaired t tests or 
one-way analysis of variance with Scheffé correction was used 
as appropriate with P < 0.05 considered statistically significant.

Results

Pulmonary Edema

SAH-induced brain injury was similar in terms of neurologi-
cal impairment and the severity of SAH between the vehicle- 
and Z-VAD-FMK-treated SAH groups (7.3 ± 2.7 vs. 8.8 ± 0.8 
and 6.3 ± 1.0 vs. 6.6 ± 1.2, respectively) at 24 h post-SAH. 
Pulmonary edema in the vehicle-treated SAH group was sig-
nificantly increased compared with the sham-operated group, 
while Z-VAD-FMK treatment significantly reduced pulmo-
nary edema after SAH (Fig. 1). Hematoxylin-eosin stains 
showed that alveoli were filled with fluid, but only a few 
inflammatory cells were observed in the vehicle-treated SAH 
group having NPE, while little or no alveolar edema was 
observed in the Z-VAD-FMK-treated SAH group.

Apoptosis

SAH caused a significant increase in the number of 
TUNEL positive cells, which was significantly reduced by 
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Z-VAD-FMK treatment in the lung 24 h post-SAH (Fig. 2a). 
Western blot analysis showed that changes in cleaved 
 caspase-3 levels in the lung 24 h post-SAH were similar to 
those in the number of TUNEL-positive cells (Fig. 2). Imm-
unofluorescence showed that apoptosis occurred in the pul-
monary endothelial cells after SAH (Fig. 3).

Discussion

This study showed that NPE occurred in the endovascular 
perforation model of SAH in mice, associated with the apop-
tosis of pulmonary endothelial cells. Moreover, the preven-
tion of pulmonary endothelial cell apoptosis by Z-VAD-FMK 
significantly reduced NPE. These results suggest that pulmo-
nary endothelial cell apoptosis contributes to the develop-
ment of NPE after SAH.

NPE typically develops within minutes or hours after SAH 
[1]. Although the exact mechanism remains unclear, hemo-
dynamic changes by catecholamine are considered to be the 
main pathogenetic factor [1, 5, 6]. The increased intracranial 
pressure as well as toxic or ischemic injury of inhibitory  
neurons at so-called NPE trigger zones following SAH may 
cause severe sympathetic discharge, which results in transient 
left ventricular dysfunction or pulmonary vasoconstriction. 
As a result, elevated pulmonary capillary pressure (hydro-
static pressure) occurs, leading to the development of NPE  
[1, 6]. The hydrostatic pressure-independent mechanism has 
also been suggested, but remains unknown. For example, an 
excessive release of catecholamines not only leads to hydro-
static pulmonary edema, but also causes an activation of 
cytokines and inflammation [5] or lung cell apoptosis [7]. 
Inflammatory reactions can cause pulmonary edema associ-
ated with recruitment of neutrophils, which release matrix 
metalloproteinases that damage the alveolar-capillary barrier 

[3]. However, inflammation is considered not to be involved 
in the development of NPE, but potentially to contribute to 
maintaining and aggravating the edema by increasing capil-
lary permeability [5, 6]. On the other hand, the possibility 
that apoptosis is involved in the pathogenesis of NPE has not 
been sufficiently investigated. This study showed that post-
SAH NPE was associated with lung cell apoptosis, but not 
with a significant increase in neutrophil infiltration, and that 
Z-VAD-FMK prevented lung cell apoptosis and NPE. As 
Z-VAD-FMK is not known to cause an immediate decrease in 
hydrostatic pressure but prevents apoptosis, our findings sug-
gest that apoptosis is involved in the development of NPE. 
These findings are consistent with our previous study [8],  
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in which a caspase-1 inhibitor Ac-YVAD-CMK prevented 
lung cell apoptosis and NPE via the inactivation of interleu-
kins-1b [9] and/or other mechanisms independent of its 
 caspase-1 inhibitor activity [10]. We speculate that pulmo-
nary endothelial cell apoptosis weakens the alveolar-capillary 
 barrier and diminishes the capacity to withstand increased 
hydrostatic pressure by a release of catecholamines, resulting 
in NPE.

The cornerstone of NPE management is early and app-
ropriate treatment of the underlying neurological cause [1]: 
the most frequent underlying factor is SAH [11]. However, 
the specific treatment for NPE has not yet been developed, 
and therefore NPE is only supportively treated [6]. This 
study suggests that anti-apoptotic therapy may prove to be a 
novel approach for the prevention and treatment of NPE 
after SAH.
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Abstract The purpose of this study was to examine the 
expression of hemoglobin (Hb) in the brain after intracere-
bral hemorrhage (ICH) and the effects of hemin and iron on 
neuronal Hb.

For the in vivo studies, male Sprague-Dawley rats received 
either a sham operation or an ICH. The rats were killed 1, 4, 
24 or 72 h later, and brains were used for real-time poly-
merase chain reaction (PCR) and immunohistochemistry. 
For the in vitro study, primary cultured neurons were 
exposed to either hemin or vehicle. Some neurons also 
received treatment with deferoxamine, an iron chelator. 
Neurons were collected 24 h later for real-time PCR.

We found that a-globin (HbA) and b-globin (HbB) mRNA 
levels in the ipsilateral basal ganglia are significantly increased 
after ICH, and Hb is localized in neurons and glia cells. 
Exposure of neurons to hemin also upregulated HbA and HbB 
mRNA levels. Hemin-induced HbA and HbB expression in 
cultured neurons was reduced by deferoxamine treatment.

These results indicate that ICH increases HbA and HbB 
expression in neurons and glia cells, and that heme and iron 
may be important factors in inducing endogenous Hb 
expression after ICH.

Keywords Intracerebral hemorrhage · Hemoglobin · Hemin · 
Iron · Deferxomine

Introduction

Vertebrate hemoglobin (Hb) is a heterotetramer of two 
a-globin (HbA) and two b-globin (HbB) subunits. Each 
subunit contains a hydrophobic pocket in which a heme 
molecule binds tightly and allows for the reversible binding 
of oxygen [1]. Vertebrate Hb has been traditionally thought 
to be exclusively present in cells of erythroid lineage. 
However, recent studies have shown that Hb is expressed 
in a variety of nonhematopoietic tissues and cell lines, 
including  macrophages, epithelial cells and mesangial cells 
[2–4]. The presence of Hb in neurons has also been reported, 
and  neuronal Hb is inducible after cerebral and ischemic 
preconditioning [5–8].

Intracerebral hemorrhage (ICH) is a common and often 
fatal subtype of stroke. After ICH, erythrocyte lysis can hap-
pen in the early phase, and Hb is released from the lysed 
blood cells [9]. There is evidence suggesting that free Hb is 
deleterious to the brain after ICH. Exogenous Hb can cause 
brain injury when injected into the brain in vivo [10, 11] or 
added to cerebral cortical neurons in vitro [12, 13]. Currently, 
the effects of ICH on endogenous Hb expression are 
unknown. In this study, we examined the change of endoge-
nous Hb expression after ICH. The effects of hemin and iron 
on neuronal Hb expression were also examined.

Materials and Methods

Animal Preparation and Intracerebral Infusion

The University of Michigan Committee on the Use and Care 
of animals approved the protocols for these studies. Adult 
male Sprague-Dawley rats (275–325 g; Charles River 
Laboratories, Portage, MI) were used. Rats were anesthe-
tized with pentobarbital (40 mg/kg, i.p.). A polyethylene 
catheter (PE-50) was then inserted into the right femoral 
artery to monitor arterial blood pressure and blood gases, 
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and to obtain blood for intracerebral blood infusion. Body 
temperature was maintained at 37.5°C by using a feedback-
controlled heating pad. The animals were positioned in a ste-
reotactic frame (Kopf Instruments, Tujunga, CA), and a 
cranial burr hole (1 mm) was drilled. Autologous blood was 
infused into the right caudate nucleus through a 26-gauge 
needle at a rate of 10 mL/min using a microinfusion pump 
(Harvard Apparatus Inc., South Natick, MA). The coordi-
nates were 0.2 mm anterior and 3.5 mm lateral to the bregma 
at a depth of 5.5 mm. After intracerebral infusion, the needle 
was removed and the skin incision closed with sutures. The 
rats received either a needle insertion (sham) or an intracere-
bral infusion of 100 mL autologous whole blood and were 
killed 1, 4, 24 or 72 h (n = 8, each time point) later for real-
time polymerase chain reaction (PCR) and immunohis-
tochemistry staining.

Cell Culture

Primary neuronal cultures were obtained from embryonic 
day-17 Sprague-Dawley rats (Charles River Laboratories, 
Portage, MI). Cultures were prepared according to a previ-
ously described procedure with some modifications [14]. 
The neurons were used for experiments after 7 days.

There were two parts to the in vitro study. In the first part, 
neurons were treated with either vehicle or hemin (50 or 
100 mM; Sigma, St. Louis, MO). Cells were collected 24 h 
later for real-time PCR and Western blot analysis. In the sec-
ond part, neurons were treated with hemin (50 mM) with or 
without deferoximine (50 mM). Cells were used for real-time 
PCR 24 h later.

Real-Time PCR

Rats were anesthetized and decapitated. The brains were 
quickly removed, and a 3-mm-thick coronal brain slice was 
cut approximately 4 mm from the frontal pole. The slice was 
separated into ipsi- and contralateral basal ganglia. The sam-
ples were frozen in liquid nitrogen. In vitro, cell medium was 
removed and the plates washed three times with chilled PBS. 
The cells were quickly scraped and collected by centrifuga-
tion at 4°C, then stored at −80°C.

Total RNA was extracted from the frozen brain tissue and 
cultured cells with Trizol reagent (Gibco BRL, Grand Island, 
NY), and 1 mg RNA was digested with deoxyribonuclease I 
(DNaseI, Amplification-grade, Gibco BRL, Grand Island, 
NY). Complimentary DNA was synthesized by reverse tran-
scription using the digested 1-mg RNA (11 mL) with 14 mL 
reaction buffer (Perkin Elmer, Foster City, CA) containing 

dNTP (dATP, dCTP, dGTP and dTTP), 25 mmol/L MgCl
2
, 

10× polymerase chain reaction (PCR) buffer II, Random 
Hexamer Primer, Rnase inhibitor and MuL V reverse tran-
scriptase. The reaction was performed at 42°C for 30 min 
and terminated at 99°C after 5 min. Diethyl pyrocarbonate 
water (75 mL) was added to dilute the complimentary DNA 
to 100 mL and stored at −20°C for later use.

Real-time quantitative PCR was performed with SYBR 
green as a double-strand DNA-specific dye using an 
Eppendorf Mastercycler EP Realplex (Eppendorf North 
America Inc., NY). The primers for rat HbA and HbB were 
designed from known sequences of rat HbA-mRNA 
(GeneBank no. U29528) and HbB-mRNA (GeneBank no. 
NM_033234) identified by PrimerQuest (Integrated DNA 
Technologies Inc., Coralville, IA). The primers were as fol-
lows: rat HbA 5¢-TGATCC-ACTTCCT-TCTCTGCCCAA-3¢ 
(forward primer) and 5¢-ATCAGTTGCCCAAGTGCTTCT 
TGC-3¢ (reverse primer), HbB 5¢-ATGGCCTGAAACACTT 
GGACAACC-3¢ (forward primer) and 5¢-TGGTGGCCCA 
AC-ACAATCACAATC-3¢ (reverse primer). Primers for rat 
GAPDH, a housekeeping gene, served as a control. They 
were as follows: 5¢-CCGTGCCAAGATGAAATTGGCTGT-3¢ 
(forward) and 5¢-TGTGCATATGTGCGTGTGTGTGTG-3¢ 
(reverse). PCR reactions were run in triplicate on a 96-well 
plate with a total volume of 20 mL per well using 2.5× SYBR® 
Green universal master mix. Cycling conditions were 2 min 
at 95°C, 30 s at 95°C, 30 s at 60°C, 1 min at 72°C, 40 cycles, 
and a melting-curve program (60°C to 95°C with warming of 
1.75°C per minute). The relative quantification analysis 
module was used to compare expression levels of a target 
gene. The expression levels were calculated by using the 
DDC

T
 method [15]. Fold changes in gene expression of the tar-

get gene were equivalent to 2−DDCT. With this method, a value 
equal to 1 represents no change in relative expression between 
untreated (set to 1.0) and treated samples. We defined overex-
pression when 2−DDCT >1 and underexpression when 2−DDCT <1.

Immunohistochemistry

Immunocytochemistry staining was performed according to 
the method described previously [16]. The primary antibody 
was polyclonal rabbit anti-hemoglobin antibody (1:400 
 dilution, Cappel, MP Biomedicals Inc., OH). Rhodamine-
conjugated goat anti-rabbit antibody (Chemicon Interantional 
Inc., Temecula, CA; 1:600 dilution) was used as second 
 antibody. Normal rabbit immunoglobulin G was used as a 
negative control.

For immunofluorescent double labeling, the primary anti-
bodies were rabbit anti-hemoglobin (Cappel, MP Biomedicals 
Inc., OH; 1:100 dilution), mouse anti-glial fibrillary acid 
 protein (GFAP) (Chemicon International Inc. Temecula, CA; 
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1:100 dilution), mouse anti-rat neuronal nuclei (NeuN) 
(Chemicon International Inc., Temecula, CA; 1:100 dilution) 
and mouse anti-rat CD11b (MRC OX42; Serotec, Oxford, 
UK; 1:100 dilution). Rhodamine-conjugated goat anti-rabbit 
antibody (Chemicon International Inc., Temecula, CA; 1:100 
dilution) and fluorescein isothiocyanate (FITC)-labeled horse 
anti-mouse antibody (Vector Laboratories, Burlingame, CA; 
1:100 dilution) were used as second antibodies. The double 
labeling was analyzed using a fluorescence microscope.

Statistical Analysis

All data in this study are presented as mean ± SD. Data were 
analyzed with Student’s t-test and analysis of variance, or 
Kruskal-Wallis test and Mann-Whitney U-rank test. Statistical 
significance was set at 0.05.

Results

The time-course study demonstrated that HbA mRNA 
expression in the ipsilateral basal ganglia was significantly 
increased after ICH, reaching a peak at 4 h. HbB mRNA 
expression in the ipsilateral basal ganglia also peaked at 4 h 
after ICH and remained high at 24 h. There was a 10.7 ± 6.9-
fold increase in HbA mRNA and 59.5 ± 69-fold increase in 
HbB mRNA in the ipsilateral basal ganglia at 4 h after ICH 
compared to shams (p < 0.05, Mann-Whitney U-rank test).

By immunohistochemistry, Hb-positive cells were found 
in the brains of both sham-operated and ICH rats. The nega-
tive control showed no immunoreactivity. After blood injec-
tion, Hb-positive cells were significantly increased in the 
ipsilateral basal ganglia compared to both the contralateral 
hemisphere and sham operated rats, particularly 72 h after 
ICH (Fig. 1). Double-labeling revealed that Hb-positive cells 
in the perihematomal area 72 h after ICH were colocalized 
with NeuN-positive, GFAP-positive and OX-42-positive 
cells, indicating that Hb is present not only in neurons, but 
also in glial cells.

Primary cultured neurons were treated with either hemin 
(50 or 100 mM) or vehicle for 24 h. Some neurons also 
received deferoxamine (50 mM), an iron chelator. Quantitative 
real-time PCR showed a 44.1 ± 21.2- and 60.8 ± 11.8-fold 
increase in HbA mRNA compared to the control after treat-
ment with 50 or 100 mM hemin, respectively (p < 0.05, Mann-
Whitney U-rank test). HbB mRNA expression also increased 
by 3.19 ± 0.69- and 2.76 ± 0.32-fold, respectively, (p < 0.05, 
Mann-Whitney U-rank test). Deferoxamine had no signifi-
cant effect on HbA and HbB mRNA expression under the 

Fig. 1 Hb immunoreactivity in the ipsilateral basal ganglia 72 h after 
sham operation (a) and in the ipsilateral (b), and contralateral (c) basal 
ganglia 72 h after blood injection. Scale bar = 50 mm
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normal conditions. However, hemin induction of HbA and 
HbB mRNA expression was significantly decreased by def-
eroxamine (p < 0.05, Mann-Whitney U-rank test, Fig. 2).

Discussion

Our previous studies have demonstrated that Hb is induced 
after cerebral ischemia and ischemic preconditioning [5]. In 
this study, we found that Hb-positive cells were significantly 

increased in the ipsilateral basal ganglia after blood injec-
tion. Double labeling demonstrated that Hb-positive cells in 
the perihematomal area were colocalized with NeuN-, 
GFAP- and OX42-positive cells, suggesting that Hb is 
expressed not only in neurons, but also in glial cells. 
Endogenous Hb in the neuron and glial cells can be derived 
from lysed red blood cells or local synthesis within the cells. 
To further confirm the expression of Hb in the brain after 
ICH, quantitative real-time PCR was performed. We found 
that both HbA and HbB mRNA levels were significantly 
increased after ICH, suggesting that local synthesis of Hb 
within the cells is involved in ICH-induced endogenous Hb 
upregulation.

Heme is released from hemoglobin after ICH. 
Extracellular heme can be transported into the cytoplasm 
of cells by binding to its transport protein hemopexin or 
heptoglobin [17]. Previous studies have shown that heme 
participates in the regulation of a- and b-globin gene 
expression in erythroid cells [18, 19]. Hemin, the ferric 
chloride salt of heme, has also been shown to regulate Hb 
gene expression [20–22]. In this study, we found that neu-
ronal HbA and HbB mRNA levels were markedly upregu-
lated by hemin.

Iron is another important structural component of Hb, 
which is released from heme by heme oxygenase (HO). Two 
HO isoforms have been identified in the brain. HO-1 is 
expressed at very low levels in normal brain, but it is rapidly 
induced in glia cells after ICH [23]. HO-2 is constitutively 
expressed in neurons in the brain [24]. Our previous studies 
have shown that iron concentration in the brain can reach 
very high levels and non-heme iron is not cleared from the 
brain within 4 weeks of ictus [23]. In the present study, we 
found that deferoxamine had no significant effects on HbA 
and HbB mRNA expression under normal conditions, but it 
did significantly reduce hemin-induced HbA and HbB 
mRNA expression, indicating that iron participates in the 
regulation of hemin-induced Hb expression. However, the 
effects of deferoxamine were incomplete, suggesting that 
factors other than iron may participate in the regulation of 
Hb expression by hemin.

In conclusion, our present study demonstrates that Hb 
expression is increased after ICH and Hb is localized in the 
neuron and astrocytes. ICH-induced Hb expression may be 
related to heme and iron released from hematoma. The func-
tion of Hb upregulation after ICH is still unknown, although 
it may impact iron homeostasis.
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Abstract Introduction: Exposure to isoflurane gas prior to 
neurological injury, known as anesthetic preconditioning, 
has been shown to provide neuroprotective benefits in animal 
models of ischemic stroke. Given the common mediators of 
cellular injury in ischemic and hemorrhagic stroke, we 
hypothesize that isoflurane preconditioning will provide 
neurological protection in intracerebral hemorrhage (ICH).

Methods: 24 h prior to intracerebral  hemorrhage, 
C57BL/6J mice were preconditioned with a 4-h exposure 
to 1% isoflurane gas or room air. Intracerebral hemorrhage 
was performed using a double infusion of 30-mL autolo-
gous whole blood. Neurological function was evaluated at 
24, 48 and 72 h using the 28-point test. Mice were sacri-
ficed at 72 h, and brain edema was measured.

Results: Mice preconditioned with isoflurane performed 
better than control mice on 28-point testing at 24 h, but not 
at 48 or 72 h. There was no significant difference in ipsilat-
eral hemispheric edema between mice preconditioned with 
isoflurane and control mice.

Conclusion: These results demonstrate the early func-
tional neuroprotective effects of anesthetic preconditioning 
in ICH and suggest that methods of preconditioning that 
afford protection in ischemia may also provide protection 
in ICH.

Keywords Intracerebral hemorrhage · Preconditioning · 
Isoflurane

Introduction

Intracerebral hemorrhage (ICH) is associated with the high-
est fatality rate of any stroke subtype, yet remains the cere-
brovascular disease with perhaps the least impactful treatment 
options [1]. Strategies designed to prevent hematoma expan-
sion have been minimally effective, and no therapy currently 
exists to mitigate injury to parenchyma surrounding the 
hematoma [2]. Spontaneous intracerebral hemorrhage is 
thought to impose mechanical stress on the surrounding 
parenchyma with consequent dysfunctional cellular and 
mitochondrial activity, as well as abnormal neurotransmis-
sion [3, 4]. Within hours of ictus, hemoglobin, cellular degra-
dation products and coagulation factors induce vasogenic 
and cytotoxic edema by disruption of the blood-brain barrier 
and initiation of apoptosis. Peri-hematoma  histology is char-
acterized by edema, neuronal damage, macrophages and 
neutrophils and nests of intact neural tissue within and sur-
rounding the hematoma [5]. Evidence also suggests that local 
mass effect may result in reduced cerebral blood flow to the 
hematoma periphery, placing intact neural tissue at particu-
larly high risk for infarction [6]. Given evidence of multiple 
mechanisms involving post-hemorrhagic tissue injury, an 
area of at-risk tissue adjacent to the hematoma may exist at 
which novel therapeutic interventions can be directed.

Isoflurane, one of the most commonly utilized inhaled 
anesthetics, has been studied as a neuroprotective agent in 
ischemia [7]. Pretreatment with volatile anesthetics has been 
shown to induce prolonged neuroprotection in vitro and 
in vivo primarily by decreasing apoptosis and excitatory 
stress and increasing neuronal stability [8]. Studies in a rodent 
model of middle cerebral artery occlusion demonstrated sig-
nificant reduction in infarct volume after pretreatment with 
isoflurane [7] and highlight the potential for preconditioning 
in reducing ischemic injury. Given the mechanisms of peri-
hematoma cellular injury in ICH may reflect those found in 
ischemic injury and apoptosis, we hypothesized that isoflu-
rane preconditioning would mitigate neurological injury in 
our murine model of intracerebral hemorrhage.
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Materials and Methods

Isoflurane Preconditioning

Adult male C57BL/6J rats (8–10 weeks, 25–30 g body 
weight) (Jackson Laboratory, Bar Harbor, ME) were housed 
in the Barrier Facility of the Columbia University Medical 
Center, maintained at 22 ± 2°C with constant humidity under 
a 12:12 h light:dark cycle, and were allowed free access to 
water and laboratory chow. Experiments were carried out in 
accordance with the guidelines set forth by the IACUC Guide 
for the Care and Use of Laboratory Animals. Isoflurane pre-
conditioning was carried out by placing mice in an air-tight 
anesthesia induction chamber while delivering 1% isoflurane 
in room air. Body temperature was controlled as needed 
using a feedback-regulated heat lamp. Mice were precondi-
tioned with 1% isoflurane or room air alone for 4 h. Twenty-
four hours after preconditioning, mice subsequently 
underwent experimental ICH (n = 16) according to our estab-
lished model of double-injection of autologous blood [9].

Experimental Intracerebral Hemorrhage

Preconditioned adult male C57BL/6J mice were subjected to 
experimental intracerebral hemorrhage (ICH) using autolo-
gous blood infusion via our model as previous described [9]. 
Mice were anesthetized with ketamine/xylazine (1 mg/kg) 
throughout the duration of surgery. Body temperature was 
regulated using a rectal probe connected to a feedback-con-
trolled heat lamp. Once experimental ICH was achieved, 
mice were allowed to fully recover from anesthesia in an 
intensive care unit set at 37°C with constant humidity for 1 h. 
Once the mice were fully recovered from anesthesia, they 
were placed in a clean cage with access to food and water in 
our satellite facility.

Assessment of Neurological Deficit

Neurological deficit was determined using a 28-point test as 
outlined by Clark et al. [10]. At 24, 48 and 72 h post-ICH, all 
animals were assessed according to the 28-point test, evalu-
ating body symmetry, gait, climbing, circling behavior, front-
limb symmetry, compulsory circling and sensory response.

Preparation of Brain Samples

Three days after experimental ICH, mice were anesthetized 
with ketamine/xylazine (1 mg/kg) and were transcardially 
perfused with cold saline followed by removal of the brain 
for albumin Western blots (n = 16).

Albumin Western Blot

Protein samples were loaded onto a NuPAGE 4–12%  
Bis-Tris Gel, and electrophoresis was performed in MOPS 
buffer at room temperature. Samples were then transferred to 
a 0.2-mm pore size nitrocellulose membrane, which was then 
blocked in 1.5% gelatin, 100 mM NaCl and 25 mM Tris  
pH 7.5 for 1 h at room temperature. Membranes were then 
washed and incubated with anti-albumin horseradish peroxi-
dase conjugated antibody (A90-134P; Bethyl Laboratories) 
in 1% gelatin, 100 mM NaCl, 25 mM Tris pH 7.5 and 0.1% 
Tween-20 for 1 h at room temperature. Antibodies were  
then visualized using chemiluminescence (Supersignal West  
Pico Chemiluminescent Substrate; Pierce, Rockford, IL). 
Densitometric analysis was performed using ImageJ soft-
ware (NIH, http://rsb.info.nih.gov/ij), and results were nor-
malized to beta-actin expression.

Quantitative Assessment and Statistical 
Analysis

All data in this study are presented as mean ± standard error. 
Data were analyzed with a Student’s t-test, and significance 
levels were measured at p < 0.05.

Results

Functional Performance

Two cohorts of mice underwent functional testing follow-
ing experimental ICH. Isoflurane-preconditioned mice 
(n = 8) were administered 1% isoflurane in an air-tight 
chamber prior to ICH, and room air-preconditioned mice 
(n = 8) were administered room air in the same precondi-
tioning chamber prior to ICH. Functional 28-point testing 
was performed at 24, 48 and 72 h after ICH. Mice precon-
ditioned with isoflurane performed significantly better than 
room air-preconditioned mice at 24 h (10.44 ± 0.87 vs. 
14.1 ± 0.57 p = 0.009). Though a continued trend was seen 
towards improved performance in mice preconditioned  
with isoflurane, the difference was not significant at 48 h 
(8.11 ± 1.39 vs. 11.30 ± 1.14, p = 0.27) and 72 h (6.22 ± 0.66 
vs. 8.10 ± 0.92, p = 0.33) (Fig. 1). As demonstrated in previ-
ous experiments with our murine autologous double injec-
tion ICH model, the likelihood of observing significant 
functional deficits by 72 h diminishes considerably because 
all animals show a gradual recovery of function by 72 h 
after ICH [9].
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Brain Edema

Perihematomal brain edema was assessed by albumin con-
tent in the basal ganglia and cortex ipsilateral to the ICH 
(n = 12). Brain edema was not significantly less in mice 
 preconditioned with isoflurane compared to control mice 
(5357.39 ± 341.58 vs. 7782.52 ± 1582.13, p = 0.165) (Fig. 2).

Discussion

In light of recent evidence demonstrating the neuroprotec-
tive effects of preconditioning with volatile anesthetics in 
animal models of cerebral ischemia [11], we hypothesized 
that anesthetic preconditioning would also afford neurologi-
cal protection in ICH, a condition that subjects neurological 
tissue to multiple, complex mechanisms of cellular injury  
[5, 12]. Cell death and ischemia may occur in salvageable 
perihematomal tissue following ICH, as microvasculature is 
subjected to mass effect, mechanical deformation, edema 
and inflammation. Although the relevance of “penumbral” 
ischemia in ICH remains controversial, and the precise 
mechanisms of neuroprotection in ischemic preconditioning 
are yet undefined, a historical overlap of neuroprotective 
interventions successful in both ischemic injury and ICH 
suggests a significant overlap in their contributory mecha-
nisms of injury [13].

Our study is the first report of anesthetic preconditioning-
induced neuroprotection in ICH and demonstrates that iso-
flurane pretreatment affords functional neuroprotection at 
24 h after ICH, as assessed by 28-point testing. The only 
other report of preconditioning-induced protective effects we 

identified in the ICH literature was a report of reduced peri-
hematomal edema after hyperbaric oxygen preconditioning 
in rats [14]. That functional protection occurred in isoflu-
rane-preconditioned mice at 24 h but not at 48 and 72 h may 
be a reflection of the tendency for functional deficits to 
improve by 2–3 days in our particular ICH model. Whether a 
reflection of the animal model alone or a true failure of anes-
thetic preconditioning to provide sustained neuroprotection 
in ICH, improved early recovery may still have important 
clinical implications.

This study did not demonstrate a significant reduction in 
ipsilateral hemispheric edema in preconditioned mice. 
Though in human ICH the contribution of brain edema to 
functional outcome remains controversial [5], we evaluated 
edema as an outcome measure because previous rodent ICH 
studies have suggested an association between reduced 
edema and improved functional performance, despite no 
direct evidence of a causal relationship [15–17]. Furthermore, 
the only other ICH preconditioning study, with hyperbaric 
oxygen pretreatment, demonstrated a significant reduction 
in perihematomal edema [14, 18]. However, our results sup-
port the notion that functional protection can be achieved in 
the absence of significant edema reduction, which both 
reflects human ICH studies demonstrating that absolute 
edema volume is not an independent predictor of outcome 
[19, 20] and points toward other mechanisms of neuronal 
injury modulation with experimental anesthetic precondi-
tioning. At present, the downstream molecular effects of iso-
flurane preconditioning are incompletely understood [21]. A 
majority of the data showing neuroprotection with volatile 
anesthetics comes from animal models of ischemia, and has 
been hypothesized to involve the enactment of gene upregu-
lation and long-term neuronal tolerance to ischemic insults 
[21–24]. Immediate early genes, ubiquitous transcription 
factors induced by a stress response, are thought to be the 
main component of tolerance when preconditioned hours to 
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days before an insult [7, 22]. The inducible nitric oxide syn-
thase (iNOS) gene, whose downstream effects include mod-
ulation of glutamate signaling and the vasodilatory response, 
has been heavily implicated as one of these mediators in 
anesthetic preconditioning [7, 25, 26].

A limitation of the present study is a lack of comprehen-
sive investigation of the potential mechanisms of protection, 
including assessment of the role of the iNOS and other can-
didate genes, and histological evaluation of peri-hematomal 
inflammatory cell infiltration and apoptotic cell death. 
Further studies are critical to determine the molecular and 
cellular processes of protection, which will ultimately lead 
us toward the optimal therapeutic targets for mitigation of 
injury in human ICH.
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Abstract The CNS inflammatory reaction occurring after 
aneurysmal subarachnoid hemorrhage (SAH) involves the 
upregulation of numerous cytokines and prostaglandins. 
Cyclooxygenase (COX) inhibition is a well-established phar-
macological anti-inflammatory agent. Previous studies have 
shown marked increases in COX-2 expression in neurons, 
astrocytes, microglia, and endothelial cells following brain 
injury. COX-2 inhibition has been shown to be beneficial  
following various types of brain injury. This experiment 
investigates the role of COX-2 activity in early brain injury 
following SAH. CD-1 mice were subjected to an endovascu-
lar perforation model of SAH or SHAM surgery. Following 
experimental SAH animals were treated with the specific 
COX-2 inhibitor, NS398, in dosages of either 10 or 30 mg/kg. 
Neurological performance and brain edema were evaluated 
24 and 72 h after SAH. NS398 at 30 mg/kg significantly 
reduced SAH-induced neurological deterioration. NS 398 at 
30 mg/kg resulted in a trend toward the reduction of SAH-
induced cerebral edema. Treatment had no effect on mortal-
ity. This experiment provides preliminary evidence that 
COX-2 inhibition is an effective pharmacological interven-
tion for the prevention of brain edema and the preservation 
of neurological function following SAH.

Keywords Aneurysmal subarachnoid hemorrhage · Early 
brain injury · Cyclooxygenase inhibition · COX-2 · Cerebral 
edema

Introduction

Inflammation is designed as an active defense reaction against 
insults in multicellular organisms, but is often associated 
with the overexpression of various cell signals that contribute 
to the pathogenesis of neurodegenerative brain diseases, trau-
matic brain injury, and stroke [1]. Inflammation is triggered 
by several factors including signals derived from injured or 
dying cells, proinflammatory mediators from endogenous 
cells, as well as molecular signals from infiltrating immune 
cells [2]. Deleterious molecules in the form of cytokines and 
free radical oxygen species are produced during the early 
stages of brain inflammation and correlate with reduced neu-
ronal survival and the progression of gliosis. Glial cells (e.g., 
astrocytes and microglia) are activated by proinflammatory 
mediators released from infiltrating immune cells and con-
tribute to the propagation of the inflammatory cascade 
through the production of their own proinflammatory media-
tors [3–6]. These processes induce glial scarring, which is a 
significant obstacle to axonal regeneration and likely affects 
clinical recovery following a CNS insult [7–9].

Among the several types of proinflammatory mediators, 
prostanoids, a product of arachidonic acid (AA) metabolism, 
are generated through the COX pathway. These compounds 
are also largely produced by activated glial cells and act as 
potent local regulators of the pathogenic processes in brain 
inflammation [10]. Evidence has shown that the COX-2 iso-
form, but not COX-1, plays a crucial role in inflammation-
induced pathology. Treatment with selective inhibitors of 
COX-2 has been found to reduce brain inflammation [11–18] 
and increase neuronal survival in focal ischemia models [19]. 
Studies of the COX-2-null mouse have indicated that COX-2 
deficiency attenuates ischemia-induced brain damage and 
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protects neurons from excitotoxic insult [20]. COX-2 is 
therefore thought to be a promising pharmacological target 
for the treatment of brain inflammation. Aneurysmal suba-
rachnoid hemorrhage has a significant inflammatory compo-
nent induced by the toxicity of the extravasated blood as well 
as that induced by the ischemia and recruitment of immune 
cells that follows aneurysm rupture [21], and several studies 
document an increase in COX-2 expression following exper-
imental SAH [22–24]. This experiment tests the role of 
COX-2 inhibition following experimental aneurysmal sub-
arachnoid hemorrhage as a potential treatment for the pres-
ervation of neurological function and the reduction of brain 
swelling following aneurysmal SAH.

Materials and Methods

Animals

This protocol was evaluated and approved by the Institutional 
Animal Care and Use Committee at Loma Linda University, 
Loma Linda, California. Forty-four male CD-1 mice weighing 
20–25 g were used for all studies (Harlan Corp., Indianapolis, 
IN). Animals were housed in a climate-controlled envi-
ronment with strict day/night light cycles prior to surgery. 
Animals were divided into four groups: SHAM = Vehicle, 
SAH + Vehicle, SAH + 10 mg/kg NS398, and SAH + 30 
mg/kg NS398.

Treatment

After SHAM surgery or experimental SAH, NS-398 (Cayman 
Chemical Co., Ann Arbor, MI) was dissolved in 50 mL  
dimethyl sulfoxide, and diluted 10-fold with saline prior to 
intraperitoneal injection in a dosages of either 10 mg/kg or 
30 mg/kg. Treatments were administered at 1, 6, and 12 h in 
accordance with previous dosages effective in treating isch-
emic brain injury [12, 13, 15, 16, 18].

Brain Injury

Prior to surgery general anesthesia was induced with 
Ketamine (80 mg/kg intraperitoneally) and xylazine  
(10 mg/kg intraperitoneally). Spontaneous ventilation with-
out airway management was permitted by this anesthetic 
combination. Core body temperature was kept at 37 ± 0.5°C. 
Mice underwent endovascular perforation of the internal 
carotid artery bifurcation as previously described [25, 26].  

In summary, a sharpened 5-0 nylon suture was threaded 
through the ICA to puncture the cerebral vasculature at the 
ICA bifurcation.

Neurological Testing and Measurement  
of Brain Edema

All neurological scoring and brain edema measurements 
were performed by an independent researcher blinded to the 
experimental conditions. A modified 21-point Garcia scor-
ing system was used to assess neurological function in the 
mice 24 and 72 h after surgery [27, 28]. Additional testing 
included evaluation of the animals’ performance on previ-
ously established beam balance [29] and wire hang tests [30]. 
Brain edema was evaluated at 24 and 72 h by measuring 
brain water content. Briefly, brains were sectioned, immedi-
ately weighed, dried for 48 h, and weighed again to calculate 
brain water content: ([wet weight − dry weight]/wet weight) × 100. 
One-way ANOVA testing with a p value of 0.05 was used to 
test for statistical significance.

Results

Mortality

Six of the 44 experimental animals died within 1 h of SAH 
prior to any vehicle or NS398 administration. No SHAM 
animals died. Ten of the remaining 38 animals were sacri-
ficed at 24 h; their brains were preserved and will be the 
subject of more detailed studies. Therefore, 38 animals 
were assessed neurologically at 24 h, 30 of which were then 
killed (20 to brain edema, 10 to other studies). The remain-
ing eight were assessed at 72 h and then killed for brain 
edema measurements.

Neurological Function

Experimental SAH created significant neurological deficits 
in all groups versus vehicle-injected animals in each of the 
three neurological assessments given (Figs. 1 and 2). 
Treatment with 30 mg/kg of NS398 mitigated neurological 
deficits following SAH in comparison to the SAH + Vehicle 
treated group (Figs. 1 and 2a; p < 0.05) at 24 h; this trend 
continued at 72 h after injury, but did not reach significance 
because of the small sample size (Figs. 1 and 2b). Low 
dose treatment (10 mg/kg) did not mitigate neurological 
deterioration 24 h following SAH (p > 0.05) and was not 
tested at 72 h.
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Brain Edema

Experimental SAH created edema in the left frontal hemi-
sphere of mice 24 and 72 h after SAH. Treatment with 30 mg/
kg of NS 398 shows a trend toward the prevention of increases 
in brain water content 24 and 72 h after experimental SAH 
(Fig. 3). Brain edema at 72 h after SAH was not tested in the 
10 mg/kg group.

Discussion

Increases in COX-2 activity following brain injury have 
been associated with increased neurological injury, and its 
expression is significantly increased following SAH [22–
24]. Accordingly, this experiment is the first to provide evi-
dence that COX-2 inhibition is an effective pharmacological 
intervention for the prevention of brain edema and the pres-
ervation of neurological function following aneurysmal 
SAH. In vivo studies by Nakayama et al. [15, 19] have indi-
cated that selective COX-2 inhibition by SC58125 prevented 
CA1 hippocampal neurons from global ischemia [15, 19]. 
Similar protection may be provided by COX-2 inhibitors in 
aneurysmal SAH as its victims also experience global isch-
emia as a result of elevated ICP and reduced perfusion pres-
sure following aneurysm rupture. In addition to global 
ischemia, aneurysmal SAH elicits a characteristic inflam-
matory response [31] and has associated increases in COX-2 
expression [22–24]. Candelario-Jali et al. demonstrated that 
breakdown of the BBB, increased MMP expression, and 
oxidative stress were attenuated by the administration of 
COX-2 inhibitors [32]. Spreading depression (SD) is a wave 
of sustained depolarization that challenges the energy 
metabolism of cells and can contribute to a sustained mech-
anism of continued cell death following subarachnoid hem-
orrhage [33]. Koistinaho et al. demonstrated that SD induces 
COX-2 mRNA expression in neurons and thus is a likely 
contributor to COX-2 expression following SAH [34]. 
Several studies not only suggest that COX-2 inhibition will 
reduce cerebral edema and neuronal cell death following 
aneurysmal SAH, but also support the possibility that COX-2 
inhibition will help with function recovery and corroborate 
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a role for COX-2 inhibition following neurological injury. 
In experimental models of neurodegeneration high levels 
of COX-2 induction occurred in the brain, and treatment 
with the selective COX-2 inhibitor, Celecoxib, enhanced 
functional recovery [35]. Additional studies found func-
tional recovery in neonatal global ischemia models follow-
ing COX-2 inhibition [36].

In summary, our experiment contributes to the small but 
growing body of evidence showing that COX-2 inhibition 
provides neuroprotection in neurological injury and is the 
first to do so concerning aneurysmal subarachnoid hemor-
rhage. It is important to note that the previously wide use of 
COX-2 inhibitors for various inflammatory pathologies was 
severely restricted in the face of concerns for thrombogenic 
cardiac events in the early part of this past decade. This 
concern was made most public by the worldwide with-
drawal of the drug rofecoxib (Vioxx) from the market in 
2004 amidst these concerns. However, it is likely that the 
potential benefits of selective COX-2 inhibition during the 
relatively brief period of early brain injury will outweigh 
these thrombogenic risks in the treatment aneurysmal SAH 
and may provide a new venue for the application of this 
class of drug.
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Abstract Background: The role of endogenous neural 
stem cell progenitors in recovery from intracranial hemor-
rhage remains to be elucidated. Proliferation of such stem 
cells in the subventricular zone has been described in 
rodent models of experimental intracranial hemorrhage. 
Administration of a sonic hedgehog agonist at the time of 
hemorrhage was hypothesized to increase the quantity of 
such precursor cells.

Methods: Two groups of pigs were subjected to injection 
of autologous blood into the right frontal lobe. One group 
was also injected at the same site with a sonic hedgehog 
agonist at the time of the hemorrhage to stimulate cell 
growth, and the other was given a vehicle control. The pigs 
received intravenous BrdU for 5 days postoperatively to 
label replicating cells, and then were sacrificed at intervals 
up to 21 days.

Results: Pigs in the hemorrhage only group demonstrated 
increased and more persistent BrdU staining in the subven-
tricular zone relative to pigs in the group that received sonic 
hedgehog agonist. The latter group demonstrated increased 
BrdU activity in non-neural lineage cells in the area of the 
hemorrhage.

Conclusion: Sonic hedgehog agonist did not induce sub-
ventricular zone neural stem cell progenitor division after 
experimental intracranial hemorrhage in a pig model.

Keywords Intracranial hemorrhage · Neurogenesis · Sonic 
hedgehog · Stem cell · Stroke

Introduction

There exists a population of neuronal precursor cells within 
the subventricular zone (SVZ) and dentate gyrus of the adult 
human brain [1] that is induced to proliferate and differenti-
ate by ischemia, trauma or neurodegenerative insult (reviewed 
in [2]). In animal models, migration of these precursor cells 
and spontaneous differentiation into functioning neurons has 
been seen after ischemia [3].

This population of endogenous neural precursors repre-
sents a tantalizing target for exogenous manipulation of cel-
lular fate [4]. The signal transduction molecule and putative 
morphogen sonic hedgehog (SHH) secreted by the floor plate 
and notochord, which is itself regulated by retinoic acid[5], 
FOX (Forkhead box) proteins [6] and cytokines [7, 8], 
induces ventral cell types and suppresses dorsal cell types in 
the neural tube. SHH induces dopaminergic and other neu-
ronal phenotypes in chick mesencephalic explants [9], and 
its retrovirally mediated expression in the chick neural tube 
induces ventral markers in the dorsal brain [10]. SHH func-
tions through a concentration gradient; lower concentrations 
of SHH result in differentiation of precursor cells into motor 
neurons whereas higher concentrations result in floor plate 
cells [11]. SHH works both in conjunction with and indepen-
dently from other molecules including the BMP (bone mor-
phogenetic proteins) and FGF (fibroblast growth factor) 
proteins [12, 13] and is required both early and late for induc-
tion of motor neurons rather than interneurons [11].

Recognition of the role of SHH in neural development has 
led to experimentation with SHH and associated factors as 
potential therapeutic modalities for the treatment of condi-
tions requiring neurogenesis [14–17]. Injection of SHH into 
the rat striatum shows induction of PTCH in the SVZ [18] 
and results in a reduction of behavioral deficits in a rat 
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Parkinsonian model [19]. Similar reductions in motor impair-
ment have been seen in a marmoset MPTP Parkinson model 
[20]. SHH and FGF-8 have been used to manipulate embry-
onic stem cells in vitro, differentiating them into dopaminer-
gic neurons for injection into striatum and partial reversal of 
Parkinsonian symptoms in rats [21]. SHH in combination 
with retinoic acid results in conversion of embryonic stem 
cells into motor neurons capable of receiving synaptic output 
and eliciting trains of action potentials [22].

The non-peptidyl sonic hedgehog agonist HH-Ag [23] 
was used in conjunction with retinoic acid to generate motor 
neurons from stem cells that were capable of generating long 
axons, and establishing motoneuron connections that result 
in in vitro muscle contraction [24]. Transplant of these motor 
neurons into injured spinal cord showed that connecting 
axons did form [24].

The purpose of this work is to evaluate the impact of 
sonic hedgehog agonist administration on neuronal stem  
cell precursor division in a model of porcine intracranial 
hemorrhage.

Materials and Methods

The double-injection of autologous venous blood porcine 
model for intracranial hemorrhage has been described 
previously [25–27]. We took 20–25 kg male pigs and 
administered general endotracheal anesthesia. Under sterile 
conditions a 3 mm twist drill hole was placed 1.7 cm  
in front of the coronal suture and 6 mm right of midline.  
A fogarty catheter was passed through the hole to a depth of 
1 cm and gently inflated with 1 cc of air to create a cavity 
within the right frontal cortex. A ventricular catheter attached 
to an Ommaya reservoir was then inserted into the brain and 
7 mL of blood were injected into the brain with a 2 min pause 
between the first 2 and last 5 mL. The wound was sutured in 
anatomic layers and anesthesia was reversed.

Pigs that received SHH agonist were administered 1 mg 
of agonist in 1 mL of saline immediately prior to hemorrhage 
placement. Sham operated pigs underwent the entire proce-
dure excepting the drilling of a twist hole for the fogarty, 
ommaya and hemorrhage placement.

S
ham

H
em

orrhage
H

em
orrhage

plus S
H

H
 agonist

BrdU Doublecortin BrdU/Doublecortin

Fig. 1 Staining of 7.5 day post-experimental intracranial hemorrhage 
porcine subventricular zone demonstrates that relative to sham animals 
(top row), both hemorrhaged animals (middle row) and hemorrhaged 

animals administered SHH agonist (bottom row) had increased BrdU 
and Doublecortin staining activity
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Animals were perfused with 4% paraformaldehyde 
between posthemorrhage days 7 and 8, and brains were 
resected, cut, sectioned and stained as described previ-
ously [28]. Antibodies used for staining were mouse anti-
NeuN 1:400(Millipore, cat#MAB377), mouse anti-GFAP 
1:400(Sigma, cat#G3893), rat anti-BrdU 1:200(Abcam, 
cat#Ab6326) and rabbit anti-DCX 1:200(Cell signaling, 
cat#4604). Quantitative immunohistochemistry was per-
formed to 100 mm from the ventricle using the Image J 
 counting program software. Data shown represents the aver-
age of two pigs in each of the test groups.

Results

At the 7–8 day time point, pigs in the hemorrhage only group 
demonstrated increased and more persistent BrdU staining in 
the subventricular zone relative to pigs in the group that 
received sonic hedgehog agonist. The latter group demon-
strated increased BrdU activity in non-neural lineage cells in 
the area of the hemorrhage (Figs. 1 and 2).

Doublestaining with BrdU and DCX revealed that relative to 
sham control, hemorrhage did not significantly alter the number 
of stem cells present adjacent to the subventricular zone (Fig. 1). 
However addition of SHH agonist significantly reduced the 
number of doublecortin and BrdU positively stained cells 
(Figs. 1 and 2). Representative staining is shown in Fig. 2.

Discussion

SHH agonists have been shown to be necessary [29, 30] and 
sufficient [31] to induce division of neural stem cell precur-
sors in the subventricular zone of adult animals in conditional 

gene expression models. Our very limited results, consisting 
of just one concentration of SHH agonist, administered at a 
single time point right at hemorrhage placement, and with 
outcomes analyzed at 7.5 days using only the stem cell 
marker doublecortin, preliminarily appear to suggest that at 
least under these circumstances SHH agonist did not result in 
neural stem cell proliferation. While we did see an increase 
in the number of neural stem cells after placement of an 
experimental hemorrhage, which is consistent with previous 
ICH responses in a rodent model [32], SHH agonist admin-
istration did not further increase these stem cell numbers.

Further studies are underway with additional stem and 
mature cell markers, and longer time points to confirm and 
expand these results.
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Abstract Objective: There is mounting evidence suggesting 
that arginine vasopressin via its V1a receptor interaction is 
involved in the regulation of the brain water channel, aquaporin-4 
(AQP4). The role of AQP4 in brain edema resolution has 
been thoroughly investigated in knock-out animal studies, 
which showed that its depletion increases brain water con-
tent in models of vasogenic edema. As a result, we tested the 
hypothesis that the activation of V1a receptor by it selective 
agonist will decrease brain edema in a mouse intracerebral 
hemorrhage (ICH) model.

Materials and Methods: ICH was induced by injection of 
bacterial collagenase into the right basal ganglia in CD1 
male mice (weight 30–35 g). The animals were divided into 
the following groups: sham, ICH + vehicle, and ICH + AVP 
V1a receptor agonist. Brain edema and neurological out-
comes were evaluated at 24 and 72 h post-ICH.

Results: We found that collagenase injection increased 
brain edema and resulted in subsequent neurobehavioral 
deficits at both time points. Treatment with our agonist had 
no effect on the ICH outcomes at both time points.

Conclusions: Our results suggest that the activation of the 
V1a receptor has no beneficial effect on secondary brain 
injury following ICH in mice.

Keywords Arginine vasopressin · Brain edema · ICH · 
Neuroprotection

Introduction

Development of perihematomal brain edema is one of the most 
life-threatening events following an intracerebral hemorrhage 
(ICH). Two types of edema can present after ICH – namely 
vasogenic and cytotoxic edema. Vasogenic edema occurs pre-
dominately as a result of BBB disruption, whereas cytotoxic 
edema refers to the intracellular accumulation of water that is 
released following death. Today, despite promising basic 
science research aimed at reducing and/or eliminating cerebral 
edema, bench work has not been translated into clinical 
improvements. This is partly due to the lack of clear under-
standing behind the pathophysiology of edema evolution.

Arginine vasopressin (AVP) is a cyclic non-peptide that 
regulates water and electrolyte homeostasis in the body [1]. 
Niermann et al. demonstrated that AVP via its G protein-
coupled receptor V1a can modulate the most abundant bidi-
rectional water channel in the brain, called aquaporin-4 
(AQP4) [2]. Aquaporins play an important role in the main-
tenance of tissue water homeostasis. Specifically AQP-4, the 
most abundant water channel in the brain, has been impli-
cated in a number of brain injury-induced cerebral edema 
cases [3–5]. AQP-4 is an integral membrane protein; it is 
located in the blood-brain interface and regulates the flow of 
water in and out of the membrane [6].

In this study, we investigated the role of AVP V
1a

 receptor 
activation and its effects on cerebral edema and neurobehav-
ioral functioning after intracerebral hemorrhage (ICH). We 
hypothesized that treatment with a selective V

1a
 agonist will 

ameliorate the brain water increase and improve neurobe-
havioral deficits in mice after ICH injury.

Materials and Methods

This study was in accordance with the guidelines of the 
National Institute of Health for the treatment of animals and 
was approved by the Institutional Animal Care and Use 
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Committee at Loma Linda University. Male CD1 mice 
(weight 35–45 g, Charles River, MA) were housed in a 12-h 
light/dark cycle at controlled temperature and humidity with 
free access to food and water. Mice were divided into the 
following groups: sham (n = 5), ICH (n = 5), and ICH treated 
with agonist (NC1900 10 ng/kg0; n = 5),

Operative Procedure. The collagenase-induced ICH 
model was adapted as previously described in mice [7]. 
Briefly, mice were anesthetized intrapertioneally with a ket-
amine (100 mg/kg)/xylazine (10 mg/kg) cocktail, and posi-
tioned prone in a stereotaxic head frame (Stoelting, Wood 
Dale, IL). An electronic thermostat-controlled warming 
blanket was used to maintain the core temperature at 37°C. 
The calvarium was exposed by a midline scalp incision from 
the nose to the superior nuchal line, and the skin was retracted 
laterally. With a variable speed drill (Fine Scientific Tools, 
Foster City, CA), a 1.0-mm burr hole was made 0.9 mm pos-
terior to the bregma and 1.45 mm right-lateral to the midline. 
A 26-G needle on a Hamilton syringe was inserted with ste-
reotaxic guidance 4.0 mm into the right deep cortex/basal 
ganglia at a rate of 1 mm/min. Collagenase (0.075 units in 
0.5 mL saline; Sigma, St Louis, MO) was then infused into 
the brain at a rate of 0.25 mL/min over 2 min using an auto-
matic infusion pump (Stoelting, Wood Dale, IL). The needle 
was left in place for an additional 10 min after injection to 
prevent the possible leakage of collagenase solution. After 
removal of the needle, the incision was sutured closed, and 
mice were allowed to recover. Sham operation was per-
formed with needle insertion only.

Treatment Method. The agonist (NC1900) was kindly 
provided by Nippon Chemiphar Co., Ltd., Japan. NC1900 
(10 ng/kg) was dissolved in saline and administrated as a 
single dose subcutaneously 1 h after ICH.

Brain Water Content. Brain water content was measured 
as previously described [7]. Briefly, rats were sacrificed at 24 
and 72 h post ICH, and brains were immediately removed 
and divided into five parts: ipsilateral frontal, contralateral 
frontal, ipsilateral parietal, contralateral parietal, and cere-
bellum. The cerebellum was used as an internal control for 
brain water content. Tissue samples were then weighed on an 
electronic analytical balance (APX-60, Denver Instrument; 
Arvada, CO) to the nearest 0.1 mg to obtain the wet weight 
(WW). The tissue was then dried at 105°C for 48 h to deter-
mine the dry weight (DW). The percent brain water content 
was calculated as [(WW – DW)/WW] × 100.

Assessment of Neurobehavioral Deficits. Neurobehavioral 
deficits were assessed by a blind observer at 24 and 72 h post 
ICH using the Modified Garcia Score [15].The Modified 
Garcia Score is a 21-point sensorimotor assessment system 
consisting of seven tests with scores of 0–3 for each test (maxi-
mum score = 21). These seven tests included: (1) spontaneous 
activity, (2) side stroking, (3) vibris touch, (4) limb symmetry,  
(5) climbing, (6) lateral turning, and (7) forelimb walking.

Additionally, beam balance and wire hang testing were 
performed. Both the beam (590 cm in length by 51 cm in 
width) and wire (550 cm in length by 51 mm in width) were 
constructed and held in place by two platforms on each side. 
Mice were put on the center of the beam or wire and allowed 
to reach the platform. Mice were observed for both their time 
and behavior until they reached one platform and scored 
according to six grades. The test was repeated three times, 
and an average score was taken [minimum score 0; maxi-
mum score (healthy mouse)] [9].

Western Blotting of Aquaporin-4. Animals were perfused 
with 0.1 M PBS at 72 h post-ICH. The peri-hematomal 
region was then isolated and snap-frozen in liquid nitrogen 
for analysis. Individual protein samples (50 mg each) were 
subjected to electrophoresis and then transferred to a nitro-
cellulose membrane for 80 min at 70 V (Bio-Rad). Blotting 
membranes were incubated for 2 h with 5% nonfat milk in 
Tris-buffered saline containing 0.1% Tween 20 and then 
incubated overnight at 4°C with primary antibody (anti-
aquaporin 4) (1:200; Santa Cruz Biotechnology, Santa Cruz, 
CA). The membranes were incubated for 1 h with secondary 
antibodies (1:1,000; Santa Cruz Biotechnology) and pro-
cessed with an enhanced chemiluminescent reagent kit 
(Amersham Bioscience, Arlington Heights, IL) on X-ray 
film (Kodak, Rochester, NY).

Statistical Analysis. Quantitative data were expressed 
as the mean ± SEM. One-way ANOVA and Tukey test 
were used to determine significance in differences between 
the means. Neurological scores were evaluated using the 
Dunn method. A p-value < 0.05 was considered statisti-
cally significant.

Results

AVP V
1a

 receptor activation has no effect on cerebral edema 
after ICH injury. Vehicle groups demonstrated a consis-
tently elevated level of cerebral edema in the ipsilateral 
hemisphere compared to the sham animals (p < 0.05). 
Activation of the AVP V

1a
 receptor using NC1900 was not 

able to reduce the cerebral edema at 24 and 72 h post injury 
(Fig. 1).

AVP V
1a

 receptor activation does not improve neurobe-
havioral deficits. Neurobehavioral deficits were present in all 
animals following collagenase injection. No effects were 
observed with NC1900 treatment. The neurobehavioral defi-
cits were evaluated by the Modified Garcia test (Fig. 2a(1) 
and (2)), and the beam balance and wire hanging test 
(Fig. 2b(1) and (2)).

AVP V
1a

 receptor activation and AQP4 expression. Western 
blot measurement of AQP4 protein expression showed no 
difference between the vehicle and NC1900 (Fig. 3).
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Discussion

The aim of this study was to determine the effects of the AVP 
V

1a
 receptor agonist NC1900 on AQP4 production, and result-

ing effects on brain edema and neurobehavioral deficits. We 

demonstrated that activation of the AVP V
1a

 receptor with 
NC1900 had no effect on AQP4 production, the ICH-induced 
increase in brain water content and neurobehavioral deficits.

AVP’s actions are modulated through one of its three 
receptors. In the brain, the predominant receptor is the V1 
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Fig. 1 All animals after 
collagenase injection have a 
significant increase of brain water 
content. NC1940 has no effect on 
brain edema at 24 h (a) and 72 h 
(b) as well. *Significant 
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(a) 24 h: sham = 5; (vehicle) = 5; 
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receptor, which exists in two subtypes V
1a

 and V
1b

. It has 
been demonstrated that activation of V

1a
 but not other types 

of receptors can activate AQP4 [2, 14]. AQP4 provides bidi-
rectional water flow between the blood and the brain, and has 

been implicated as a key component in water homeostasis in 
normal brain and the cause of brain edema during injury [8]. 
Experiments with knock-out animals demonstrated that 
AQP4 is essential in reducing the duration and onset of 

Fig. 2 Neurobehavioral deficits were present in all animals following collagenase injection. NC1900 had no effect on ICH-induced neurobehav-
ioral deficit at 24 (a) and at 72 h (b). *Significant difference vs. sham (p < 0.05)
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vasogenic edema and that its depletion can cause a signifi-
cant increase in brain water content in models of vasogenic 
edema [5]. Hirt et al. demonstrated that early aquaporin 
induction has a protective effect, and his team was able to 
reduce the edema formation after a middle cerebral artery 
occlusion model [10]. Similarly, Badaut et al. demonstrated 
that induction of AQP4 can preserve the tissue and amelio-
rate edema formation following injury [11]. In order to test 
whether the pharmacological activation of V

1a
 receptor will 

have an effect on brain water content after ICH, we investi-
gated the effect of V

1a
 receptor agonist NC1900.

NC1900 is an AVP analog with a strong affinity for the 
V

1a
 receptor in rodents compared to other known AVP ago-

nist types [12, 16]. In this study, we tested the effects of this 
drug on various delayed time points in which vasogenic 
edema has been suggested to be most present. Since AQP4 
upregulation peaks 72 h after ICH [13], we tested the effect 
of NC1900 on AQP4 production at this time point.

Conclusion

We conclude that AVP V
1a

 receptor activation has no effect on 
AQP 4 production and ICH-induced brain damage in mice.
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Abstract We investigated the effect of the heat shock pro-
tein inducer geldanamycin on the development of secondary 
brain injury after ICH in mice. The effect of the drug at two 
different concentrations was evaluated at two time points: 24 
and 72 h after ICH induction. In the first part of this study, a 
total of 30 male CD-1 mice were randomly divided into four 
groups: one sham group and three ICH groups. ICH animals 
received either an intraperitoneal injection of vehicle or 
geldanamycin (1 or 10 mg/kg). Neurological deficits and 
brain water content were evaluated 24 h after ICH. In the 
second part of this study, the effect of a high concentration of 
geldanamycin was evaluated 72 h after ICH. Neurological 
deficits were evaluated by the Garcia neuroscoring, wire 
hanging and beam balance tests. For estimation of brain 
water content, the “wet/dry weight” method was used. We 
demonstrated that administration of geldanamycin (10 mg/kg) 
ameliorated ICH-induced increase of brain water content 
significantly in both parts of the study. Geldanamycin 
improved the neurological outcome according to perfor-
mance on Garcia and beam balance tests in the 72 h part of 
this study. Geldanamycin-induced induction of heat shock 
protein after ICH has a neuroprotective effect and may be a 
therapeutic target for ICH.

Keywords Geldanamycin · HSP · ICH  Neuroprotection

Introduction

Intracerebral hemorrhage (ICH) is a devastating clinical 
event with greater than 40% initial mortality, leaving many 
of the survivors permanently disabled. Currently, there is 

neither an effective therapy to increase survival after intrac-
erebral hemorrhage nor a treatment to improve the quality of 
life of survivors [1]. There are biphasic effects of intracere-
bral hemorrhage upon brain tissue. Initial injury is in response 
to the expanding hematoma imposing sheer forces and mass 
effect upon the cerebral tissues [2]. Intracerebral bleeding 
leads to increased intracranial pressures and could lead to 
transtentorial herniation secondary to the mass effect [3].  
A later phase involves hematoma-induced neuronal and glial 
apoptotic cell death at the surrounding parenchymal rim [4], 
inflammation and progressive rupture of the blood-brain-
barrier, and rising brain edema [5]. Geldanamycin belongs to 
the family of ansamycin antibiotics. Biochemical and struc-
tural studies have demonstrated that geldanamycin binds 
specifically to the ATP pocket of the constitutively induced 
heat shock protein (HSP) 90 and inhibits its chaperone activ-
ity and its ability to bind to target proteins [6]. HSP 90 affects 
multiple signal transduction pathways [7] and has been 
shown to regulate more than 100 proteins involved in cellular 
signaling [7]. HSP 90 is a negative regulator of heat shock 
factor 1 (HSF 1). The binding between HSP 90 and geldana-
mycin makes HSP 90 unable to associate with HSF 1 [8]. 
The free HSF 1 initiates production of other HSPs, specifi-
cally HSP 70 [9]. A neuroprotective effect of geldanamycin-
induced HSP70 upregulation was demonstrated previously 
[10, 11]. To date, no study has assessed the effects of geldan-
amycin on the outcomes of intracerebral hemorrhage. In the 
present study we aimed to investigate if post-treatment with 
the HSP modulator geldanamycin will result in decreased 
brain edema and improvement in neurological outcomes

Methods

Experimental animals: All procedures and methods for 
these studies were approved by the Animal Care and Use 
Committee at Loma Linda University and complied with 
the Guide for the Care and Use of Laboratory Animals 
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(http://research.llu.edu/forms/appendixb.doc). A total of 30 
male CD-1 mice were divided into four groups: sham, ICH 
treated with vehicle, ICH treated with low-dose geldanamy-
cin (1 mg/kg), and ICH treated with high-dose geldanamy-
cin (10 mg/kg). Geldanamycin was dissolved in 2.5% of 
DMSO and administered intraperitoneally 1 h after ICH 
induction. Animals were tested for neurological function 
and euthanized for brain edema measurements at 24 and 
72 h after ICH. Intracerebral hemorrhage induction: We 
adopted the collagenase-induced intracerebral hemorrhage 
model as previously described in mice [12]. Briefly, mice 
were anesthetized with ketamine (100 mg/kg) and xylazine 
(10 mg/kg, intraperitoneal injection) and positioned prone in 
a stereotaxic head frame (Stoelting, Wood Dale, IL). An elec-
tronic thermostat-controlled warming blanket was used to 
maintain the core temperature at 37°C. The calvarium was 
exposed by a midline scalp incision from the nasion to the 
superior nuchal line, and the skin was retracted laterally. 
With a variable speed drill (Fine Scientific Tools, Foster City, 
CA) a 1.0-mm burr hole was made 0.9 mm posterior to bregma 
and 1.45 mm to the right of the midline. A 26-gauge needle 
on a Hamilton syringe was inserted with stereotaxic guidance 
4.0 mm into the right deep cortex/basal ganglia at a rate 1 mm/
min. The collagenase (0.075 units in 0.5 mL saline, VII-S; 
Sigma, St Louis, MO) in the syringe was infused into the 
brain at a rate of 0.25 mL/min over 2 min with an infusion 
pump (Stoelting, Wood Dale, IL). The needle was left in place 
for an additional 10 min after injection to prevent the possible 
leakage of collagenase solution. After removal of the needle, 
the incision was closed, and the mice were allowed to recover. 
A sham operation was performed with needle insertion only.

Brain water content: The brain water content was mea-
sured as previously described [12]. Briefly, mice were eutha-
nized under deep anesthesia. Brains were removed immediately 
and divided into five parts: ipsilateral and contralateral basal 
ganglia, ipsilateral and contralateral cortex, and cerebellum. 
The cerebellum was used as an internal control for brain water 
content. Tissue samples were weighed on an electronic ana-
lytical balance (model AE 100; Mettler Instrument Co., 
Columbus, OH) to the nearest 0.1 mg to obtain the wet weight. 
The tissue was then dried at 100°C for 24 h to determine the 
dry weight. Brain water content (%) was calculated as [(wet 
weight – dry weight)/wet weight] × 100.

Neurological deficits: Neurological scores were assessed 
by an independent researcher blinded to the procedure 24 
and 72 h after ICH using a modification of scoring (21 points) 
(maximum 3 = healthy animal) [13]. In addition, beam balance 
and wire hang tests were performed.

Statistical analysis: Quantitative data are expressed as the 
mean ± SEM. Statistical significance was verified by analysis 
of variance (ANOVA; Bonferroni test) for analysis of acute 
effect (24 h) and by ANOVA (Tukey test) for analysis of 
delayed effect (72 h). P < 0.05 was considered statistically 
significant.

Results

Geldanamycin reduced brain edema: In the 24-h study, col-
lagenase injection caused a significant rise in brain water 
content in the ipsilateral basal ganglia of all ICH animals 
(p < 0.001, ANOVA, Bonferroni test). The high dose of 
geldanamycin treatment significantly reduced brain edema 
in the ipsilateral basal ganglia when compared with the 
vehicle-treated and low-dose-treated ICH groups (p < 0.001, 
ANOVA, Bonferroni test). Low-dose geldanamycin did not 
reduce brain water content (Fig. 1a). In the 72-h study, we 
observed that injection of collagenase caused an increase of 
brain water content in both basal ganglias and in the ipsilat-
eral cortex. High-dose geldanamycin treatment reduced brain 
water content significantly (p < 0.001, ANOVA, Bonferroni 
test) (Fig. 1b). High-dose geldanamycin reduced neurologi-
cal deficits at 72 h after ICH: Neurological deficits were 
present in all animals after collagenase injection. Neither the 
low dose nor high dose of geldanamycin led to any improve-
ment of neurological function when compared with the  
vehicle-treated intracerebral hemorrhage group at 24 after 
ICH (Fig. 2a). In the 72-h study, high-dose geldanamycin 
treatment significantly reduced neurological deficits that 
were indicated by improvements in the Garcia test (*p < 0.05, 
ANOVA, Dunn’s method) and wire hanging test (*p < 0.05 
ANOVA, Bonferroni t-test) (Fig. 2b). Beam balance test 
results tended to improve after high-dose geldanamycin 
treatment; however, this change did not reach statistical 
significance (p = 0.072).

Discussion

Our study demonstrated that (1) geldanamycin at a dose of 
10 mg/kg significantly reduced brain edema at 24 and 72 h 
after ICH; (2) geldanamycin at a dose of 10 mg/kg signifi-
cantly improved neurological function at 72 h after ICH; (3) 
geldanamycin at a dose of 1 mg/kg did not produce a signifi-
cant effect on ICH-induced brain edema and neurological 
deficits.

The neuroprotective effect of geldanamycin has been 
demonstrated in several in vitro and in vivo models of neu-
ronal injury. It has been shown that administration of 
geldanamycin after middle cerebral artery occlusion in rats 
reduced infarct volume and brain swelling, and significantly 
improved the neurological function [10, 11]. In an animal 
model of hemorrhage, intraperitoneal administration of 
geldanamycin 16 h before hemorrhage preserved energy 
loss by amelioration of hemorrhage-induced ATP break-
down [14]. Moreover, geldanamycin pre-treatment affects 
caspase-3 activity in the brain in an animal model of hemor-
rhage [15]. The mechanism of geldanamycin-induced 
 neuroprotection appears to be due to its ability to affect HSP 
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Fig. 1 (a) The 24-h study: Brain 
edema detected in ipsilateral 
basal ganglia was significantly 
higher among ICH groups when 
compared with sham-operated 
animals (#p < 0.001 vs. sham, 
ANOVA). Gelda namycin  
(10 mg/kg) reduced the brain 
water content of ipsilaterally 
basal ganglia significantly 
(*p < 0.001 vs. vehicle, ANOVA). 
A low concentration of drug 
remains ineffective. (b) The 72-h 
study: Brain edema spread into 
other brain compartment of 
vehicle-treated mice compared 
with sham-operated animals 
(#p < 0.001 vs. sham, ANOVA). 
Geldanamycin (10 mg/kg) 
reduced brain water content 
significantly (*p < 0.001 vs. 
vehicle, ANOVA)
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Fig 2 Neurological function tests. In the 24-h study (a), significant 
neurological deficits were observed in all animals receiving collage-
nase (*p < 0.05, vs. sham). However, no differences were observed 
between vehicle- and geldanamycin-treated groups. The data of wire 
hanging and beam balance tests are represented as the average of three 

trials per animal. (b) In the 72-h study, a high concentration of geldana-
mycin leads to significant improvement of the neurological deficit 
according to performance on Garcia and wire hanging tests. Tendency 
to improvement in the beam balance test remains insignificant (NS 
p = 0.072)
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70 [9]. HSP 70 is an inducible form of heat shock protein. It 
is the major inducible stress protein and has long been 
thought to contribute to cell survival following potentially 
lethal stresses. The neuroprotective effect of HSP 70 upreg-
ulation has been described in several models of brain injury 
[16]. Transgenic animals overexpressing HSP 70 have fewer 
apoptotic cells compared with wild-type animals after per-
manent focal ischemia [17]. Similar results were demon-
strated by Matsumori et al. by studying the activation of 
mitochondrial apoptotic pathways in mice overexpressing 
HSP 70 in a model of neonatal hypoxia-ischemia. They 
showed that high constitutive expression of HSP 70 protects 
the brain from hypoxia-ischemia in the neonatal period and 
affects the apoptotic pathways [18].

This study provides the first evidence that geldanamycin 
treatment protects the brain against intracerebral hemor-
rhage. Geldanamycin decreases brain water content in acute 
(24 h after ICH induction) and delayed (72 h after ICH induc-
tion) phases. Moreover, the administration of geldanamycin 
improved the neurological deficit in the delayed phase.
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Abstract Introduction: The only causal therapy in ischemic 
stroke is thrombolysis with recombinant tissue plasminogen 
activator (rtPA), but it is feasible only for few patients, and 
new therapies are needed. This study investigates the effects 
of systemic thrombolysis with rtPA combined with hyper-
baric oxygen therapy (HBOT) in embolic stroke in rats.

Methods: In 22 male Wistar rats, an embolic ischemic 
stroke was induced. The animals were randomized to one of 
four groups: control, thrombolysis alone, HBOT sequential 
or HBOT parallel with thrombolysis. HBOT (2.4 ATA, 1 h) 
started 45 min (sequential) or 120 min (parallel) after stroke. 
rtPA was given intravenously 120 min after stroke onset. 
Functional tests were performed after stroke induction and 
after treatment. After 6 h infarct volume and intracerebral 
hemorrhagic complications were assessed.

Results: Compared to the control group only the combi-
nation of HBOT and thrombolysis significantly improved 
the functional outcome (p = 0.03) and reduced the infarct 
volume (p = 0.01), whereas thrombolysis alone did not show 
a significant benefit. In all treatment groups there was a 
trend towards fewer hemorrhagic transformations.

Conclusion: Hyperbaric oxygen in combination with 
thrombolysis shows neuroprotection in acute ischemic 
stroke in rats by reducing infarct volume and improving 
functional outcome in the early poststroke period.

Keywords Embolic stroke · Rat · Hyperbaric oxygen therapy · 
Thrombolysis

Introduction

In ischemic stroke an arterial vessel occlusion leads to an 
acute regional lack of cerebral perfusion. Depending on the 
remaining perfusion, at first the functional metabolism of the 
affected cells ceases, and secondly they loose their ability to 
maintain structure, resulting in cell death. The so-called 
“penumbra” describes ischemic tissue with extinct functional 
but preserved structural metabolism. So the penumbra is the 
target of all acute therapeutic efforts and can recover com-
pletely if the perfusion is restored in time [4]. The only causal 
therapy for acute ischemic stroke is thrombolysis with 
recombinant tissue plasminogen activator (rtPA), but its use 
remains very low in stroke patients because of numerous 
contraindications and a narrow time window [18]. The most 
feared side effect of thrombolytic therapy is secondary hem-
orrhagic transformation of the ischemic brain tissue [25]. 
The risk of hemorrhagic transformation rises with increasing 
infarction size and time window [12]. The expansion of the 
therapeutic window for thrombolysis and reduction of its 
risks by an adjuvant therapy would represent great progress 
in stroke therapy.

The most important therapeutic goal following cerebral 
ischemia is to restore, or at least improve, the oxygenation 
of ischemic brain tissue [11]. Hyperbaric oxygen therapy 
(HBOT) can increase the partial oxygen pressure in blood 
several fold. Because of the high pressure gradient, oxygen 
can diffuse passively deeper into the ischemic tissue, so the 
cells are able to maintain their cellular integrity longer. By 
optimizing the oxygen supply also the ischemic damage to 
the endothelium of the vessels should be decreased and 
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therefore the risk of hemorrhagic transformation [19, 24]. In 
several models of experimental focal cerebral ischemia, 
HBOT has proved to be beneficial when used early after 
onset of the ischemia [7, 9, 21, 23]. Clinical pilot studies [1, 
16, 20], however, have failed to show a benefit from HBOT, 
potentially because of the long time window between symp-
tom onset and initiation of therapy, and prohibition of throm-
bolytic therapy [30]. In this study we combined HBOT and 
thrombolytic therapy in an embolic stroke model in rats to 
analyze the effects of the combination therapy on infarction 
size, functional outcome and incidence of secondary hemor-
rhagic transformations in the early post-stroke period.

Materials and Methods

Experimental Protocol

In 22 male Wistar rats (Charles River, Sulzfeld, Germany) 
weighing 325 ± 30 g an embolic stroke was induced. 
Afterwards the animals were randomized to one of four 
groups: control (room air, placebo, n = 6), thrombolysis 
(room air, rtPA, n = 5), HBOT sequential (HBOT, rtPA, n = 5) 
and HBOT parallel (HBOT, rtPA, n = 6). In the sequential 
setting, HBOT started 45 min and thrombolysis (rtPA) 
120 min post stroke. In the parallel treatment group, gas and 
rtPA were administered 120 min after stroke. The experi-
mental protocol involving animals was approved by the local 
authorities (Regierungspräsidium Leipzig, TVV-no. 35/03).

Embolus Preparation and Embolic Middle 
Cerebral Artery Occlusion (eMCAO)

Arterial blood (200 ml) was withdrawn from the rat 24 h prior 
to surgery and allowed to clot in PE-50 tubing at room tem-
perature for 2 h. Then the clot was extruded into a Petri dish 
filled with calcium chloride and stored at 4°C for 22 h. 
As embolus a single clot of 20 mm was collected into PE-10 
tubing. Anesthesia was performed with isoflurane in 70% 
N

2
O/30% O

2
. Body temperature was adjusted to 37.0 ± 0.5°C. 

Embolic MCAO was induced using the protocol described by 
Zhang [28]. Briefly, the right common carotid (CCA), inter-
nal carotid (ICA) and external carotid (ECA) arteries were 
exposed and the ECA ligated. PE-10 tubing was inserted into 
the ECA proximal to its ligation and forwarded gently into the 
ICA to reach the origin of the middle cerebral artery. There 
the clot was injected with a volume of 40 ml of saline. After 
10 min the catheter was removed and the incision closed.

Thrombolysis and Hyperbaric Oxygenation

For thrombolysis rtPA 0.9 mg/100 g body weight was used, 
with saline as placebo. rtPA or placebo was given intrave-
nously (volume 1 ml) 120 min after the embolic stroke over 
30 min. HBOT was performed 45 or 120 min after MCAO 
depending on the experimental group. The animals were 
pressurized within 10 min to 2.4 ATA of 100% O

2
, main-

tained for 60 min, and thereafter decompressed within 
10 min. Controls were also transferred into the chamber, but 
breathed room air at 1.0 ATA.

Functional Testing

After the embolic stroke, as soon as the animals recovered 
from anesthesia, and after complete treatment, functional 
testing after Menzies [13] was performed (scoring: no appar-
ent deficits = 0; contralateral forelimb flexion = 1; decreased 
grip of the contralateral forelimb while tail pulled = 2; spon-
taneous movement in all directions; contralateral circling 
only if pulled by tail = 3; spontaneous contralateral cir-
cling = 4; death = 5).

Analysis of Infarct Volume and Hemorrhagic 
Transformation

Six hours after the embolic stroke animals were sacrificed. 
Brains were cut into five 2-mm coronal slices, stained with 
triphenyltetrazolium chloride (TTC) and fixed in 4% phos-
phate-buffered paraformaldehyde. Infarct volumes were deter-
mined using Scion Image (Scion Corporation, Walkersville, 
MD). For statistics, infarct volumes were expressed as per-
centage of the right hemisphere. Hemorrhagic transformation 
was analyzed macroscopically using the TTC-stained brain 
slices without quantitative assessment.

Statistical Analysis

Data are expressed as mean ± standard deviation. Differences 
between experimental groups were statistically evaluated 
with the T-test or by analysis of variance (ANOVA), as 
appropriate. The incidence of hemorrhagic transformations 
was analyzed using Fisher’s exact test. Statistical signifi-
cance was set at alpha = 0.05.
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Results

Functional Testing

Directly after the embolic stroke and after complete treatment 
(i.e., after 3 h), functional testing of the animals was performed 
(after 13). As shown in Fig. 1 after the operation, all animals 
presented a severe neurological deficit (score 3.9 ± 0.4) with-
out any differences between the groups. The control animals 
showed no neurological recovery during the experiment; rather 
there was a trend to deterioration when evaluated after 3 h. The 
animals treated with rtPA alone showed a trend to clinical 
recovery compared to the control group (T-test, p = 0.082). 
Only the combination of HBOT, sequential or parallel, with 
the thrombolytic therapy, led to a significant improvement of 
the neurological deficit after 3 h (T-test, HBOT sequential 
p = 0.031; HBOT parallel p = 0.030).

Infarction Size

As shown in Fig. 2, 6 h after embolic stroke we found infarc-
tions of about 50% of the hemisphere in control animals 
(51.2 ± 14.0%). With thrombolytic therapy, after 2 h we did 

not observe a significant decrease in infarction size 
(43.4 ± 16.1%, T-test p = 0.415). The combination therapy of 
thrombolysis and HBOT by contrast led to a significant 
decrease in infarction size. In the parallel treatment group 
(HBOT and thrombolysis after 120 min), we observed the 
largest reduction of the infarcted area (18.9 ± 20.0% control 
versus HBOT, T-test p = 0.010). Similar results were obtained 
with the sequential treatment concept (HBOT after 45 min, 
thrombolysis after 120 min). This combination therapy could 
significantly reduce the infarcted area to 21.8 ± 15.6% com-
pared to the control group (T-test p = 0.011).

Hemorrhagic Transformation

In addition to the infarction size, we analyzed the percentage 
of hemorrhagic transformations of the infarcted tissue. We 
observed a difference in the rate of hemorrhagic transforma-
tions depending on the treatment strategy (Table 1). In the 
control group, 50% of the animals showed a hemorrhagic 
transformation of ischemic tissue; all treatment groups 
showed a lower rate of hemorrhagic complications: 20% in 
the rtPA treated animals (n = 5) and 9% in the groups with the 
combination of thrombolysis and HBOT (n = 11; sequential 
setting 0%, n = 5; parallel setting 17%, n = 6). These results 

0

1

2

3

4

5

After clot injection After treatment

F
u

n
ct

io
n

al
 s

co
re

 (
M

en
zi

es
 s

co
re

)

Control

Thrombolysis

HBOT seq.

HBOT par.
p < 0.05

p < 0.05

Fig. 1 Effects of HBOT/room air in combination with thrombolysis on 
the functional outcome using the Menzies score. Left column: After 
induction of the embolic stroke the animals showed a severe  neurological 
deficit without any significant difference between the groups. Right 
column: After treatment the control animals experienced no clinical 

recovery. By thrombolysis alone no statistically significant neurologi-
cal improvement could be achieved, but both groups treated with HBOT 
and thrombolysis showed a significantly better functional outcome in 
comparison to the control group
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did not reach statistical significance, but showed a clear trend 
toward the treatment groups (control versus all animals 
treated with rtPA and HBOT, Fisher’s exact test p = 0.099).

Discussion

The only approved clinical therapy for ischemic stroke is 
thrombolysis with rtPA within 4.5 h after symptom onset [8]. 
But this therapy has a narrow time window and holds severe 
risks, most notably of secondary hemorrhagic transforma-
tion of the infarcted brain tissue, and is only an option for a 
few stroke patients. So there is great need for new adjuvant 

therapies. Up to now, no neuroprotective agent could show a 
benefit in clinical use.

It has already been shown in animal models that HBOT 
applied within the first hours is highly effective in reducing 
infarction size and functional deficits and optimizing meta-
bolic parameters in ischemic stroke [19, 21, 23, 24, 26, 27]. 
Mostly the filament model of occlusion and reperfusion was 
used and reperfusion induced mechanically. But reperfusion 
in human stroke is much more likely a dynamic process with 
fibrin deposition and fibrinolysis and different degrees of 
reperfusion [6]. To more closely resemble the clinical situa-
tion, the present study used a rat model of embolic middle 
cerebral artery occlusion [28]. As has been shown before, 
HBOT is also effective using this stroke model [9], and it 
was demonstrated that after clot injection, there is no differ-
ence in infarct volume between the experimental groups. 
Therefore, in this study we forwent a determination of infarct 
volume before treatment.

In this study we could demonstrate a reduction of infarc-
tion size of more than 50% by the combination of throm-
bolytic and hyperbaric oxygen therapy compared to control 
conditions. Thrombolytic therapy alone after 2 h, relatively 
late in rats [22], however, reduced the ischemic damage only 
slightly. Thus, HBOT seems to be an effective adjuvant treat-
ment strategy to deliver oxygen to the ischemic tissue until 
reperfusion is achieved. Interestingly, we could not observe 
any difference between the sequential und parallel use of 
HBOT. Theoretically, a better effect of the sequential therapy 
would be expected because of the earlier supply of the isch-
emic area with oxygen. However, we have to consider that 
rtPA does not lead to an immediate (complete) reperfusion [3]. 
Thus, in the sequential therapy there was some time window 
between finishing of HBOT and effective recanalization. 
This could explain our observation that sequential therapy is 
not superior to the parallel treatment strategy. Otherwise, 
HBOT could reduce the reperfusion damage during parallel 
treatment via stabilization of the blood-brain barrier [24]. 
This result is pleasing, as only the parallel treatment seems to 
make sense under clinical conditions.

Due to the short survival time of the animals, functional 
assessment was very limited. Parallel to the results assessing 
the infarction size, only the combination of HBOT and 
thrombolysis led to a significant neurological improvement. 
Further experiments with longer survival times are needed to 
obtain information about the final functional outcome.

An important aspect of the present study is the incidence 
of hemorrhagic transformations of the infarcted brain tissue. 
In comparison to the data available in human and experi-
mental embolic stroke [2, 29], we observed a high incidence 
of hemorrhagic transformations in control animals (50%). 
This finding could be explained by the use of the throm-
boembolic model itself, because we have to face a rate of 
spontaneous, but late reperfusion in our model [9]. Fagan [5] 
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Fig. 2 Effects of HBOT/room air in combination with thrombolysis on 
the infarction size using TTC-stained brain slices, assessed 6 h after 
stroke. The control group (n = 6) featured a mean infarction size of 
51.2 ± 14.0% of the hemisphere (column 1). Treatment with rtPA alone 
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and HBOT reduced the infarction size significantly compared with the 
control group, using the sequential (column 3; n = 5; 21.8 ± 15.6% of the 
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has shown that late reperfusion is a risk factor for hemor-
rhagic transformations in stroke. The higher rate of late rep-
erfusion in comparison to other embolic stroke studies with 
a lower rate of hemorrhagic transformations [29] might be 
explained by different preparation of the clot material [15]. 
Additionally, the huge infarction volume is a risk factor of 
secondary hemorrhagic transformation [10]. In contrast to 
the human data with an increased risk of hemorrhagic com-
plications using rtPA in acute stroke [17], in our study all 
treatment groups showed a lower rate of hemorrhagic com-
plications compared to the control group. Most likely due to 
the small experimental groups, these results did not reach 
statistical significance, but showed a protective trend toward 
the treatment groups without any difference between the ani-
mals treated with thrombolysis alone or in combination with 
HBOT. Interestingly, we did not observe any secondary 
intracerebral hemorrhages in the sequentially treated group. 
Qin [19] described an attenuation of hemorrhagic complica-
tions in transient focal cerebral ischemia using HBOT. A 
possible explanation could be the better preserved endothe-
lium of the vessels affected by ischemia using early HBOT. 
During the following reperfusion there could be less 
“leaking”of the vessels and therefore less hemorrhagic trans-
formation. Veltkamp [24] also described a better preserved 
blood-brain barrier as well as a reduced degradation of the 
basal lamina under hyperbaric oxygenation. Although the 
methods used in our study are not adequate to reveal under-
lying mechanisms of HBOT, our data support the hypothesis 
that the neuroprotective effect of HBOT is mediated through 
improved oxygen supply to the ischemic periphery [23] and 
increased blood-brain barrier integrity [14, 24]. As we 
reported previously, HBOT is able to modify the inflamma-
tory response in the ischemic penumbra in a model of per-
manent cerebral ischemia [7] by upregulating astrocytes and 
reducing activated microglia. Further experiments should 
investigate the effect of the combination therapy on the 
microglial and astrocytic reaction using the thromboembolic 
stroke model.
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Abstract Inflammation contributes to secondary injury and 
neuronal loss after intracerebral hemorrhage, but the role of 
individual immune populations in these processes is unclear. 
In a mouse model, the injection of autologous blood into the 
striatum was associated with an intense inflammatory cell 
infiltrate composed of neutrophils, monocytes, and dendritic 
cells. Selective depletion of neutrophils resulted in decreased 
infiltration of monocytes and improved functional outcomes 
at day 3 post-hemorrhage. These findings indicate that neu-
trophil infiltration into the site of hemorrhage contributes to 
brain injury either by direct cellular damage or the recruit-
ment of monocytes.

Keywords Intracerebral hemorrhage · Inflammation · 
Neutrophils · Monocytes

Introduction

Intracerebral hemorrhage (ICH) is a devastating stroke sub-
type without specific treatment. Activation of the innate 
immune system after ICH leads to perihematomal inflamma-
tion and neuronal loss over the first 3 days [1]. As neurons 
have limited regeneration, neuronal loss likely contributes to 
poor functional outcome. More detailed understanding of the 
triggers of the inflammatory response and the particular 
effector immune cells involved may lead to development of 
therapies that can mitigate the secondary injury response 
after ICH and improve outcome.

At the site of the hemorrhage, there is an intense inflam-
matory response evident by activation of resident microglia 
and an acute influx of neutrophils that accumulate at the edge 
of the hematoma [1–5]. Similarly, neutrophils are also 
observed in models of acute cerebral ischemia and have been 
associated with poor outcome. For example, inhibition of 
neutrophil elastase reduced infarct volume and blood-brain 
barrier permeability in transient middle cerebral artery occlu-
sion [6]. The protective role of cannabinoid 2 receptors after 
ischemia has been shown to be mediated solely through 
inhibited neutrophil recruitment [7]. In addition, depletion of 
neutrophils with vinblastine reduced hemorrhagic transfor-
mation of ischemic brain after tPA administration [8]. Thus, 
there is accumulating evidence of deleterious effects of infil-
trating neutrophils in the sterile brain injury models of cere-
bral ischemia and hemorrhage.

Although previous studies have documented the presence 
of perihematomal neutrophils after ICH, the specific role of 
neutrophils in the pathogenesis of secondary injury has not 
been investigated. This study used immunohistochemistry 
and flow cytometry to quantify the degree of neutrophil, 
monocyte, and dendritic cell infiltration after experimental 
hemorrhage. Moreover, as neutrophils may serve a patho-
genic role in this sterile injury model, the effects of neutro-
phil depletion on the composition of the inflammatory 
infiltrate and on functional outcome in the first 3 days after 
ICH were determined.
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Methods and Materials

Mice: C3H/HeOuJ mice were obtained from Jackson 
Laboratories (Bar Harbor, ME). Male mice aged 14–18 weeks 
and weighing 28–35 g were used for all experiments. All pro-
cedures were carried out with the approval of the Institutional 
Animal Use and Care Committee of the University of 
Pennsylvania.

Intracerebral hemorrhage surgery: Mice were anesthe-
tized with inhaled 70% N

2
O, 30% O

2
, and 1–5% Isoflurane, 

and given buprenorphine 0.1 mg/kg subcutaneously for anal-
gesia. Autologous blood from the ventral tail artery was 
injected at 0.5 ml/min for a total of 15 ml by microinfusion 
pump (World Precision Instruments, Sarasota, FL) with a 
5-min pause midway through the infusion, at coordinates 
2.5 mm right of the bregma, angled 5° medial and 3 mm 
deep. The needle was left in place for 30 additional minutes 
to allow blood clotting and then withdrawn at 1 mm/min. 
Incisions were closed using Vetbond (3 M, St. Paul, MN). 
Body core temperature was maintained at 37 ±  0.5°C by 
 rectal thermometer using a thermistor-controlled heating pad 
throughout the procedure. Sham surgeries were also per-
formed that included all procedures (including needle inser-
tion) except blood injection.

Immediately after sacrifice, the brain was inspected for 
ICH success based on gross inspection of a coronal section at 
the needle insertion site, blinded to mouse treatment. 
Hemorrhages that tracked down to the base of the brain, up 
the needle track past the corpus callosum, or into the ventri-
cles were deemed unsuccessful and that mouse was elimi-
nated from all analyses. Three mice were eliminated after 
ICH resulting in a success rate 81%.

Neutrophil depletion: Mice were injected intraperitone-
ally with rat anti-mouse Ly6G monoclonal antibody (clone 
1A8, BD Biosciences, San Jose, CA), 5 mg/kg, n = 6, to 
deplete circulating neutrophils or control rat IgG (5 mg/kg, 
n = 6) 12 h prior to ICH surgery and then every 36–48 h until 
sacrifice on post-ICH day 3.

Quantification of neurobehavioral deficit: Cylinder testing 
was performed postoperatively each morning, blinding to 
treatment, and videotaped for review of the scoring. Each 
mouse was placed in a 12-cm-diameter clear glass cylinder 
and observed for 20 rears. The initial placement of the fore-
limbs on the wall of the cylinder was scored per rear. Subsequent 
movements (such as lateral exploration) were not scored until 
the mouse returned to the ground; the next rear was then 
scored. The laterality index was calculated as (number of right 
forelimb placements on the side of the cylinder – number of 
left forelimb placements)/(number of right + number of 
left + number of both), where 0 indicates no forelimb prefer-
ence, and 1 indicates only the right forelimb was used.

Immunohistochemistry: Mice were euthanized at 72 ± 2 h 
after ICH; their brains were removed and immediately frozen 

in Tissue-tek O.C.T. (Andwin Scientific, Addison, IL), and 
stored at −80°C until analysis. Then 6-mm sections were 
fixed with 75% acetone/25% ethanol and blocked with 2% 
normal goat serum. Slides were incubated with rat anti-
mouse Ly6G (5 mg/ml) or rat anti-mouse CD11b (2.5 mg/
ml) (eBioscience, San Diego, CA) followed by secondary 
antibody [Cy3 Affinipure goat anti-rat IgG (Jackson 
Immunoresearch, West Grove, PA)] at 1:500. DAPI was used 
at 0.5 mg/ml (Roche Diagnostics, Mannheim, Germany).

Images were acquired using a Nikon E600 fluorescence 
microscope equipped with a CoolSNAP CCD camera 
(Photometrics, Tucson, AZ) and processed with NIS 
Elements software (Nikon, Melville, NY). Neutrophil infil-
tration was quantified by summing the number of perihema-
tomal neutrophils in five perihematomal 40× fields per mouse 
to yield the neutrophil count for each mouse. CD11b-positive 
cells were quantified by summing the number of positive 
cells in five 20× fields.

Tissue preparation for flow cytometry: Immediately fol-
lowing sacrifice, 1 ml of venous blood was withdrawn and 
mixed with heparin 200 U/ml. Mice were then perfused with 
50 mL of ice cold PBS, and the brains and spleens removed. 
The two cerebral hemispheres were divided along the inter-
hemispheric fissure so that the ipsilateral and contralateral 
hemispheres could be analyzed separately. Each hemisphere 
was placed in 4 ml of complete RPMI 1640 (Life 
Technologies, Gaithersburg, MD) medium supplemented 
with 10% fetal calf serum, 1% sodium pyruvate, 1% non-
essential amino acids, 0.1% b-mercaptoethanol, 100 U peni-
cillin/mL, and 100 mg/ml streptomycin (all Gibco, Invitrogen 
Incorporation, Grand Island, NY). Tissues were mechani-
cally dissociated and incubated with 100 ml of collagenase/
dispase (10 mg/ml, Roche Diagnostics, Indianapolis, IN) and 
300 ml DNase (10 mg/ml, Sigma) for 45 min at 37°C. The 
suspension was then passed through a 70-mm cell strainer, 
pelleted at 2,000 × g for 10 min, and resuspended in 60% iso-
tonic Percoll (GE Healthcare, Pittsburgh, PA) solution, over-
laid with 30%, and centrifuged at 1,000 × g for 25 min. Brain 
mononuclear cells were harvested at the 60% and 30% inter-
phase layer.

Peripheral blood leukocytes were overlaid on 4 ml 
Lympholyte-M and centrifuged at 800 ×g for 20 min. 
Leukocytes at the interface were harvested and washed with 
complete RPMI.

Flow cytometry: Cells were washed in PBS and then 
blocked with 50 ml Fc block [10% CD16/CD32 10 mg/ml, 
BD Biosciences, 0.5% normal rat IgG in FACS buffer  
(1× PBS, 0.2% BSA, and 2 mM EDTA)] for 15 min prior to 
staining with CD45-APC, CD11b-PerCp Cy5.5, Ly6G-
Pacific Blue, CD11c-PECy7, CD3-FITC, CD19-FITC, 
NK1.1-FITC, and Gr-1-PE (eBioscience) for 15 min. Data 
were acquired on a BD Canto II using FACsDIVA 6.0 
 software (BD Biosciences). Analysis was performed using 
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FlowJo software (Treestar Inc., Ashland, OR). Microglia 
were identified as CD45intCD11b+Gr-1− cells. Neutrophils 
were identified as CD45hiCD3−CD19−NK1.1−CD11b+Ly6G+

F4/80− cells. Monocytes were identified as CD45hiCD3−CD1
9−NK1.1−CD11b+Ly6G−CD11c−F4/80int cells. Dendritic cells 
were identified as CD45hiCD3−CD19−NK1.1−CD11b+Ly6G−

CD11c+ cells.
Statistical analysis: Cell counts by immunohistochemis-

try and flow cytometry were tested for normality, and differ-
ences between treatment groups were compared by two-sided 
t-test or Wilcoxon rank sum, as appropriate. Cells counts in 
peripheral blood were compared by t-test. The ratios of ipsi-
lateral/contralateral neutrophils, monocytes, and dendritic 
cells in the brain were calculated to account for differences 
in the success of perfusion in each mouse and compared  
by t-test. Cylinder test results on each day were compared  
by ANOVA followed by t-tests for each pair of cohorts since 
the comparisons were pre-specified and distribution was  
normal. Analysis was performed with Stata IC/10 (College 
Station, TX).

Results

Localized Inflammatory Response  
After Experimental ICH

In order to better understand how inflammation contributes 
to the pathogenesis of ICH, a murine model of autologous 
blood injection was used. In these studies, mice were infused 
with 15 ml of blood into the right striatum or a sham injec-
tion, and at 3 days post injection brain tissue was removed 
and used for immunohistochemistry and flow cytometry. 
Neutrophils were identified immunohistochemically by char-
acteristic bright Ly6G staining and multi-lobed nuclei. Rare 
neutrophils were found in the needle track after sham sur-
gery (Fig. 1a). In contrast, after ICH, neutrophils were read-
ily identified at the rim of the lesion but did not extend more 
than 50 mm from the edge of the hematoma (Fig. 1b). The 
median number of neutrophils in five 40× perihematomal 
fields was 21.5 neutrophils (IQR 16–22) after ICH and two 
[2, 9, 10] after sham surgery, p = 0.006.

Also present in both cohorts were CD11b + cells of differ-
ent morphologies. After sham surgery most CD11b + cells 
had small cell bodies with multiple processes, resembling 
resting microglia (Fig. 1c). At the hematoma there were also 
large CD11b + cells, with at least 1 diameter greater than 
10 mm, and vacuolated cytoplasm, which were present within 
the hemorrhage and extended 50–100 mm from the edge of 
the hematoma, and smaller cells with processes and without 
vacuolated cytoplasm (Fig. 1d). Quantification of the popu-
lations of CD11b + cells revealed that the ICH resulted in 

approximately a 60% increase in the numbers, with a mean 
of 255.6 ± 77.3 cells in five 20× fields after ICH and 
161.7 ± 22.5 cells after sham, p > 0.05.

Consistent with the immunohistochemistry, flow cyto-
metric analysis of the mononuclear cell preparations revealed 
that the inflammatory infiltrate consisted of neutrophils, 
monocytes, dendritic cells, and microglia (gating shown in 
Fig. 1e). The ratios of cells in the ipsilateral/contralateral 
hemispheres are shown in Fig. 1f. In the ipsilateral hemi-
sphere, there was a 9-fold increase in neutrophils, a 29-fold 
increase in monocytes, a 24-fold increase in dendritic cells, 
and a 3-fold increase in microglia after ICH. These results 
confirm an intense, localized inflammation associated with 
experimental ICH.

Neutrophil Depletion Reduced Monocyte 
Infiltration into Perihematomal Brain

The presence of perihematomal neutrophils after ICH and 
their association with poor outcome in other models of  
sterile brain injury led to experiments to assess the contribu-
tion of these cells to the development of inflammation. 
Therefore, prior to ICH surgery, mice were treated with a 
neutrophil-specific (anti-Ly6G) antibody that spared other 
myeloid cell lines [10], but led to the depletion of 96.5% of 
blood neutrophils (data not shown). In these experiments, 
neutrophil depletion did not alter the twofold increase in 
ipsilateral microglia observed after ICH. However, this treat-
ment did result in a significant reduction in the number of 
monocytes that infiltrated into perihematomal brain (neutro-
phil-depleted mean ratio 2.8 ± 1.7 vs. control 10.2 ± 6.6, 
p < 0.05). There was also a trend toward fewer dendritic cells 
in the neutrophil-depleted mice, although this did not reach 
significance. The ratios of cell counts by treatment are shown 
in Fig. 2a. These results indicate an important role for neu-
trophils in recruiting monocytes to the injured brain.

Neutrophil Depletion Improved  
Functional Outcome

To assess the importance of the modified inflammatory 
response on injury and recovery, the laterality index on the 
cylinder test was compared among neutrophil-depleted, con-
trol IgG-treated, and untreated mice. There was no differ-
ence in the laterality indices among untreated (n = 5), control 
IgG-treated (n = 5), and neutrophil-depleted mice (n = 6) on 
post-ICH day 1 (Fig. 2b). However, the neutrophil-depleted 
mice significantly improved each day (post-ICH day 2: 
p = 0.03, post-ICH day 3: p = 0.002, laterality indices  
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compared by ANOVA). On post-ICH day 3 they had no 
 measurable forelimb preference (laterality index mean 
−0.14 ± 0.23), whereas the other two groups remained with 
significant left-sided weakness (untreated laterality index 
0.32 ± 0.17; control IgG-treated 0.52 ± 0.31). There was no 
difference in the laterality indices between untreated and 
IgG-treated mice at any time point. Thus, neutrophil deple-
tion resulted in improved functional recovery after ICH, 
indicating that neutrophils are a mediator of secondary injury 
and a potential target for therapeutic intervention.

Discussion

A substantial neutrophil infiltration was identified in the 
perihematomal brain on day 3 after ICH by immunohis-
tochemistry and flow cytometry. Thus, we hypothesized 
that neutrophil infiltration into brain after sterile injury 

contributes to secondary brain injury. Neutrophil depletion 
prior to ICH with a selective (anti-Ly6G) antibody led to 
significantly fewer neutrophils and monocytes infiltrating 
into the perihematomal region and improved functional out-
come. The basis for this protection is unclear, but possible 
mechanisms include decreased direct brain injury by neu-
trophil degranulation and decreased monocyte recruitment. 
The timing of granule release from neutrophils is coordi-
nated with the stage of migration into tissues, with primary 
and secondary granules being released after successful 
extravasation into tissue [11]. Contents of these granules 
include collagenase, elastase, and myeloperoxidase, among 
others, which may cause direct injury to neurons and astro-
cytes and contribute to the poor outcomes seen after ICH. 
Neutrophil-derived serine proteases also regulate the 
immune response via cytokine activation and release, 
including IL-8 [12], IL-6 [13], TNF-a, and IL-1b [9, 14], 
which may contribute to additional injury [15–18]

Neutrophils have a key role in the recruitment of mono-
cytes to infected or injured tissue. When neutrophils adhere 
to the endothelial surface, the contents of secretory granules 
are released, including cationic antimicrobial protein of 37 kd 
(CAP37)/azurocidin and proteinase 3, leading to endothelial 
cell activation, increased cellular adhesion molecule expres-
sion, and increased monocyte adhesion [19–21]. Neutrophils 
also contribute to monocyte chemotaxis by releasing LL-37 
[22] and cathepsin G [23], and enhancing endothelial cell 
release of monocyte chemoattractant protein-1 [24]. Thus, 
our observation that neutrophil depletion led to decreased 
monocyte infiltration after ICH is consistent with a model in 
which the early recruitment of neutrophils establishes a local 
environment that allows monocytes to enter the injured 
brain. Nevertheless, it is unclear based on this study whether 
the diminished monocyte response contributed to the benefit 
on functional outcome. Monocytes may contribute to acute 
injury by releasing inflammatory cytokines and chemokines. 
Alternatively, monocytes may contribute to recovery by aid-
ing in phagocytosis of red blood cells and cellular debris or 
by shifting response to a less inflammatory one. Additional 
studies will be required to elucidate the role of monocytes in 
the perihematomal region.

An early study on the detrimental effect of circulating leu-
kocytes after ICH demonstrated decreased cerebral edema 
after whole body irradiation and increased edema after brain 
irradiation [25]. The irradiation depleted all leukocyte cell 
lines and platelets and used a microballoon (inert) model of 
ICH, indicating that blood-derived cells contribute to local 
inflammation after tissue disruption in the brain. More 
recently, CD18 deficiency has been shown to reduce brain 
edema after ICH, confirming the role of leukocyte migration 
in the pathogenesis of inflammation after ICH [26]. 
Identification of which immune cells are pathogenic in the 
acute phase after ICH may lead to new potential therapies in 
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blocking specific cell trafficking and signaling while leaving 
beneficial responses intact. Thus, the finding of an injurious 
role of neutrophils after ICH invites further investigation of 
potential therapies to mitigate their effect. While antagoniz-
ing neutrophil migration or function may leave critically ill 
patients at high risk of infection, selective inhibition of neu-
trophil trafficking across the blood-brain barrier or antago-
nism of specific neutrophil-mediated detrimental processes 
may offer more specific/tangible benefits.
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Abstract Objective: Oxidative stress contributes signifi-
cantly to the development of secondary brain injury after 
intracerebral hemorrhage (ICH). It has been previously dem-
onstrated that hydrogen gas can decrease oxidative stress by 
scavenging reactive oxygen species. We hypothesized that 
hydrogen therapy will reduce brain oxidative stress in mice 
after ICH and thereby will lead to reduced brain edema and 
improved neurological outcomes.

Materials and Methods: CD1 male mice (weight 30–35 g) 
were divided into the following groups: sham, ICH + vehicle 
(room air), ICH + 1-h hydrogen treatment, and ICH + 2-h 
hydrogen treatment. ICH was induced by injection of bacte-
rial collagenase into the right basal ganglia. The evaluation 
of outcomes was done at two time points: 24 and 72 h post-
ICH. Brain water content was measured for assessment of 
brain edema (wet/dry weight method), and three neurologi-
cal tests were performed pre- and postoperatively.

Results: Collagenase injection was found to induce brain 
edema and impair functional performance of rats. The 
hydrogen inhalation reduced these effects acutely (24 h); 
however it exhibited only a tendency to improvement in the 
delayed study (72 h).

Conclusions: Our results suggest that hydrogen inhala-
tion exerts an acute brain-protective effect in the mouse ICH 
model. However, the acute hydrogen therapy alone is not 
sufficient to improve delayed ICH outcomes in this model.

Keywords ROS · Antioxidant · Brain edema · ICH · 
Neuroprotection

Introduction

The role of reactive oxygen species (ROS) as mediators  
of oxidative brain damage after ICH is well accepted. 
Overproduction of ROS, which cannot be balanced by endog-
enous antioxidant defenses of brain tissues, results in lipid 
peroxidation, disruption of the blood-brain barrier (BBB), an 
increase in brain edema, and neurological deficits. Beneficial 
effects of antioxidant agents in the ICH model have been 
recently demonstrated in our laboratory [1]. The inhalation 
with hydrogen selectively reduced hydroxyl radical and per-
oxynitrite levels in vitro and exerted an antioxidant effect, 
reflected by a decreased brain concentration of 4-hydroxynon-
enal (4-HNE) (the specific marker for lipid peroxidation) and 
8OHG (nucleic acid oxidation marker) in a rat MCAO model 
[2]. To date, no study has assessed the effects of hydrogen 
gas therapy in the animal model of ICH. In this study, we 
examined whether hydrogen inhalation provides neuropro-
tective effects by decreasing brain water content and amelio-
rating neurological deficits.

Methods

Experimental animals: All procedures and methods for these 
studies were approved by the Animal Care and Use 
Committee at Loma Linda University and complied with the 
Guide for the Care and Use of Laboratory Animals (http://
research.llu.edu/forms/appendixb.doc). A total of 30 male 
CD-1 mice were assigned into the acute (24 h) or delayed 
(72 h) study. The animals in the acute experiment were divided 
into sham, ICH treated with vehicle (room air), ICH treated 
with hydrogen for 1 h, and ICH treated with hydrogen for 2 h. 
At 24 h after ICH, the animals were tested for neurological 
deficits and euthanized for brain edema measurements. The 
animals assigned to the delayed group were partitioned into 
ICH treated with vehicle and ICH treated with hydrogen for 
1 h (since 1-h treatment was effective in the 24-h study). 
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Animals were checked for neurological deficits and eutha-
nized for brain water content measurements at 72 h post-
ICH. Since no increase in brain water content was observed 
after sham surgery, the same group of sham-operated ani-
mals was used for the 72-h time point.

Intracerebral hemorrhage induction: We adopted the col-
lagenase-induced intracerebral hemorrhage model in mice, 
as we described before [3]. Briefly, mice were anesthetized 
intrapertioneally with a ketamine (100 mg/kg)/xylazine 
(10 mg/kg) cocktail and positioned prone in a stereotaxic 
head frame (Stoelting, Wood Dale, IL). An electronic ther-
mostat-controlled warming blanket was used to maintain the 
core temperature at 37°C. The calvarium was exposed by a 
midline scalp incision from the nose to the superior nuchal 
line, and the skin was retracted laterally. With a variable 
speed drill (Fine Scientific Tools, Foster City, CA), a 1.0-mm 
burr hole was made 0.9 mm posterior to the bregma and 
1.45 mm right-lateral to the midline. A 26-G needle on a 
Hamilton syringe was inserted with stereotaxic guidance 
4.0 mm into the right deep cortex/basal ganglia at a rate 
1 mm/min. Collagenase (0.075 units in 0.5 mL saline; Sigma, 
St Louis, MO) was then infused into the brain at a rate of 
0.25 mL/min over 2 min using an automatic infusion pump 
(Stoelting, Wood Dale, IL). The needle was left in place for 
an additional 10 min after injection to prevent the possible 
leakage of collagenase solution. After removal of the needle, 
the incision was sutured closed, and mice were allowed to 
recover. Sham operation was performed with needle inser-
tion only.

Brain water content: Mice were euthanized under deep 
anesthesia. Brains were removed immediately and divided 
into five parts: ipsilateral and contralateral basal ganglia, 
ipsilateral and contralateral cortex, and cerebellum. Tissue 
samples were weighed on an electronic analytical balance. 
The tissue was then dried at 100°C for 24 h to determine the 
dry weight. Brain water content (%) was calculated as [(wet 
weight – dry weight)/wet weight] × 100.

Neurological deficits: Neurological scores were assessed 
by an independent researcher blinded to the procedure  
24 and 72 h after ICH. Three tests were implemented for 
evaluation of neurological deficits: (1) Modified Garcia test 
[4]. The Modified Garcia Score is a 21-point sensorimotor 
assessment system consisting of seven tests with scores of 
0–3 for each test (maximum score = 21). These seven tests 
included: (1) spontaneous activity, (2) side stroking, (3) 
vibris touch, (4) limb symmetry, (5) climbing, (6) lateral 
turning, and (7) forelimb walking. Additionally, beam bal-
ance and wire hang testing were performed as described 
before [3]. Both the beam (590 cm in length by 51 cm in 
width) and wire (550 cm in length by 51 mm in width) were 
constructed and held in place by two platforms on each side. 

Mice were put on the center of the beam or wire and allowed 
to reach the platform. Mice were observed for both their time 
and behavior until they reached one platform, and scored 
according to six grades. The test was repeated three times, 
and an average score was taken [minimum score 0;  maximum 
score (healthy mouse)].

Statistical analysis: Quantitative data are expressed as the 
mean ± SEM. Statistical significance was verified by analysis 
of variance (ANOVA) (Dunn’s method) for analysis of acute 
effect (24-h) and by ANOVA (Tukey test) for analysis of 
delayed effect (72-h). P < 0.05 was considered statistically 
significant.

Results

Effect of Inhalation Hydrogen Therapy  
on Brain Edema

At 24 h after ICH, the water content significantly increased 
in the ipsilateral basal ganglia of all collagenase-injected ani-
mals (Fig. 1a). Hydrogen treatment resulted in a dose-depen-
dent effect where 1-h of inhalation significantly decreased 
brain water content in hydrogen vs. room-air treated animals, 
while 2-h of hydrogen inhalation showed no effect. Brain 
edema progressed to involve bilateral basal ganglia as well 
as the ipsilateral cortex at 72 h post-ICH (Fig. 1b). At this 
time point, 1-h of hydrogen inhalation showed only the ten-
dency towards reducing water content in these brain regions 
(Fig. 1b). Since there was no statistical difference between 
the brain water content of naïve (non-operated animals) and 
sham-operated animals at the 24-h time point, we did not 
expect the formation of brain edema at a later time-point and 
used the same group of sham-operated animals in both 
studies.

Effect of Inhalation Hydrogen Therapy  
on Neurological Outcomes

Neurological deficits were evident in all ICH-animals 24 and 
72-h after ICH as tested by the modified Garcia test, wire 
hanging and beam balance tests. One hour but not 2-h of 
hydrogen inhalation was able to attenuate these ICH-induced 
effects in 24-h study (Fig. 2). However, 72-h post-ICH, 
hydrogen therapy showed only a tendency towards an 
improvement of neurological deficit. This tendency did not 
reach statistical significance (Fig. 3).
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Fig. 1 All animals after 
collagenase injection had a 
significant increase of brain 
water content. One but not 2 h of 
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tended to decrease brain water 
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Discussion

Several studies have shown that antioxidants confer a neuro-
protective effect in ICH [5]. Since previous work had dem-
onstrated the antioxidative effects of hydrogen inhalation 
therapy [2], we postulated that the hydrogen gas treatment 
will reduce oxidative stress and will protect against brain 
injury following ICH. In our study we tested the effects of 
inhalation with hydrogen in the mouse intracerebral hemor-
rhage model. We used 2.0% of hydrogen since it is known 

that (1) at such a concentration (less 4% in air), H
2
 is neither 

explosive nor harmful; (2) this concentration of hydrogen 
was most effective in the previous studies [2, 6]. We tested 
the acute effect (24-h after ICH induction) of hydrogen ther-
apy and compared it to the delayed effect (72-h after ICH).  
In the acute study, hydrogen inhalation significantly reduced 
the ICH-induced increase in brain water content and improved 
the neurological deficit in ICH animals. In the 72-h study, the 
hydrogen inhalation tended to decrease brain edema; how-
ever, the difference between groups did not reach statistical 
significance. There are several possible explanations for this 
result. The limited efficacy of hydrogen therapy at 72-h after 
ICH may relate to the increased severity of inflammatory cell 
infiltration in the delayed phase after ICH [7]. One of the 
ROS sources after ICH are peripheral immune cells, which 
start invading the brain shortly after the hemorrhage and 
 participate in microglial activation. The activated microglia 
further increase the ROS formation. It has been reported that 
leukocyte infiltration and microglial activation reached a 
maximum at 3 days after ICH [8]. Concordantly, Liao et al. 
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observed maximal superoxide production in the peri- 
hematomal region on day 3 after ICH induction [9]. Another 
possibility is that hydroxyl radicals, which are the most 
aggressive reactive oxygen species, overwhelmed the benefi-
cial effect of hydrogen in the delayed phase of hemorrhagic 
brain injury. Hydroxyl radicals can cause lipid peroxidation, 
protein oxidation, as well as DNA damage in the cell [10, 
12]. These radicals are produced by Fenton chemistry, which 
requires free iron for the formation of transition metal com-
plexes. Wu et al. demonstrated that ICH upregulated heme 
oxygenase-1 levels and resulted in iron overload in the brain 
[11]. The release of iron from the breakdown of hemoglobin 
occurred during intracerebral hematoma formation. The 
authors observed a time-depended increase in iron level in 
the ipsilateral versus contralateral basal ganglia. The differ-
ence was insignificant on the first day after ICH induction, 
however became significant 72 h later [11]. In conclusion, 
hydrogen therapy can protect the brain against acute injury 
following ICH. However, further studies are needed to estab-
lish the regimen of treatment that would provide lasting 
protection.
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Abstract This study investigated whether deferoxamine 
(DFX), an iron chelator, reduces cavity size after ICH in aged 
rats. Aged male Fischer rats (18 months old) had an intracau-
date injection of 100 mL autologous blood and were treated 
with DFX or vehicle. Rats were euthanized at day 56 and 
brains were perfused for histology and immunohistochem-
istry. Hematoxylin and eosin staining was used to examine 
hematoma cavity presence and size. Immunohistochemistry 
was performed to measure the number of cells positive for 
ferritin, heme oxygenase-1 (HO-1), glial fibrillary acidic 
protein (GFAP) and OX-6. Neurological deficits were also 
examined. In aged rats with ICH, a cavity formed in the cau-
date in 7 out of 12 vehicle-treated rats and 1 out of 9 DFX-
treated rats. DFX treatment significantly reduced the size of 
the ICH-induced cavity (p < 0.05) as well as neurological 
deficits (p < 0.05). DFX also reduced the number of ferritin 
(p < 0.05) and HO-1 (p < 0.01) positive cells in the ipsilateral 
basal ganglia. However, DFX had no effect on brain GFAP 
and OX-6 immunoreactivity 2 months after ICH.

In conclusion, DFX reduces cavity size, neurological 
deficits, and immunoreactivity for ferritin and HO-1 after 
ICH in aged rats, supporting the suggestion that DFX may 
reduce brain injury in ICH patients.

Keywords Deferoxamine · Iron · Cerebral hemorrhage · 
Cavity size · Oxidative stress

Introduction

Intracerebral hemorrhage (ICH) is a common and often fatal 
subtype of stroke. If the patient survives the ictus, the hema-
toma gradually resolves within several months, but restora-
tion of function is usually incomplete [1].

Iron is a hemoglobin degradation product, and iron over-
load in the brain can cause free radical formation and oxida-
tive damage, such as lipid peroxidation, after ICH [2]. After 
erythrocyte lysis, brain iron concentrations can reach very 
high levels. Our previous study showed that non-heme iron 
increases about three-fold after ICH in a rat model, and brain 
iron levels remain high for at least several weeks [3]. 
Deferoxamine (DFX), an iron chelator, can rapidly penetrate 
the blood-brain barrier and accumulate in the brain tissue  
at a significant concentration after systemic administration 
[4, 5]. Our previous study showed that DFX reduces ICH or 
hemoglobin-induced brain injury in rats and pigs [6–9].

In ICH patients, a cavity is formed after the hematoma is 
absorbed. Age is an important factor affecting brain injury 
after ICH. This study investigated whether DFX reduces 
cavity size after ICH in aged rats.

Materials and Methods

Animal Preparation and Intracerebral Infusion

Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. Aged 
male Fischer 344 rats (18 months old; weight, 380–450 g; 
NIH) were used in this study. Rats were anesthetized with 
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pentobarbital (45 mg/kg, i.p.). The right femoral artery was 
catheterized for continuous blood pressure monitoring and 
blood sampling. Blood was obtained from the catheter for 
analysis of blood pH, PaO

2
, PaCO

2
, hematocrit and blood 

glucose levels. Core temperature was maintained at 37°C 
with use of a feedback-controlled heating pad. Rats were 
positioned in a stereotactic frame (Kopf Instruments), and a 
cranial burr hole (1 mm) was drilled on the right coronal 
suture 3.5 mm lateral to the midline. A 26-gauge needle was 
inserted stereotactically into the right basal ganglia (coordi-
nates: 0.2 mm anterior, 5.5 mm ventral, 3.5 mm lateral to the 
bregma). Autologous whole blood (100 mL) was injected at a 
rate of 10 mL/min using a microinfusion pump. After injec-
tion, the needle was removed, the burr hole was filled with 
bone wax, and the skin incision was closed with sutures.

Experimental Groups

All rats had an ICH and were either treated with DFX 
(100 mg/kg; n = 9) or vehicle (n = 12) 2 and 6 h post ICH and 
then every 12 h for 7 days. Behavioral tests were undertaken 
on the day before surgery, and then 1, 28 and 56 days after 
surgery. All rats were killed at day 56, and brains were per-
fused for histology and immunohistochemistry.

Hematoma Cavity Measurement

Rats were reanesthetized (pentobarbital 60 mg/kg; i.p.) and 
underwent transcardiac perfusion with 4% paraformaldehyde 
in 0.1 mol/L phosphate-buffered saline (pH 7.4). The brains 
were removed and kept in 4% paraformaldehyde for 6 h, then 
immersed in 30% sucrose for 3–4 days at 4°C. Brains were 
then placed in optimal cutting temperature embedding com-
pound (Sakura Finetek, Inc.) and 18-mm sections taken on a 
cryostat. Coronal sections from 1 mm posterior to the blood 
injection site were stained with hematoxylin and eosin (H&E) 
and scanned. Hematoma cavities were outlined on a com-
puter and the areas measured using ImageJ (version 1.37v; 
National Institutes of Health). All measurements were repeated 
three times, and the mean value was used.

Immunohistochemistry

The immunohistochemistry method using the avidin-biotin 
complex technique has been described previously [4]. 
Sections were incubated overnight with a primary antibody: 
rabbit anti-HO-1 (HSP32; 1:200 dilution, Assay Designs, 

Ann Arbor, MI), rabbit anti-human ferritin (1:400 dilu-
tion; DAKO, Glostrup, Denmark), mouse anti-rat MHC 
CLASSII(OX-6; 1:200 dilution; Serotec, Oxford, UK) and 
mouse anti-rat GFAP (1:200 dilution; Chemicon, Temecula, 
CA). Normal rabbit or mouse serum and the absence of 
 primary antibody were used as negative controls.

Cell Counts

To assess the effects of deferoxamine on astrocyte, ferritin 
and microglia reaction, we used 18-mm-thick coronal sec-
tions from 1-mm posterior to the blood injection site. High-
power images (×40 magnification) were taken from the 
caudate with the cavity using a digital camera. GFAP, ferri-
tin, HO-1 and OX6- positive cells were counted. Counts 
were performed on four areas in each of 9 deferoxamine-
treated or 12 vehicle-treated rat brain sections.

Behavioral Tests

For behavioral tests, all animals were tested before and 
after surgery, and scored by experimenters who were blind 
to treatment group. The following two types of tests  
were used.

Forelimb-Placing Test

Forelimb placing was scored using a vibrissae-elicited fore-
limb placing test. Independent testing of each forelimb was 
induced by brushing the vibrissae ipsilateral to that forelimb 
on the edge of a tabletop once per trial for ten trials. Intact 
animals placed the forelimb quickly onto the countertop. 
Percentage of successful placing responses was determined. 
There is a reduction in successful responses in the forelimb 
contralateral to the site of injection after ICH.

Corner Turn Test

The rat was allowed to proceed into a corner, the angle of 
which was 30°. To the exit the corner, the rat could turn 
either to the left or the right, and this was recorded. This was 
repeated 10–15 times, with at least 30 s between trials and 
the percentage of right turns calculated. Only turns involv-
ing full rearing along either wall were included. Rats were 
not picked up immediately after each turn so that they  
did not develop an aversion for their prepotent turning 
response.
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Statistical Analysis

All data in this study are presented as means ± SD. Data were 
analyzed with Student’s t-test or Wilcoxon-Mann-Whitney rank 
sum test. Differences were considered significant at P < 0.05.

Results

All physiological variables were measured immediately 
before an intracerebral infusion. Mean arterial blood 

pressure, blood pH, PaO
2
, PaCO

2
, hematocrit and blood 

 glucose level were within normal ranges.
In aged rats with ICH, a cavity formed in the caudate in  

7 out of 12 vehicle-treated rats and 1 out of 9 DFX-treated 
rats. DFX treatment significantly reduced the size of the 
ICH-induced cavity (0.03 ± 0.08 vs. 0.17 ± 0.25 mm2 in the 
vehicle-treated group, p < 0.05; Fig. 1).

Ferritin is an iron storage protein. DFX treatment signifi-
cantly reduced the ferritin positive cells around the cavity in 
the ipsilateral basal ganglia (287 ± 46 versus 358 ± 70/mm2 in 
the vehicle-treated group, p < 0.05). DFX treatment also 
reduced HO-1 positive cells around the hemorrhage cavity 
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Fig. 1 (a) Coronal gross hematoxylin and eosin sections 8 weeks after ICH in rats treated with vehicle or DFX. Scale bar = 5.0 mm. (b) Bar graph 
showing cavity area. Values are expressed as means ± SD. *p < 0.05 vs. the vehicle group
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(170 ± 53 versus 253 ± 66/mm2 in the vehicle-treated group, 
p < 0.01). However, DFX had no effect on brain GFAP 
(263 ± 22 versus 247 ± 40/mm2 in the vehicle-treated group, 
p > 0.05) and OX-6, a marker of activated microglia, (89 ± 42 
versus 157 ± 90/mm2 in the vehicle-treated group, p > 0.05) 
2 months after ICH (Fig. 2a–l).

Behavioral tests including the forelimb placing and the 
corner turn tests were performed before ICH, and 1, 28 
and 56 days after ICH. In vehicle-treated ICH rats, a par-
tial recovery of forelimb placing occurred with time, but 
residual neurological deficits were still present at 56 days 

(64 ± 35%, the normal level is 100%). When rats were 
treated with DFX, ICH-induced forelimb placing deficits 
showed a greater recovery (>95% at 28 and 56 days). In 
the corner turn test, the percentage of turns to the right 
was significantly decreased at 28 days in DFX treatment 
groups compared to the vehicle group (60 ± 7% versus 
79 ± 10% in the vehicle-treatment group, p < 0.01; the nor-
mal level is ~50%). ICH-induced corner turn deficits were 
almost normalized at 56 days in the DFX treatment group 
(58 ± 8% versus 70 ± 10% in the vehicle-treatment group, 
p < 0.05).
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Fig. 2 Immunohistochemistry for ferritin, HO-1, GFAP and OX-6 in 
the ipsilateral basal ganglia 2 months after ICH. (a), (d), (g) and (j) 
are vehicle. (b), (e), (h) and (k) are DFX. (c), (f), (i) and (l) are 

immune-positive cell count. Scale bar = 200 mm. Values are expressed 
as means ± SD. *p < 0.05 vs. the vehicle group
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Discussion

In this study, we found that DFX treatment reduces cavity 
size, ferritin and HO-1 immunoreactivity around the cavity, 
and improves functional outcomes after ICH in aged rats. 
These results suggest that iron chelation may reduce brain 
injury for patients with ICH.

Oxidative brain injury and neuronal death occur after 
intracerebral infusion of autologous blood [10–12]. Iron-
induced brain damage may result from oxidative stress [2], 
and free iron can stimulate the formation of free radicals, 
leading to neuronal damage. Deferoxamine, an iron chelator, 
is approved by the FDA for treatment of acute iron intoxica-
tion and chronic iron overload in transfusion-dependent ane-
mia. Its molecular weight is 657, and DFX can rapidly 
penetrate the blood-brain barrier and accumulate in brain tis-
sue at a significant concentration after systemic administra-
tion [4, 5]. We have previously reported that systemic DFX 
attenuates brain edema in rats after intracerebral infusion of 
autologous whole blood or hemoglobin [8, 13].

In the present study, we found that DFX reduces ferritin 
and HO-1 immunoreactivity around the cavity. Ferritin, a 
naturally occurring iron chelator, is involved in maintaining 
brain iron homeostasis. Ferritin protein synthesis is regulated 
mostly post-transcriptionally by iron-mediated or non-iron-
mediated induction [3]. Heme oxygenase-1 is a key enzyme 
in hemoglobin degradation, converting heme to iron, carbon 
monoxide and biliverdin. HO-1 is markedly upregulated in 
the brain after ICH [3], and heme oxygenase inhibition 
reduces brain injury after ICH [14]. Our present data found 
downregulation of ferritin and HO-1 in the DFX treatment 
group, suggesting that DFX may reduce iron overload in the 
aged rat ICH model.

In ICH patients, a cavity forms after the hematoma is 
absorbed. In the current study, we showed that a cavity is also 
formed in aged rats after ICH and that DFX reduces the occur-
rence and the size of cavity. In a clinical ICH study, serum 
glutamate concentrations are correlated with the size of the 
residual cavity, and its size is independent of initial ICH vol-
ume [15]. Also DFX decreased brain tissue levels of the glu-
tamate in an experimental ischemic model [16]. In addition, 
there are some studies showing the correlation among matrix 
metalloproteinase-9 (MMP-9), MMP-3, growth factors and 
cavity volume [17, 18]. Further studies are required to iden-
tify the mechanisms of cavity formation after ICH.

We found that DFX reduced ICH-induced neurological 
deficits in aged rats at 4 and 8 weeks. Both sensorimotor 
behavioral tests appear to be well suited to models of unilat-
eral brain injury because they measure asymmetry. These 
sensorimotor tests are also not altered by repeated testing 
and do not require special training or food deprivation  
[7, 19]. The degree of improvement in neurological deficits 
with DFX was almost a complete normalization of 

forelimb-placing and corner test scores in DFX-treated 
 animals by 28 days.

In summary, DFX reduces cavity size, neurological defi-
cits, and ferritin and HO-1 levels after ICH in aged rats. 
These results suggest that DFX may reduce brain injury in 
ICH patients
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Abstract Intracerebral hemorrhage (ICH) is a devastating 
stroke subtype characterized by severe brain edema forma-
tion leading to cerebral blood flow compromise and paren-
chymal damage. Arginine vasopressin (AVP), a non-peptide 
antidiuretic hormone, has recently been implicated as a mod-
ulator of brain edema following injury. In this study, we 
investigated the effects of SR49059, a highly specific AVP 
V1a receptor antagonist, on brain injury outcomes following 
ICH, specifically assessing the ability of SR49059 in reduc-
ing brain edema and improving neurobehavioral deficits. 
Male CD1 mice (n = 35) were randomly assigned to the fol-
lowing groups: sham, ICH, ICH with SR49059 at 0.5 mg/kg, 
and ICH with SR49059 at 2 mg/kg. ICH was induced by 
using the collagenase injection model, and treatment was 
given 1 h after surgery. Post-assessment was conducted at  
24 and 72 h after surgery, and included brain water content 
and neurobehavioral testing. The study found that SR49059 

significantly reduced cerebral edema at 24 and 72 h post-
ICH injury and improved neurobehavioral deficits at 72 h. 
Our study suggests that blockage of the AVP V1a receptor is 
a promising treatment target for improving ICH-induced 
brain injury. Further studies will be needed to confirm this 
relationship and determine future clinical direction.

Keywords  Intracerebral hemorrhage (ICH) · Arginine 
vasopressin (AVP) · SR49059

Introduction

Intracerebral hemorrhage (ICH) is a devastating stroke sub-
type victimizing over 120,000 Americans each year. One of 
the major reasons for its severity is the development of peri-
hematomal edema – on average, close to 40% of victims 
have a 1–2% increase, resulting in an increased intracranial 
pressure and heightened risk for brain herniation. Today, 
despite extensive research focusing on ameliorating or reduc-
ing the development of edema, research has not been effec-
tive in developing a treatment option for this ICH-induced 
outcome.

Arginine vasopressin (AVP) is a non-peptide antidiuretic 
hormone responsible for regulating water and electrolyte 
homeostasis in the body. Normally, AVP is produced in the 
hypothalamus and then released into the circulation by the 
posterior pituitary. However, recent studies have suggested 
an alternate pathway for AVP, specifically suggesting that 
AVP can be released directly into the brain where it acts as a 
neurotransmitter, regulating water permeability, ion homeo-
stasis, and cerebrospinal fluid production [1]. In an acute 
ischemic stroke model, AVP injection directly into the brain 
exacerbated already accumulating brain edema, while injec-
tion of an AVP anti-serum reduced edema formation [2].

Accordingly, in the present study we investigated the role 
of AVP inhibition and its effects on cerebral edema forma-
tion and neurobehavioral functioning. We hypothesize that 
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SR49059, a highly specific AVP V1a receptor competitive 
antagonist, could reduce brain edema accumulation and 
improve neurobehavioral functioning following an ICH brain 
injury in mice.

Materials and Methods

This study was in accordance with the guidelines of the 
National Institute of Health for the treatment of animals 
and was approved by the Institutional Animal Care and Use 
Committee at Loma Linda University. Male CD1 mice 
(weight 35–45 g, Charles River, MA) were housed in a 12-h 
light/dark cycle at a controlled temperature and humidity 
with free access to food and water. Mice were divided into 
the following groups: sham (n = 5), ICH (n = 5), ICH treated 
with low-dose antagonist (SR49059 at 0.5 mg/kg; n = 5), 
and ICH treated with high-dose antagonist (SR49059 at 
2 mg/kg; n = 5).

Operative Procedure. The collagenase-induced intracere-
bral hemorrhage model [3] was adapted as previously 
described in mice [4]. Briefly, mice were anesthetized intrap-
ertioneally with a ketamine (100 mg/kg)/xylazine (10 mg/kg) 
cocktail and positioned prone in a stereotaxic head frame 
(Stoelting, Wood Dale, IL). An electronic thermostat-con-
trolled warming blanket was used to maintain the core tem-
perature at 37°C. The calvarium was exposed by a midline 
scalp incision from the nose to the superior nuchal line, and 
the skin was retracted laterally. With a variable speed drill 
(Fine Scientific Tools, Foster City, CA), a 1.0-mm burr hole 
was made 0.9 mm posterior to the bregma and 1.45 mm 
right-lateral to the midline. A 26-G needle on a Hamilton 
syringe was inserted with stereotaxic guidance 4.0 mm into 
the right deep cortex/basal ganglia at a rate 1 mm/min. 
Collagenase (0.075 units in 0.5 mL saline; Sigma, St Louis, 
MO) was then infused into the brain at a rate of 0.25 mL/min 
over 2 min using an automatic infusion pump (Stoelting, 
Wood Dale, IL). The needle was left in place for an addi-
tional 10 min after injection to prevent the possible leakage 
of collagenase solution. After removal of the needle, the inci-
sion was sutured closed, and mice were allowed to recover. 
Sham operation was performed with needle insertion only.

Treatment Method. SR49059 (Tocris Bioscience, 
Ellisville, MO) was dissolved in 0.5% DMSO and adminis-
tered one time intraperitoneally approximately 1 h after ICH 
induction.

Brain Water Content. Brain water content was measured 
as previously described [5]. Briefly, rats were sacrificed at 
24 h and 72 h post ICH, and brains were immediately 
removed and divided into five parts: ipsilateral frontal, con-
tralateral frontal, ipsilateral parietal, contralateral parietal, 
and cerebellum. The cerebellum was used as an internal 

control for brain water content. Tissue samples were then 
weighed on an electronic analytical balance (APX-60, 
Denver Instrument; Arvada, CO) to the nearest 0.1 mg to 
obtain the wet weight (WW). The tissue was then dried at 
105°C for 48 h to determine the dry weight (DW). The per-
cent brain water content was calculated as [(WW – DW)/
WW] × 100.

Assessment of Neurobehavioral Deficits. Neurological 
outcomes were assessed by a blind observer at 24 h and 72 h 
post ICH using the Modified Garcia Score [6].The Modified 
Garcia Score is a 21-point sensorimotor assessment system 
consisting of seven tests with scores of 0–3 for each test 
(maximum score = 21). These seven tests included: (1) 
spontaneous activity, (2) side stroking, (3) vibris touch, (4) 
limb symmetry, (5) climbing, (6) lateral turning, and (7) 
forelimb walking.

Additionally, beam balance and wire hang testing was 
performed. Both the beam (590 cm in length by 51 cm in 
width) and wire (550 cm in length by 51 mm in width) were 
constructed and held in place by two platforms on each side. 
Mice were put on the center of the beam or wire and allowed 
to reach the platform. Mice were observed for both their time 
and behavior until they reached one platform and scored 
according to six grades. The test was repeated three times, 
and an average score was taken [minimum score 0; maxi-
mum score (healthy mouse)] [2].

Statistical Analysis. Quantitative data were expressed 
as the mean ± SEM. One-way ANOVA and Tukey test 
were used to determine significance in differences between 
the means. Neurological scores were evaluated using the 
Dunn method. A p-value < 0.05 was considered statisti-
cally significant.

Results

SR49059 decreases cerebral edema formation after ICH 
injury in mice. Vehicle groups demonstrated a consistently 
elevated level of cerebral edema in the ipsilateral basal gan-
glia. Inhibition of the AVP V1a receptor using high-dose 
SR49059 was able to significantly reduce the cerebral edema 
at 24 and 72 h post injury (p < 0.05) (Fig. 1). Low dose 
SR49059 failed to reduce cerebral edema at both time 
points.

SR49059 improves neurobehavioral deficits. Neurobeha-
vioral deficits were present in all animals after collagenase 
injection. At 24 h, treatment with SR49059 failed to improve 
deficits. However, at 72 h post-injury, high-dose SR49059 
significantly improved neurobehavioral deficits according to 
the Modified Garcia test, beam balance, and wire hang tests 
(Figs. 2 and 3). Additionally, improvements were not seen 
with low-dose SR49059.
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Fig. 1 High-dose SR49059 
significantly reduced ICH-
induced brain edema at 24 (a) 
and 72 h (b) *Significant 
difference vs. sham (p < 0.05); 
#significant difference vs. vehicle 
(p < 0.05); (a) 24 h: sham = 5; 
(vehicle) = 5; (ICH + 0.5 mg/kg 
SR49059) = 5; (ICH + 2 mg/kg 
SR49059) = 5. (b) 72 h: sham = 5; 
(vehicle) = 5; (ICH + 0.5 mg/kg 
SR49059) = 5; (ICH + 2 mg/kg 
SR49059) = 5
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Discussion

The aim of this study was to determine the effects of AVP 
V1a receptor inhibition on ICH-induced brain injury in mice. 
Using high-dose SR49059, a highly specific AVP V1a recep-
tor competitive antagonist, we found there was a strong 
reduction in brain edema accumulation and improvement in 
neurobehavioral deficits in our treated versus untreated mice 
groups. This suggests a key role for AVP in ICH-induced 

brain injury outcomes. To the best of our knowledge, this is 
the first study to elucidate the benefits of AVP inhibition in 
ICH injured mice.

Brain injury following an ICH involves a wide array of 
consequences, including cerebral edema formation, blood-
brain barrier (BBB) disruption, apoptotic cell death, direct 
injury from the expanding hematoma, and secondary changes 
from hemoglobin breakdown products and inflammation.  
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Of these, cerebral edema formation seems to be the most 
devastating – responsible for increasing intracranial pressure 
that can lead to brain herniation and death [7]. In our bodies, 
the BBB prevents the movement of large molecules from the 
blood to the brain, allowing for proper water and ion homeo-
stasis. During an ICH injury, the BBB gets disrupted by vari-
ous mediators – including inflammatory cells, thrombin, 
hemoglobin breakdown products, and enzyme activation – 
which no longer permit the BBB from carrying out its func-
tions [8]. In our study, we found a significant increase in 
brain edema with ICH injury and subsequent reduction with 
high-dose SR49059 treatment. This was similar to previous 
studies in other brain injury models that have looked at the 
effects of SR49059 on brain edema.

To date, many brain injury studies, including traumatic 
brain injury (TBI) and middle cerebral artery occlusion 
(MCAO), have demonstrated AVP’s role in mediating 
brain edema formation [9, 10]. Although no formal mech-
anism has been determined, we speculate that AVP may in 
fact play a role in activating aquaporin channels in the 
brain, specifically, AQP4. In previous studies, upregula-
tion of AQP4 has been observed in surrounding tissue 
injury sites in MCAO injury models and focal cerebral 
ischemic rat models [11]. This relationship could possibly 
explain the increase in brain edema formation following 
ICH injury. We acknowledge the fact that more studies 
will be needed, specifically to look at the relationship 
between these two proteins.

Conclusion

We conclude that AVP V1a receptor inhibition using 
SR49059, a specific receptor competitive antagonist, can  
in fact reduce brain edema and improve neurobehavioral 
deficits following an ICH injury in mice.
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Abstract Cardiac dysfunction can occur after intracerebral 
hemorrhage (ICH). This study examined the expression of 
heat shock proteins (HSPs) in the heart after ICH in aged rats 
and whether deferoxamine (DFX), an iron chelator, affects 
HSP expression. Male Fischer 344 rats (18 months old) 
received an injection of 100 ml autologous blood into the 
right caudate, whereas sham-operated rats had a needle inser-
tion. The rats were treated with DFX or vehicle at 2 and 6 h 
after ICH and then every 12 h for 3 days. Rats were killed 
3 days after ICH, and the hearts were sampled for Western 
blot analysis of HSP-27 and HSP-32. Western blotting 
showed that levels of HSP-32 were reduced in the heart after 
ICH (p < 0.05), and this reduction was normalized by DFX 
(p < 0.05). DFX had no effects on heart HSP-32 levels in 
sham-operated rats. ICH also resulted in a reduction in HSP-
27 (p < 0.05), but DFX treatment reduced HSP-27 further 
(p < 0.05). In addition, DFX reduced HSP-27 levels in sham 
rats. In conclusion, ICH causes HSP-27 and -32 reductions 
in the heart of aged rats. Deferoxamine treatment has differ-
ent effects on the expression of HSP-27 and HSP-32.

Keywords Cerebral hemorrhage · Deferoxamine · Heart · 
Heat shock proteins

Introduction

Brain damage may result in heart injury, and this phenome-
non has been called “the brain-heart connection” [1]. 
Clinically, neurogenic heart injury has been found in isch-
emic and hemorrhagic stroke patients [2–5]. Cerebral isch-
emia and intracerebral hemorrhage (ICH) can also cause 
heart damage in animals [6, 7].

ICH is mostly a disease of the elderly, but current experi-
mental ICH models have primarily used young animals. Age 
is an important factor affecting brain injury in ischemic 
stroke in animals and humans. Recently, we found that ICH 
caused greater neurological deficits, more severe brain swell-
ing, greater induction of heat shock proteins (HSPs), and 
enhanced microglial activation in aged rats compared to 
young rats [8]. These results suggest that age is a significant 
factor in determining brain injury after ICH [9].

Deferoxamine (DFX), an iron chelator, can reduce 
ICH – and hemoglobin-induced brain injury. Our recent data 
showed that DFX reduces ICH-induced brain edema, brain 
atrophy, and neurological deficits in aged rats and in pigs 
[10, 11].

This study examined whether ICH causes heart stress in 
aged rats and the effects of DFX on such stress. HSP-27 and 
HSP-32 were used as stress markers.

Materials and Methods

Animal Preparation and Intracerebral Infusion

Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. Male 
Fisher 344 rats (18 months old, from the National Institutes 
of Health) were used in this study. Animals were anesthetized 
with pentobarbital (40 mg/kg i.p.). The right femoral artery 
was catheterized for continuous blood pressure monitoring 
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and blood sampling for injection and monitoring of pH, PaO
2
, 

PaCO
2
, hematocrit, and glucose levels. Core temperature was 

maintained at 37°C with use of a feedback-controlled heating 
pad. Rats were positioned in a stereotactic frame (Kopf 
Instruments) and a cranial burr hole (1 mm) drilled on the 
right coronal suture 3.5 mm lateral to the midline. All rats 
received an injection of 100 ml autologous whole blood into 
the right caudate nucleus at a rate of 10 ml/min through a 
26-gauge needle (coordinates 0.2 mm anterior, 5.5 mm ven-
tral, and 3.5 mm lateral to bregma) with the use of a microin-
fusion pump. The needle was removed and the skin incision 
closed with suture after infusion [12].

Animal Groups

Rats received an intracaudate injection of 100 ml autologous 
blood or a needle insertion (sham). They were then treated 
with DFX (100 mg/kg, i.m.) or vehicle 2 h after ICH and then 
every 12 h for 3 days. Thus, the four groups in this study 
were: Sham + Vehicle, Sham + DFX, ICH + Vehicle, and 
ICH + DFX. Rats were killed 3 days after ICH and the left 
heart ventricles sampled for Western blot analysis. Levels of 
heat shock proteins (HSP-27 or -32) were determined.

Western Blot Analysis

Heart tissues were immersed in 0.5 ml Western sample buffer 
(62.5 mM Tris-HCl, pH 6.8, 2.3% sodium dodecyl sulfate, 
10% glycerol, and 5% b-mercaptoethanol) and sonicated for 
10 s. Ten-microliters of the sample solution was taken for 
protein assay (Bio-Rad), while the rest was frozen at −20°C 
for Western blot. Western blot analysis was performed as 
described previously [8]. Briefly, 50 mg of protein was run on 
polyacrylamide gels with a 4% stacking gel (SDS-PAGE) 
after 5 min boiling at 95°C. The protein was transferred to a 
hybond-C pure nitrocellulose membrane (Amersham). The 
membranes were blocked in 5% Carnation non-fat dry milk 
in TBST (150 mM NaCl, 100 mM Tris-base, 0.1% Tween 20, 
pH 7.6) buffer for 1 h at 37°C. After washing in TBST buffer 
three times, membranes were probed with primary antibodies 
against HSP-32, HSP27 (Stressgen) for 90 min at room tem-
perature. After washing with TBST buffer three times, mem-
branes were immunoprobed again with the second antibody 
for 1 h at room temperature. Finally, membranes were washed 
three times in TBST buffer and the antigen-antibody com-
plexes visualized with the ECL chemiluminescence system 
(Amersham) and exposed to Kodak X-OMAT film. The rela-
tive densities of the protein bands were analyzed with a pub-
lic domain NIH Image program (NIH Image Version 1.61).

Statistical Analysis

Student’s t test and analysis of variance (ANOVA) were 
used. Values are mean ± SD. Statistical significance was set 
at p < 0.05.

Results

Western blotting showed that levels of HSP-32 were reduced 
in the heart 3 days after ICH (1,158 ± 221 vs. 1,685 ± 115 
 pixels in the sham rats, p < 0.05, Fig. 1a). The reduction of 
heart HSP-32 following ICH was normalized by DFX treat-
ment (p < 0.05, Fig. 1a). DFX had no effect on heart HSP-32 
levels in sham rats (3,030 ± 637 pixels vs. 3,631 ± 589 pixels 
in sham + vehicle group, p > 0.05, Fig. 1b).

ICH also decreased HSP-27 expression in heart. Western 
blot analysis showed the levels of HSP-27 in heart 3 days 
after ICH were lower than in sham-operated rats (1,347 ±165 
vs. 1,874 ± 151 pixels, respectively, p < 0.05, Fig. 2a). In addi-
tion, DFX treatment significantly reduced heart HSP-27 
levels in aged rats with sham operation (1,870 ± 628 vs. 
3,454 ± 613 pixels in sham + vehicle group, p < 0.01, Fig. 2b).

Discussion

In this study, we demonstrated that ICH causes a reduction 
of heart HSP-32 in aged rats, and systemic DFX treatment 
normalizes cardiac HSP-32 levels. HSP-32 is a protective 
protein in the heart [13, 14]. Upregulation of heart HSP-32 
contributes to erythropoietin-mediated cardioprotection dur-
ing myocardial ischemia-reperfusion [13]. A recent report 
has shown that ICH causes heart damage in young rats [6], 
and the lower HSP-32 levels in heart after ICH found in our 
study may reflect ICH-induced heart injury.

It is not clear how DFX can normalize heart HSP-32 levels 
after ICH. However, there are at least two possibilities. First, 
DFX reduces brain injury caused by ICH and then reduces 
heart stress. Our recent studies have shown that iron overload 
has a key role in brain damage after ICH, and DFX can reduce 
ICH-induced brain edema, neuronal death, and brain atrophy 
in young and aged rats, as well as in pigs [10, 11]. Second, 
DFX can cause hypoxia-inducible factor-1a (HIF-1a) accu-
mulation, and HSP-32 is a HIF-1a target gene [15].

ICH also reduced heart HSP-27 protein levels, another 
protective protein. Overexpressing HSP-27 in heart protects 
from lethal ischemia/reperfusion injury in mice [16]. Interest-
ingly, DFX reduces heart HSP-27 in sham-operated aged rats 
via an unknown mechanism.
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In conclusion, our results showed that ICH causes HSP-
27 and -32 reductions in the heart of the aged rats, which 
may be associated with heart injury caused by ICH. Deferoxa-
mine has differential roles in the expression of heart HSP-27 
and HSP-32.
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Abstract Background: Germinal matrix hemorrhage (GMH) 
is a devastating neurological disorder of very low birth 
weight premature infants that leads to post-hemorrhagic 
hydrocephalus, cerebral palsy, and mental retardation. Mel-
atonin is a potent antioxidant known to reverse free-radical 
mediated injury in the brain. This study investigated the 
effect of melatonin treatment after GMH injury.

Methods: Clostridial collagenase was infused into the right 
germinal matrix region of neonatal rats with stereotaxic tech-
nique. Cognitive function, sensorimotor ability, cerebral, car-
diac and splenic growths were measured in juvenile animals.

Results: Systemic melatonin treatment ameliorated cog-
nitive and sensorimotor dysfunction at the juvenile develop-
mental stage. This hormone also normalized brain atrophy, 
splenomegaly, and cardiac hypertrophy consequences at 
1 month after injury.

Conclusion: This study supports the role of free radicals 
in acute neonatal hemorrhagic brain injury. Melatonin is 
an effective antioxidant that can protect the infant’s brain 
from the post-hemorrhagic consequences of mental retarda-
tion and cerebral palsy. Further mechanistic studies are 

 warranted to determine the mechanisms behind these 
 neuroprotective effects.

Keywords Melatonin · Neurological deficits · Stroke · 
Experimental

Introduction

Germinal matrix hemorrhage (GMH) is a clinical condition 
of very low birth weight (VLBW £ 1,500 g) premature neo-
nates in which immature blood vessels rupture within the 
anterior caudate (sub-ventricular) brain region during the 
first 7 days of life [1, 2]. This affects approximately 3.5/1,000 
births in the United States each year [3]. The consequences 
of this brain injury are hydrocephalus (post-hemorrhagic 
ventricular dilation), developmental delay, and a lifetime of 
cerebral palsy and mental retardation [4, 5]. Although this 
is an important disease, experimental studies investigating 
thearapeutic modalities are lacking [6].

Interventions targeting free-radical mechanisms have 
been shown to be neuroprotective after brain hemorrhage in 
adult rats [7–11]. Thrombin is released from the clot, and 
erythrocytes undergo lysis to release the neurotoxins hemo-
globin, heme, and iron [12–14]. These will, in turn, dif-
fusely oxidatively damage proteins, lipid, and DNA within 
the first day after brain hemorrhage [15–21]. Melatonin is a 
potent antioxidant and free-radical scavenger [22–24] 
shown to inhibit free-radical-associated red blood cell lysis 
[25], hemoglobin degradation [26], neuronal cell death 
[27], and hippocampal and nigrostriatal degeneration [28].

In light of this evidence, we hypothesized that melatonin 
can be a reasonable therapeutic modality for the amelioration 
of hemorrhage-mediated free-radical brain injury mecha-
nisms in neonatal rats. This intervention could improve juve-
nile cognitive and sensorimotor outcomes after neonatal 
germinal matrix hemorrhage.
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Methods and Materials

Animal Groups and General Procedures

This study was in accordance with the National Institutes of 
Health guidelines for the treatment of animals and was 
approved by the Institutional Animal Care and Use Committee 
at Loma Linda University. Timed pregnant Sprague-Dawley 
rats were housed with food and water available ad libitum. 
Treatment consisted of melatonin (Sigma Aldrich) dissolved 
in 10% ethanol and diluted with 0.9% normal saline. This 
was administered (I.P.) at 60 min after collagenase infusion 
using treatment dosages of 5 mg/kg and 10 mg/kg. Postnatal 
day 7 (P7) pups were blindly assigned to the following (n = 8/
group): sham (naive), needle (control), GMH (collagenase-
infusion), GMH + 5 mg/kg melatonin, and GMH + 10 mg/kg 
melatonin. All groups were evenly divided within each litter.

Experimental Model of GMH

Using an aseptic technique, rat pups were gently anaesthe-
tized with 3% isoflurane (in mixed air and oxygen) while 
placed prone on a stereotaxic frame. Betadine sterilized the 
surgical scalp area, which was incised in the longitudinal 
plane to expose the skull and reveal the bregma. The follow-
ing stereotactic coordinates were determined: 1 mm (ante-
rior), 1.5 mm (lateral), and 3.5 mm (ventral) from the bregma. 
A bore hole (1 mm) was drilled, into which a 27-gauge 
needle was inserted at a rate of 1 mm/min. A microinfusion 
pump (Harvard Apparatus, Holliston, MA) infused 0.3 units 
of clostridial collagenase VII-S (Sigma, St Louis, MO) 
through a Hamilton syringe. The needle remained in place 
for an additional 10 min after injection to prevent “back-
leakage.” After needle removal, the burr hole was sealed with 
bone wax, the incision sutured closed, and the animals 
allowed to recover. The entire surgery took on average 
20 min. Upon recovering from anesthesia, the animals were 
returned to their dams. Needle controls consisted of needle 
insertion alone without collagenase infusion, while naïve 
animals did not receive any surgery.

Cognitive Measures

Higher order brain function was assessed during the third 
week after collagenase infusion. The T-Maze assessed short-
term (working) memory [29]. Rats were placed into the stem 
(40 cm × 10 cm) of a maze and allowed to explore until one 
arm (46 cm × 10 cm) was chosen. From the sequence of ten 

trials, of left and right arm choices, the rate of spontaneous 
alternation (0% = none and 100% = complete, alternations/
trial) was calculated, as routinely performed [30, 31]. The 
Morris water maze assessed spatial learning and memory on 
four daily blocks, as described previously in detail [11, 32]. 
The apparatus consisted of a metal pool (110 cm diameter), 
filled to within 15 cm of the upper edge, with a platform 
(11 cm diameter) for the animal to escape onto, which 
changed location for each block (maximum = 60 s/trial), and 
data were digitally analyzed by Noldus Ethovision tracking 
software. Cued trials measured place learning with the escape 
platform visible above water. Spatial trials measured spatial 
learning with the platform submerged, and probe trials mea-
sured spatial memory once the platform was removed. For 
the locomotor activity, in an open field, the path length in 
open-topped plastic boxes (49 cm long, 35.5 cm wide, 
44.5 cm tall) was digitally recorded for 30 min and analyzed 
by Noldus Ethovision tracking software [32].

Sensorimotor Function

At 4 weeks after collagenase infusion, the animals were 
tested for functional ability. Neurodeficit was quantified 
using a summation of scores (maximum = 12) given for 
(1) postural reflex, (2) proprioceptive limb placing, (3) back 
pressure towards the edge, (4) lateral pressure towards the 
edge, (5) forelimb placement, and (6) lateral limb placement 
(2 = severe, 1 = moderate, 0 = none), as routinely performed 
[30]. For the rotarod, striatal ability was assessed using an 
apparatus consisting of a horizontal, accelerated (2 rpm/5 s), 
rotating cylinder (7 cm-diameter × 9.5 cm-wide) requiring 
continuous walking to avoid falling recorded by the photo-
beam circuit (Columbus Instruments) [11, 32]. For foot fault, 
the number of complete limb missteps through the openings 
was counted over 2 min while exploring over an elevated 
wire (3 mm) grid (20 cm × 40 cm) floor [31].

Assessment of Treatment upon Cerebral  
and Somatic Growth

At the completion of experiments, the brains were removed 
and hemispheres separated by midline incision (loss of brain 
weight has been used as the primary variable to estimate 
brain damage in juvenile animals after neonatal brain injury 
[33]). For organ weights, the spleen and heart were separated 
from surrounding tissue and vessels. The quantification was 
performed using an analytical microbalance (model AE 100; 
Mettler Instrument Co., Columbus, OH) capable of 1.0 mg 
precision.
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Statistical Analysis

Significance was considered at P < 0.05. Data were analyzed 
using analysis of variance (ANOVA) with repeated measures 
(RM-ANOVA) for long-term neurobehavior. Significant 
interactions were explored with conservative Scheffé post 
hoc and Mann-Whitney rank sum test when appropriate.

Results

Collagenase infusion led to significant cognitive dysfunction 
in the T-maze (working) memory and water maze (spatial) 
learning and memory (Figs. 1a–c, P < 0.05). Melatonin treat-
ment normalized T-maze deficits (Fig. 1a, P > 0.05 compared 
to controls) and water maze (spatial) learning deficits 
(Fig. 1b, P < 0.05 compared to GMH), without improving 
spatial memory (Fig. 1c, P > 0.05). Both doses of melatonin 
also normalized (P < 0.05) the significant sensorimotor dys-
function (compared to juvenile GMH animals), demonstrated 
by the neurodeficit score, number of foot faults, and acceler-
ating rotarod falling latency (Figs. 2a–c, P < 0.05). Broad 
cytoprotection by melatonin was confirmed by the improve-
ment upon brain atrophy (Fig. 3a, P < 0.05 compared to 
GMH), and normalization of peripheral splenomegaly and 
cardiomegaly (Fig. 3b and c, P > 0.05 compared to controls) 
at 4 weeks after injury.

Discussion

These results indicate that systemic melatonin treatment 
after neonatal injury can reduce long-term brain atrophy, and 
return sensorimotor and cognitive function to near-normal 
levels in juvenile animals. In support of the findings from 
others, these outcomes provide preliminary evidence about 
the importance of oxidative stress mechanisms on outcomes 
after neonatal GMH [7, 8, 10].

Beyond the improvements in sensorimotor function and 
brain atrophy, the cognitive normalization by melatonin 
could have mechanistic benefits beyond reductions of peri-
ventricular free radical injury. Hippocampal neurons have 
receptors for melatonin [34, 35], upon which can be modu-
lated excitability, synaptic transmission, and plasticity [35–
38]. These targets could augment melatonin’s neuroprotective 
effects beyond a reduction of oxidative stress alone [38–44]. 
Mechanistic studies can investigate these processes further, 
as a window of opportunity for lasting neuroprotection after 
neonatal GMH.
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Fig. 1 Cognitive function normalization in juvenile rats by melatonin 
(MEL) after neonatal GMH. Higher order function was measured at the 
third week after collagenase infusion: (a) T-maze, (b) spatial learning 
water maze, (c) spatial memory (Probe) water maze. Values expressed 
as mean ± 95th CI (probe quadrant) or mean ± SEM (all others), n = 8 
(per group), *P < 0.05 compared with controls (sham and needle 
trauma), and †P < 0.05 compared with GMH
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Fig. 3 Cerebral and somatic growth normalization in juvenile rats by 
melatonin (MEL) after GMH. (a) Brain atrophy (percent tissue loss), 
(b) splenic weight, and (c) cardiac weight were measured at 4 weeks 
after injury. Values expressed as mean ± SEM, n = 8 (per group), 
*P < 0.05 compared with controls (sham and needle trauma)
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Melatonin is a widely tested neuroprotectant shown to 
ameliorate brain injury in adult animal models of cerebral 
ischemia [45] and hemorrhage [11]. This study supports the 
notion that the application of melatonin has no adverse 
affects in neonatal rats and can lead to improvements in 
functional outcomes after brain injury from hemorrhagic 
stroke in premature infants as well.
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Abstract Cerebral hypoxia-ischemia (HI) is an important 
cause of mortality and disability in newborns. It is a result of 
insufficient oxygen and glucose circulation to the brain, initi-
ating long-term cerebral damage and cell death. Emerging 
evidence suggests that endothelin receptor-A (ET

A
) activation 

can play an important role in mediating brain damage. In this 
study, we investigated the role of ET

A
 receptor inhibition using 

ABT-627 in neonatal HI injured rats. Postnatal day 10 
Sprague-Dawley rat pups (n = 91) were assigned to the follow-
ing groups: sham (n = 28), HI (vehicle, n = 32), and HI with 
ABT-627 at 3 mg/kg (n = 31). The Rice-Vannucci model was 
used to induce ischemia by ligating the right common carotid 
artery, followed by a 2 h hypoxic episode using 8% oxygen in 
a 37°C chamber. Postoperative assessment was conducted at 
48 h after injury and again at 4 weeks. At the acute time point, 
investigative markers included cerebral edema, infarction vol-
ume, and body weight change. Neurobehavioral testing was 
measured at 4 weeks post-injury. Our findings indicated that 
ABT-627 had no effect on the measured parameters. This 
study suggests that ET

A
 receptor blockade using ABT-627 

post-treatment fails to improve neurological outcomes in neo-
natal HI injured rats.

Keywords ABT-627 · Endothelin receptor-A (ET
A
) · 

Hypoxic-ischemic (HI) · Endothelins · Brain injury

Introduction

Cerebral hypoxia-ischemia (HI) is a fatal, life-threatening 
event during the perinatal period responsible for a large 
 number of mortalities and disabilities in newborns [1, 2]. 
With a reported incidence of 2–9 per 1,000 births, HI can be 
caused by a number of events, including a reduction in 
 uterine circulation from uterine contractions, umbilical cord 
compression, and placental abruption to name a few [3]. The 
concern with HI is the mounting inflammatory response pro-
duced by a reduction in cerebral blood flow. To date,  adequate 
therapeutic interventions aimed at treating the short- and 
long-term consequences of HI are limited. Although multiple 
studies have shown mild improvements with various treat-
ment modalities, including erythropoietin and hypothermia, 
there continue to be significant limitations in their ability to 
improve neurobehavioral deficits or reduce mortality [4]. 
Therefore, development of a new treatment intervention that 
can reduce a wide spectrum of HI-induced consequences is 
highly desirable.

Endothelins (ET) are vasomotor peptides produced pri-
marily in the endothelium that are responsible for maintain-
ing vascular homeostasis [5, 6]. In order to carry out 
downstream effects, ETs must bind to one of two distinct 
receptor subtypes, either ET

A
 or ET

B
. Within the brain, ETs 

and their receptors are localized to neurons, glial cells, and 
smooth muscle cells where they modulate neuronal function 
and regulate cerebral blood flow [7]. Specifically, activation 
of ET

A
 receptors, which are found predominantly in vascular 

smooth muscle cells, may lead to blood vessel vasoconstric-
tion and propagation of ischemic damage. In an adult model 
of focal ischemia, ET

A
 receptor inhibition improved brain 

edema formation, decreased infarction volume, attenuated 
BBB disruption, and improved overall mortality [7].
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Therefore, in this study, we investigated the role of ET
A
 

receptor inhibition on both short- and long-term outcomes in 
the HI-injured neonatal rat, specifically, determining the role 
of ABT627, a selective ET

A
 receptor competitive antagonist, 

on edema formation, infarction volume, body weight change, 
and neurobehavioral deficits.

Materials and Methods

Animal Groups. All procedures for this study were approved 
by the Animal Care and Use Committee at Loma Linda 
University and complied with the NIH Guide for the Care 
and Use of Laboratory Animals. Ninety-one postnatal day 10 
pups were randomly divided into the following three groups: 
sham surgery (n = 28), vehicle (n = 32), and HI + 3 mg/kg 
ABT627 post-treatment (n = 31).

Operative Procedure. The surgery was conducted as pre-
viously described using the Rice-Vannucci model [8]. Briefly, 
pups were placed on a surgical table maintained at 37°C and 
anesthetized by inhalation with isoflurane (3% in mixed air 
and oxygen). HI groups had the right common carotid artery 
permanently ligated. After 1 h of recovery, pups were placed 
in a glass jar submerged in a water bath maintained at 37°C 
and perfused with 8% oxygen for 2 h. At 48 h, pups were 
euthanized and decapitated.

Treatment Method. Treated pups were given a single IP 
injection of 3 mg/kg ABT627 immediately after HI. Vehicle 
pups followed the same injection regimen, but were given 
saline solution.

Brain Water Content. Brain water content was measured 
as previously described [9]. Briefly, pups were sacrificed at 
48 h post-HI, and brains were immediately removed and 
divided into three parts: ipsilateral frontal, contralateral fron-
tal, and cerebellum. The cerebellum was used as an internal 
control for brain water content. Tissue samples were then 
weighed on an electronic analytical balance (APX-60, 
Denver Instrument; Arvada, CO) to the nearest 0.1 mg to 
obtain the wet weight (WW). The tissue was then dried at 
105°C for 48 h to determine the dry weight (DW). The per-
cent brain water content was calculated as [(WW – DW)/
WW] × 100.

Infarct Volume. 2, 3, 5-Triphenyltetrazolium chloride 
monohydrate (TTC) staining was used to measure infarct 
volume as previously described [10]. At 48 h post-HI, brains 
were removed and sectioned into 2-mm slices, then immersed 
into 2% TTC solution at 37°C for 5 min, followed by 10% 
formaldehyde. The infarct volume was traced and analyzed 
by Image-J software.

Assessment of Neurobehavioral Deficits. Four weeks after 
HI and prior to sacrifice, rats were tested for spontaneous 
alternation on a T-shaped maze as previously described [11]. 

Rats were placed at the stem of the T-maze [measured 40 
(stem) × 46 (arm) × 10 (width) cm] and allowed to freely 
explore the two arms of the maze throughout a ten-trial con-
tinuous alternation session. Once an arm was chosen, the rat 
was placed in the stem of the maze again, and the trial was 
repeated. Absolute numbers of left and right choices were 
recorded, and the spontaneous alternation rate was calculated 
as the ratio of the alternating choices to the total number of 
the choices.

In the foot-fault test, rats were placed on a horizontal grid 
floor (wire diameter 0.4 cm) for 2 min. Foot fault was defined 
as when the animal inaccurately placed a fore- or hindlimb, 
and it fell through one of the openings in the grid. The num-
bers of foot faults for each animal were recorded. Previous 
study has shown that intact animals place their paws on the 
grid frame or foot holds while moving around on the grid 
[12]. Limb misplacements in intact animals were infrequent.

Finally, for the wire grip tests [13], rats were placed on 
a metal wire (45 cm long) suspended 45 cm above a foam 
pad and were allowed to traverse the wire for 40 s. The 
latency that a rat remained on the wire within a 40 s interval 
was measured. The test was repeated two times and the aver-
age of the two values was recorded.

Statistics. Quantitative data were expressed as the 
mean ± SEM. One-way ANOVA and Tukey test were used to 
determine significance in differences between the means. 
Neurological scores were evaluated using the Dunn method. 
A p-value < 0.05 was considered statistically significant.

Results

ET
A
 receptor inhibition has no effect on brain edema formation. 

Brain water content was measured 48 h post-HI (Fig. 1a, b). 
The results showed that vehicle mice presented with signifi-
cantly worse brain edema compared to sham mice. After 
post-treatment with ABT627, brain edema failed to reduce 
significantly in both cerebral hemispheres compared to the 
vehicle group.

ET
A
 receptor inhibition did not improve body weight after 

HI. Prior to decapitation at 48 h post-HI, body weight was 
measured and compared to initial body weight prior to sur-
gery (Fig. 1c). Compared to sham groups, vehicle groups 
showed a marked reduction in body weight gain after 48 h. 
Unfortunately, the decrease in body weight did not improve 
with ABT627 treatment.

Infarction volume failed to improve with ET
A
 receptor 

inhibition. Infarction volume was measured by TTC staining 
at 4 weeks post-HI (Fig. 2). The results indicate there was a 
significant increase in infarct volume between sham and 
vehicle rat pups. Treatment with ABT627, however, failed to 
reverse or attenuate the volume of infarction.
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Neurobehavioral deficits did not improve with ET
A
 recep-

tor inhibition. Neurobehavioral functioning was conducted 
at 4 weeks post-HI (Fig. 3). Three different means of testing 
for neurobehavioral deficits were performed, including the 
foot fault test, T-maze test, and wire grip test. The results 
showed no significant improvement in behavior with 
treatment.

Discussion

Neonatal cerebral HI is a fatal perinatal event that currently 
has no effective treatment option. Even if infants survive the 
initial attack, the inflammatory response that occurs as a 
result of cerebral hypoperfusion triggers a series of events 
leading to cerebral edema formation, neuronal cell death, 
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somatic growth retardation, and motor behavioral problems [8]. 
In the present study, we investigated whether ET

A
 receptor 

inhibition with ABT627, a selective ET
A
 receptor competitive 

antagonist, would reduce brain edema formation and infarc-
tion volume while improving weight gain at 48 h post-injury. 
Additionally, we wanted to determine whether post-treat-
ment could attenuate the long-term neurobehavioral deficits 
measured at 4 weeks post-injury. In this study, we found that 
post-treatment with ABT627 had no effect on brain injury 
outcomes in our neonatal HI rat population at both short- and 
long-term time intervals.

It was originally hypothesized that rats subjected to HI 
brain injury would develop significant brain edema and 
infarction, and that ABT627 post-treatment would reduce 
these consequences by blocking the harmful effects of 
endothelins. The data collected, however, do not support this 
hypothesis. The increased brain water content levels found 
48 h after HI failed to decrease with drug administration. 
Furthermore, there was no difference in infarction volume 
between the treatment and vehicle groups. Normally, the 
devastating consequences following an HI are a result of 
hypoperfusion and subsequent physiological changes [14]. 
One of the mechanisms responsible for edema formation and 
cell death includes activation of a number of vasoactive 
factors during hypoperfusion, including endothelins [15].  
A potent vasoconstrictor with mitogenic properties, endothe-
lins have been found to be increased in patients with isch-
emic stroke. Stanimirovic et al. [16] showed that endothelins 
enhance the permeability of the BBB via ET

A
 receptor acti-

vation by increasing the expression of intercellular adhesion 
molecule-1 and interlukin-8 on brain capillary endothelial 
cells. Additionally, by reducing the blood supply to the brain 
through vasoconstriction, endothelins are propagating the 
ischemic damage and increasing the volume of infarction. 
Thus, we had hoped that inhibition of the endothelin receptor 
could reduce the damages following injury – however, this 
was not the case.

Assessment of neurobehavior was conducted by three 
tests: T-maze, wire grip, and the foot fault test. The T-maze 
spontaneous alternation task has been shown to test explor-
atory behavior and working memory by hippocampal dys-
function [17, 18], while the foot-fault and wire grip tests look 
more at motor and strength capabilities [8]. In our study, we 
failed to show an improvement in neurobehavioral deficits 
with post-treatment. This is contrary to previous studies in 
various models that have shown an improvement in neurobe-
havior after ET

A
 receptor inhibition [7]. The lack of signifi-

cant improvement in our study was likely attributed to the 
failure in improvement of brain edema and infarction volume 
after injury.

The reason why ABT627 post-treatment failed to work is 
unclear. The limited dosing amount, however, may be an 
explanation. A one-time drug injection after injury may not 
be sufficient to elicit a protective response. It is possible that 
multiple treatments are needed in order to combat the early 
and delayed phases of brain injury. Additionally, previous 
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authors have found that excitotoxicity plays a key role in 
brain edema production and neuronal cell death, which was 
not addressed with our choice of therapy. Studies have shown 
that with a decrease in oxidative phosphorylation and subse-
quent reduction in available energy production, membrane 
depolarization results in the release of excitatory amino 
acids, enhancing the neuronal destructive process [19].

Conclusion

These results suggest that inhibition with ABT627, a selec-
tive ET

A
 receptor inhibitor, does not provide major benefits 

for brain integrity, neurobehavioral deficits, and body weight 
after neonatal HI. Collectively, these results establish the 
need for further studies investigating possible alternative 
methods of targeting endothelins.
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FTY720 is Neuroprotective and Improves Functional  
Outcomes After Intracerebral Hemorrhage in Mice

William B. Rolland II, Anatol Manaenko, Tim Lekic, Yu Hasegawa, Robert Ostrowski, Jiping Tang, and John H. Zhang 

Abstract Intracerebral hemorrhage (ICH) accounts for 20% 
of all strokes and is the most devastating form across all 
stroke types. Lymphocytes have been shown to potentiate 
cerebral inflammation and brain injury after stroke. FTY720 
(Fingolimod) is an immune-modulating drug that prevents 
the egress of peripheral lymphocytes from peripheral stores. 
We hypothesized that FTY720 would reduce peripheral cir-
culating lymphocytes, resulting in reduced brain injury and 
improved functional outcomes. CD-1 mice were anesthe-
tized and then injected with collagenase into the right basal 
ganglia. Animals were divided into three groups: sham, 
ICH + Vehicle, and ICH + FTY720, by the intra-peritoneal 
route at 1 h after ICH induction. Brain water content was 
measured at 24 and 72 h. Neurobehavioral tests included cor-
ner test, forelimb use asymmetry, paw placement, wire-hang 
test, beam balance test, and a Neuroscore. FTY720 signifi-
cantly reduced brain edema and improved neurological func-
tion at all time points tested. Lymphocyte modulation with 
FTY720 is an effective neuroprotective strategy to reduce 
brain injury and promote functional recovery after ICH.

Keywords Intracerebral hemorrhage · FTY720 · Fingolimod · 
Lymphocytes · Neuroprotection · Brain edema · Neurological 
function

Introduction

Intracerebral hemorrhage (ICH) is a spontaneous bleeding 
event in the brain for which there are no effective therapies. 
ICH accounts for about 20% of all strokes and affects 1 in 
6,000 people each year [1]. ICH results in a higher mortality 
rate than ischemic stroke, and 40–50% of patients in the 
United States die within the first 30 days [2].

The inflammatory response after ICH is a highly complex 
process that includes acute and delayed events requiring 
local and peripheral cellular cross-talk. Significant orches-
trators of this inflammatory process are blood-derived 
immune cells, trafficking from the periphery into the brain 
parenchyma [3]. Monocyte and neutrophil infiltration, along 
with microglia and macrophage activation, occur in and 
around the hematoma within hours after ictus and peak 
within a few days [3, 4], leading to the production of proin-
flammatory mediators, such as TNF-a, IL-1b, and prote-
olytic enzymes, such as MMP-9. While the myeloid branch 
of the immune system includes the above cell types involved 
in inflammation, lymphoid cells also interact with resident 
and infiltrated cells in the CNS, potentiating the inflamma-
tory response. T-cells have been shown to play a major role 
in the numerous neurological diseases, such as Parkinson’s 
disease, Alzheimer’s disease, and multiple sclerosis [5–7], as 
well as the deleterious events following stroke [8]. It has 
been demonstrated that T-cells are significantly increased in 
the brain as early as 24 h after stroke [9]. These lymphocytes 
are responsible for further driving the local inflammatory 
reaction, leading to increased blood-brain barrier (BBB) per-
meability, edema formation, cell death, and neurological 
deficits following stroke.

FTY720 (Fingolimod), a sphingosine-1-phosphate(S1P) 
analog that is an agonist for S1P receptors (S1P1, 3, 4, and 
5), has a half life of 20 h [10, 11]. FTY720’s immunosup-
pressive activity results from inhibition of S1P1 receptor-
dependent lymphocyte egress mediated by downregulating 
S1P1 receptor on T-cells [12]. Therefore, a single adminis-
tration of FTY720 causes peripheral lymphopenia. It has 
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been shown to be effective in several phase II clinical trials 
at reducing the incidence of relapsing/remitting MS [13, 14] 
and for renal transplantation [15]. In a recent study in our 
laboratory, FTY720 administration was shown to be neuro-
protective following 2 h middle cerebral artery occlusion in 
rats [16].

In the present study, we hypothesized that FTY720 
 administration following ICH would reduce brain edema 
and improve neurological function in mice. To test this 
hypothesis, we administered FTY720 to reduce circulating 
peripheral lymphocytes, and then evaluated brain edema and 
neurological deficits 24 and 72 h following collagenase-
induced intracerebral hemorrhage.

Materials and Methods

Experimental Animal Preparation

All procedures for this study were approved by the Animal 
Care and Use Committee at Loma Linda University, and 
were in compliance with the NIH Guide for the Care and 
Use of Laboratory Animals.

Eight-week-old CD-1 mice were used in our study and 
were housed on a 12:12 light/dark cycle in a pathogen-free 
facility with controlled temperature and humidity, and were 
given food and water ad libitum.

Experimental Protocol

In total, 30 mice were used in this study. Mice were divided 
into three groups: sham (needle insertion), ICH + vehicle 
(ICH), and ICH + FTY720 treatment (1 mg/kg, i.p). FTY720 
was dissolved in 2% DMSO and given 1 h after ICH 
 induction. Both sham and vehicle animals received the 
same  volume of i.p. 2% DMSO in saline. All animals were 
neurologically tested, and brains were harvested 24 and 
72 h after ICH induction. Evaluation of neurological defi-
cits was carried out by a blinded investigator. Brain samples 
were collected for measurement of brain edema.

Intracerebral Hemorrhage Model in Mice

ICH was induced by intrastriatal collagenase injection as 
described by Rosenberg et al. [17, 18]. Briefly, mice were 
anesthetized with ketamine (100 mg/kg, i.p.) and xylazine 
(10 mg/kg, i.p.) (2:1 v/v), and positioned prone in a stereot-
actic head frame (Kopf Instruments, Tujunga, CA). A bore-

hole (1 mm) was drilled near the right coronal suture 1.7 mm 
lateral to the midline. A 27-gauge needle was inserted ste-
reotactically into the right basal ganglia according to the 
coordinates: 0.9 mm posterior to the bregma, 1.7 mm lateral 
to the midline, and 3.7 mm below the surface of the calvaria. 
Clostridal collagenase (VII-S, Sigma; 0.1 U in 0.5 mL of 
saline) was infused into the brain over 2 min at a rate of 0.25 
mL/min with a microinfusion pump (Harvard Apparatus, 
Holliston, MA). Sham-operated mice were subjected to nee-
dle insertion only. The needle was left in place for an addi-
tional 10 min after injection to prevent possible leakage or 
backflow of the collagenase solution. After removing the 
needle, the bore hole was closed with bone wax, the incision 
closed with sutures, and mice were allowed to recover. To 
avoid postsurgical dehydration, 0.5 ml of normal saline was 
given subcutaneously to each mouse after surgery.

Testing Neurological Function

All neurological tests were performed during the light cycle. 
Neurological deficits were evaluated by using a modified 
Garcia test [19], beam balance and wire-hanging tests [20]. In 
the modified Garcia test, seven items, including spontaneous 
activity, side stroke, vibrissae touch, limb symmetry, lateral 
turning, forelimb walking, and climbing were tested (the 
total possible neurological score was 21 for a healthy mouse). 
For both the modified beam balance and wire-hanging test, the 
total possible score for healthy mice was five. The behavior 
testing was conducted at 24 and 72 h after ICH induction by 
a blinded investigator.

Measurement of Brain Edema

Brain water content was measured as previously described 
[18]. Briefly, mice were decapitated under deep anesthesia. 
Brains were immediately removed and cut into 4-mm 
sections. Each section was divided into four parts: ipsilateral 
and contralateral basal ganglia, ipsilateral and contralateral 
cortex. The cerebellum was used as an internal control. 
Tissue samples were weighed to obtain the wet weight (WW) 
and then dried at 100°C for 24 h to determine the dry 
weight (DW). Brain water content (%) was calculated as 
[(WW – DW)/WW] × 100.

Statistical Analysis

All the data were expressed as Mean ± SEM. Statistical dif-
ferences were analyzed by one way-ANOVA Tukey test or 
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Dunn’s test on rank. A P value of < 0.05 was considered 
 statistically significant.

Results

Brain Water Content

Brain water content was tested at 24 and 72 h after ICH 
(Fig. 1). There was a very significant increase in brain water 
content for the ICH + Vehicle group at both 24 and 72 h, 
respectively, in the ipsilateral basal ganglia (ICH + Vehicle[24 h], 
83.62 ± 0.48 & ICH + Vehicle[72 h], 82.79 ± 0.41 vs. sham, 
78.27 ± 0.24, P < 0.05) and cortex (ICH + Vehicle[24 h], 
80.46 ± 0.36 & ICH + Vehicle[72 h], 80.48 ± 0.34 vs. sham, 
78.96 ± 0.22, P < 0.05) compared to the sham group. Brain 
edema was also significantly increased in the contralateral 
basal ganglia for ICH + Vehicle at 24 and 72 h 
(ICH + Vehicle[24 h], 81.12 ± 0.20 and ICH + Vehicle[72 h], 
80.34 ± 0.13 vs. Sham, 78.25 ± 0.11, P < 0.05) compared to 
the sham group. FTY720 treatment (1 mg/kg) significantly 
reduced brain edema in the ipsilateral basal ganglia at 24 and 
72 h (ICH + FTY720[24 h], 82.16 ± 0.28 vs. ICH + Vehicle 
[24 h], 83.62 ± 0.48 and ICH + FTY720[72 h], 81.28±.33 vs. 
ICH + Vehicle[72 h], 82.79 ± 0.41, P < 0.05) and in the con-
tralateral basal ganglia at 72 h after ICH (ICH + FTY720 
[72 h], 79.70±.15 vs. ICH + Vehicle[72 h], 80.34±.13). 
FTY720 treatment also significantly reduced brain edema in 
the ipsilateral cortex (ICH + FTY720[72 h], 79.59 ± 0.17 vs. 

ICH + Vehicle[72 h], 80.48 ± 0.34, P < 0.05) and contralateral 
cortex at 72 h after ICH (ICH + FTY720[72 h], 78.89 ± 0.09 
vs. ICH + Vehicle[72 h], 79.± 0.11).

Neurobehavioral Testing  
and Neurological Function

Neurobehavioral evaluations were completed at 24 and 72 h 
after ICH induction by using the modified Garcia test, wire-
hanging test, and beam balance test (Fig. 2a–c). At 24 and 
72 h after ICH, the ICH + Vehicle group demonstrated signifi-
cant deficits compared to the sham group for the modified 
Garcia test, wire-hanging test, and beam walking test 
(P < 0.05). After FTY720 treatment, the Garcia neurological 
score was significantly improved at both time points (P < 0.05). 
FTY720 treatment significantly improved performance on 
the beam balance and wire-hanging tests at 24 h after ICH 
(P < 0.05) and showed a trend to improve performance at 72 h 
after ICH; however, we did not find significant results.

Discussion

Hemorrhagic stroke is the most fatal stroke type, and currently 
there is no effective treatment. The extravasated blood and 
blood components trigger a complex series of events leading to 
the production of inflammatory mediators and the infiltration 
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of a wide variety of immune cells, resulting in edema forma-
tion, cell death, and permanent neurological deficits. The pres-
ent study used a clinically relevant immunosuppressant that is 

already in clinical trials and has been submitted for regulatory 
approval in the US and EU for oral administration to treat MS 
patients. We found that administration of FTY720 reduced 
brain edema, improved neurological function, and offered neu-
roprotection after ICH. This is the first study to demonstrate 
the neuroprotective effect of FTY720 in a mouse intracerebral 
hemorrhage model.

Although T-cells are not the largest population of immune 
cells in the brain after stroke, their presence is certainly 
important. Inhibition of T-cell activation in rats with FK-506 
and knockout mice for CD18 (a lymphocyte-associated adhe-
sion molecule) leads to decreased cell death and improved 
functional outcome in the days and weeks following ICH 
[21, 22]. FTY720 binds to four of the five known S1P recep-
tors and has been repeatedly shown to induce peripheral 
lymphopenia when administered at doses around 0.1 mg/kg 
[10, 23]. Our dosage of 1 mg/kg can be safely assumed to be 
causing the same effect in mice, which will reduce the 
amount of T-cells available for trafficking into the brain after 
ICH. This reduction in T-cells available for trafficking in 
effect reduces the driving force behind inflammation, lead-
ing to reduced brain edema and neurological deficits.

FTY720 has been shown to have an endothelial barrier 
enhancement capacity by inhibiting VEGF induced vascular 
permeability in vitro and in vivo [24]. Moreover, FTY720 
has been shown to induce the translocation of vascular 
endothelial cadherin and b-catenin, via S1P1 or S1P3 activa-
tion, to the focal contacts between endothelial cells, promot-
ing adherens junction assembly [25]. Lastly, it has been 
demonstrated that activation of S1P1 with FTY720 induces 
anti-apoptotic signaling, rescuing cells from the brink of 
death. In a recent study in our laboratory, FTY720 treatment 
was shown to increase the levels of phosphor-Akt, phospho-
Erk, and Bcl-2 as well as reduced cleaved caspase-3 after 
middle cerebral artery occlusion in rats.

In summary, FTY720 post-treatment reduced the brain 
edema and improved neurological function after intracere-
bral hemorrhage in mice. This result may be explained by its 
anti-inflammatory effect.
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Abstract Cerebral preconditioning with a low dose of 
thrombin attenuates brain edema induced by intracerebral 
hemorrhage (ICH), a large dose of thrombin or iron. This 
study examined whether or not thrombin preconditioning 
(TPC) reduces neuronal death and brain atrophy caused by 
iron. The right hippocampus of rats was pretreated with or 
without thrombin, and iron was then injected into the same 
location 3 days later. Rats were killed at 1 day or 7 days after 
iron injection, and the brains were used for histology. We 
found that TPC reduced neuronal death and brain swelling in 
the hippocampus 1 day after iron injection, and hippocampal 
atrophy 7 days later. Western blots showed that thrombin 
activates p44/42 mitogen-activated protein kinase (p44/42 
MAPK) and 70-kDa ribosomal protein S6 kinase (p70 S6K). 
Our results indicate that TPC reduction of iron-induced neu-
ronal death may be through the p44/42 MAPK /p70 S6K sig-
nal transduction pathway.

Keywords Hippocampus · Iron · p44/42 MAPK · Precon-
ditioning · Thrombin

Introduction

Preconditioning has been used for heart and brain surgery  
[1, 2]. Our pervious studies have demonstrated that prior 
treatment with a low dose of thrombin attenuates the brain 
edema induced by thrombin, iron or hemorrhage [3–5].  
We call this phenomena thrombin preconditioning (TPC).

Iron overload occurs in the brain after intracerebral hem-
orrhage (ICH) and has a key role in ICH-induced brain dam-
age. It is known that increased brain iron levels contribute to 
brain edema, oxidative injury and brain atrophy following 
ICH [6–8]. Deferoxamine, an iron chelator, reduces ICH-
induced brain injury in rats and piglets [9–12].

Preconditioning-induced protection is associated with 
new protein synthesis [13, 14]. Activation of 70-kDa ribo-
somal protein S6 kinase (p70 S6K) is essential for precondi-
tioning in the heart [15, 16]. The p44/42 mitogen-activated 
protein kinase (p44/42 MAPK) can activate p70 S6K [15]. 
The target of the activated kinase is the 40S ribosomal pro-
tein S6, a major regulator of protein synthesis [17].

In this study, we examined whether TPC reduces iron-
induced neuronal death and brain atrophy. Whether or not 
thrombin activates the p44/42 MAPK-P70S6K pathway in 
the hippocampus was also examined.

Materials and Methods

Animal Preparation and Intrahippocampal 
Injection

The University of Michigan Committee on the Use and Care 
of Animals approved the protocols for these studies. Male 
Sprague-Dawley rats (275–325 g, Charles River Laboratories, 
Portage, MI) were anesthetized with pentobarbital 
(40 mg/kg, i.p.). A polyethylene catheter (PE-50) was then 
inserted into the right femoral artery to monitor arterial 
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blood pressure and to obtain blood samples for analysis of 
blood gases, blood pH, hematocrit, and blood glucose con-
centration. Body temperature was maintained at 37.5°C by 
using a feedback-controlled heating pad. The animals were 
positioned in a stereotactic frame, and a cranial burr hole 
(1 mm) was drilled. Thrombin and ferrous iron were infused 
into the right hippocampus through a 26-gauge needle at a 
rate of 2 mL/min using a microinfusion pump. The coordi-
nates were 3.8 mm posterior and 3.5 mm lateral to the 
bregma at a depth of 3.2 mm. After intrahippocampal infu-
sion, the needle was removed and the skin incision closed 
with suture.

Experimental Groups

This study was divided into two parts. In the first part, rats 
were pretreated intrahippocampally with 10 mL thrombin 
(Sigma, St Louis, MO, 1U/mL in saline) or a needle insertion 
(control). After 3 days, rats had another intrahippocampal 
infusion of 10 mL ferrous chloride (1 mM in saline). Rats 
were killed at 1 day or 7 days later for brain histology. In the 
second part, rats received either a needle insertion (control) or 
an intrahippocampal infusion of 10 mL thrombin (1U/mL) 
and were killed at 3 or 7 days later for Western blot analysis.

Histological Assessments

Rats were reanesthetized at 1 or 7 days after iron injection 
and were perfused with 4% paraformaldehyde in 0.1 M 
phosphate-buffered saline (pH 7.4). The brains were removed 
and kept in 4% paraformaldehyde overnight, then immersed 
in 30% sucrose for 3–4 days at 4°C. After embedding in the 
mixture of 30% sucrose and OCT (SAKURA Finetek, 
Torrance, CA), 18-mm sections were taken on a cryostat.

The brain sections from 1 mm posterior to the blood injec-
tion site were stained with hematoxylin and eosin and 
scanned. The hippocampus was outlined and measured with 
NIH Image. All measurements were repeated three times, 
and the mean value was used.

Fluoro-Jade C Staining

Brain sections were processed for Fluoro-Jade C staining as 
described previously [18]. Fluoro-Jade C-positive cells were 
counted on the hippocampus from TPC or control rat brain 
sections.

Western Blot Analysis

Western blot analysis was performed as previously described 
[5]. The primary antibodies were polyclonal rabbit phos-
pho-p44/42 MAPK antibody (1:2,000; Cell Signaling, MA) 
and polyclonal rabbit phospho-p70S6K (Thr421/Ser424) 
antibody (1:1,000; Cell Signaling, MA). The relative 
 densities of phospho-p44/42 MAPK and phospho-p70 
S6K protein bands were analyzed using NIH image soft-
ware (version 1.63).

Statistical Analysis

All results are expressed as mean ± SD. Data were statisti-
cally analyzed by Student’s t-test. Differences were consid-
ered significant at the p < 0.05 level.

Results

Physiological parameters were recorded immediately 
before intrahippocampal injections. The mean arterial 
blood pressure (MABP), blood pH, blood gases, hemat-
ocrit and blood glucose were controlled within normal 
ranges (MABP, 80–120 mmHg; pO

2
, 80–120 mmHg; 

pCO
2
, 35–45 mmHg; hematocrit, 38–42%; blood glucose, 

80–120 mg/dL).
Fluoro-Jade C staining was used to examine neuronal 

death at day 1 after iron injection. Iron caused neuronal death 
in the hippocampus, and TPC reduced iron-induced neuronal 
death in the hippocampal CA-1 region (Fluoro-Jade C posi-
tive cells: 27.8 ± 7.8 cells/mm vs. 38.8 ± 6.3 cells/mm in the 
control group, p < 0.01, Fig. 1). Iron also caused swelling in 
the ipsilateral hippocampus. TPC reduced hippocampal 
swelling induced by iron (5.9 ± 0.2 vs. 6.6 ± 0.6 mm2 in the 
control group, p < 0.05; Fig. 2).

Iron-induced hippocampal tissue loss was examined at 
day 7. We found that hippocampal sizes in the contralateral 
side were same in the TPC and control group. Iron injection 
resulted in significant tissue loss in the ipsilateral hippo-
campus (Fig. 2). TPC reduced iron-induced hippocampal 
atrophy (5.4 ± 0.4 vs. 4.5 ± 0.2 mm2, p < 0.01, Fig. 2).

To determine whether the p44/42 MAPK/p70  
S6K pathway involves in TPC-induced neuron protection, 
we measured levels of activated p44/42 MAPK and p70 
S6K by Western blots and found that thrombin can acti-
vate p44/42 MAPK and p70 S6K in the hippocampus 
(Fig. 3).
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Discussion

Although high concentrations of thrombin are deleterious to 
the brain, low concentrations of thrombin are neuroprotec-
tive in vitro and in vivo [3, 19]. In vitro studies have shown 
that thrombin protects rat primary astrocytes from hypogly-
cemia- or oxidative stress-induced cell death. Thrombin also 
protects rat primary hippocampal neurons from cell death 

produced by hypoglycemia, hypoxia or growth supplement 
deprivation [20, 21]. In vivo studies have shown that prior 
intracerebral injection of a low dose of thrombin reduces the 
brain injury that follows a subsequent intracerebral injection 
of a high dose of thrombin, an effect abolished by co- injection 
of a thrombin inhibitor [5]. TPC reduces brain ICH-induced 
edema [4] and brain injury following focal cerebral ischemia 
[22]. We have also shown that TPC can protect against brain 
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edema induced by intracerebral injection of iron [3, 23]. In 
addition, TPC reduces brain injury in a rat Parkinson’s model 
[24, 25]. In this study, we demonstrate that TPC reduces neu-
ronal death and brain atrophy induced by iron.

Our current results also show that thrombin can also acti-
vate p44/42 MAPK and p70 S6K, which may be related to 
protein synthesis. We have demonstrated that protein synthe-
sis (e.g., heat shock proteins) may contribute to neuroprotec-
tion induced by TPC. Reports have shown that protein 
synthesis is associated to cerebral ischemic preconditioning 
[13], and it may also have a role in cerebral TPC.

TPC reduces iron-mediated brain injury, suggesting a 
potential role of iron-handling proteins in TPC. Evidence indi-
cates that brain injury after ICH is, in part, due to the release 
of iron from hemoglobin [26]. We have examined the effects 
of a low dose of thrombin on brain transferrin and transferrin 
receptor, proteins involved in iron transport, which might 
modulate iron-induced toxicity. We found that thrombin 
upregulates brain transferrin and transferrin receptor [3]. 
Thrombin also increases ceruloplasmin levels in vivo [27]. 
The role of the p44/42 MAPK/p70 S6K pathway and iron-
handling proteins in TPC should be examined in the future.
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Abstract Capsaicin, a transient receptor potential vanilloid 
1 (TRPV1) agonist, has recently been shown to provide 
 neuroprotection against brain injury in experimental adult 
models of cerebral ischemia. Accordingly, in this study, we 
investigated the way in which capsaicin-mediated TRPV1 
modulation could attenuate damage in an experimental 
hypoxic-ischemic (HI) neonatal brain injury model. The 
Rice-Vannucci method was used in 10-day-old rat pups by 
performing unilateral carotid artery ligation followed by 2 h 
of hypoxia (8% O

2
 at 37°C). Capsaicin was administered 

intraperitoneally (0.2 mg/kg or 2.0 mg/kg) at 3 h pre-HI or 
1 h post-HI. Post assessment included measurement of 
infarction volume at 24 and 72 h in addition to an assessment 
of the vascular dynamics of the middle cerebral artery (MCA) 
at 6 h post-HI. The results indicated that pre-treatment with 
capsaicin reduced infarction volume significantly with either 
low-dose or high-dose treatment. Pre-treatment also improved 
myogenic tone and decreased apoptotic changes in the distal 
MCA. We concluded that capsaicin pre-treatment may pro-
vide neurovascular protection against neonatal HI.

Keywords Transient receptor potential vanilloid 1 (TRPV1) ·  
Capsaicin · Neonatal hypoxia ischemia

Introduction

Perinatal brain injury can occur because of a wide variety of 
events, including hypoxia-ischemia (HI), intrauterine infections, 
and cerebral hemorrhage. Of these three, HI is the most common 
cause of perinatal brain injury, and is responsible for a large 
number of morbidities and mortalities [1]. In the past, many 
studies have been aimed at determining the cause of brain dam-
age in an effort to reduce the major consequences of injury, 
including cerebral palsy, seizure disorders and motor/cognitive 
disabilities [2]. To date, various mechanisms including excito-
toxicity have been implicated as a key component of brain 
 damage in HI. Unfortunately, the lack of effective therapeutic 
options to combat excitotoxic cell death and prevent further 
damage has driven the need for additional research in this field.

Transient receptor potential vanilloid 1 (TRPV1, or cap-
saicin receptor) is a nonspecific cation channel belonging to 
the TRP superfamily [3]. It is highly expressed in spinal and 
peripheral nerve terminals and has an important role in noci-
ception as well as analgesia [3, 4]. In order for TRPV1 to be 
activated, it must be exposed to various noxious and painful 
stimuli, such as low pH (<5.9), heat (>43°C), capsaicin and 
endocannabinoids. In doing so, activated TRPV1 causes an 
increase in calcium influx, thereby promoting excitotoxic 
cell death mechanisms in neurons [3]. Recently, experimen-
tal adult models have shown that capsaicin administration 
may provide neuroprotection against excitotoxic and isch-
emic brain injury by desensitizing the TRPV1 receptor [5].

Accordingly, in the present study we investigated whether 
modulation of TRPV1 with capsaicin provides neuroprotec-
tion after HI brain injury using the established Rice-Vannucci 
neonatal rat model. Specifically, we investigated the effects 
of capsaicin treatment on infarction volume and vascular 
dynamics in our brain-injured neonatal rat pups.
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Materials and Methods

Animal Groups. All procedures for this study were approved 
by the Animal Care and Use Committee at Loma Linda 
University and complied with the NIH Guide for the Care 
and Use of Laboratory Animals. Ninety-five 10-day-old rat 
pups were randomly divided into the following groups: sham, 
HI (n = 39), HI + 0.2 mg/kg capsaicin pre-treatment (n = 14), 
HI + 2 mg/kg capsaicin pre-treatment (n = 14), HI + 0.2 mg/
kg capsaicin post-treatment (n = 14) and HI + 0.2 mg/kg cap-
saicin post-treatment (n = 14).

Operative Procedure. Timed pregnant female Sprague-
Dawley rats were obtained from Harlan Laboratories 
(Indianapolis, IN) and housed in individual cages. The day 
of birth was considered day 0. After birth, pups were housed 
with their dam under a 12:12-h light-dark cycle, with food 
and water available ad libitum throughout the study. A modi-
fied Rice-Vannucci model was adopted as follows [6]: 
10-day-old postnatal pups were anesthetized with isoflurane. 
The right common carotid artery of each pup was perma-
nently ligated with 5-0 surgical silk through a near-midline 
incision. After recovering with their dams for 2 h, the pups 
were then placed in a jar perfused with a humidified and pre-
warmed gas mixture (8% oxygen balanced with nitrogen) for 
2 h. A constant temperature of 37°C was maintained through-
out all the procedures. After hypoxia, the animals were 
returned to their dams, and the ambient temperature was 
maintained at 37°C for 24 h. Sham animals underwent anes-
thesia, and the common carotid artery was exposed without 
ligation and hypoxia.

Treatment Method. Capsaicin (Tocris Bioscience, MO), a 
TRPV1 agonist, was administered intraperitoneally as a sin-
gle treatment in two doses of 0.2 mg/kg and 2.0 mg/kg based 
on previous studies [7] either as pretreatment (3 h prior to 
HI) or post-treatment (1 h after HI). The drugs were consti-
tuted in 1% dimethyl sulfoxide (DMSO).

Immunohistochemistry. Naïve pups (10 days old) were 
transcardially perfused under deep anesthesia with PBS fol-
lowed by 4% paraformaldehyde. The brains were then 
removed and post-fixed in formalin. Paraffin-embedded 
brains were sectioned into 10-mm-thick slices by cryostat 
(CM3050S; Leica Microsystems). Double immunofluores-
cent staining was performed using the following primary 
antibodies: rabbit polyclonal anti-TRPV1 antibody (Tocris 
Biosciences, 1:200), goat polyclonal anti-vWF (Santa Cruz 
Biotechnology, 1:200) and mouse anti-NeuN antibody 
(Chemicon, MAB377, 1:200) as described before [8].

Infarct Volume Measurement. 2, 3, 5-Triphenyltetrazolium 
chloride monohydrate (TTC) staining was used to measure 
infarct volume as previously described [9]. Briefly, at 24 h 
and 72 h after HI, animals were perfused transcardially with 
PBS under deep anesthesia. The brains were removed and 

sectioned into 2-mm slices, then immersed into 2% TTC 
solution at 37°C for 5 min, followed by 10% formaldehyde. 
The infarction volume was traced and analyzed by Adobe 
Photoshop 6.0 by an investigator blinded to the treatment 
groups.

Vascular Dynamics. These experiments were carried out 
on distal MCA segments. All methods used for tissue dissec-
tion and mounting in the organ were performed as described 
previously [10]. Briefly, rat brains were rapidly removed 
from the cranial cavity after decapitation and placed in ice 
cold PBS at a pH level of 7.4 via stepwise addition of 1 M 
NaOH. Distal MCA was dissected from the brain surface, 
cut into lengths of 5 mm and mounted on cannulas in an 
organ chamber (Living Systems, Burlington, VT). In the 
organ chamber, the proximal cannula was connected in par-
allel to a pressure transducer, a reservoir of PSS, and a servo-
controlled pump system used to set transmural pressure. The 
distal cannula was connected to a luer-lock valve that was 
open to gently flush the lumen during the initial cannulation. 
After cannulation, the distal valve was closed, and all mea-
surements were conducted under no-flow conditions. Arterial 
diameter was recorded with the SoftEdge Acquisition 
Subsystem (Ion-Optix, Milton, MA). The percent myogenic 
tone at each pressure (20, 40, 60 and 80 mmHg) was calcu-
lated as passive diameter (diameter in zero Ca2+ PSS) minus 
active diameter (diameter in PSS) divided by passive diam-
eter times 100 [10].

Statistics. All the data were expressed as mean ± SEM. 
Statistical differences between groups were analyzed by 
using one-way ANOVA followed by Holm-Sidak post-hoc 
analysis.

Results

Ubiquitous expression of TRPV1 in the neonatal brain. The 
distribution of TRPV1 in the neonatal brain using double-
labeling fluorescent immunostaining was examined. We 
found that the receptor was widely distributed in the neonatal 
brain, including the cortex, hippocampus, striatum and sub-
ventricular zone, as shown in Fig. 1, similar to the distribu-
tion in the adult brain, as reported by others [7, 11]. TRPV1 
immunoreactivites (blue color) were expressed in both neu-
ronal as well as non-neuronal cell types as indicated by the 
partial co-localization with a neuronal marker (NeuN, red 
immunoreactivites) in the merged images shown in Fig. 1b. 
TRPV1 immunoreactivites were also expressed in the cere-
bral vasculature (distal MCA). There was partial co-localiza-
tion with vWF, an endothelial marker indicating presence of 
TRPV1 on the endothelial as well as non-endothelial cells in 
the vasculature (Fig. 1c).
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Fig. 1 Cell-specific distribution of TRPV1. (b) The double immuno-
fluorescent images in panels a–f show the TRPV1 immunoreactivites 
(blue color) and neuronal marker, NeuN (red color), in different areas 
of the neonatal brain as indicated in Fig. 1a. (c) Panels a–d show the 

presence of TRPV1 immunoreactivities (panel b, red color) and 
endothelial marker, vWF (panel c, blue color), merged at some areas 
(panel d, indicated by arrows) in the middle cerebral artery (panel a) 
from neonatal rat brain
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Infarction volume after neonatal hypoxia ischemia. Based 
on existing reports in adult models [5], TRPV1 modulation 
was done using an agonist (capsaicin, 0.2 and 2 mg/kg, i.p) 
at 3 h before HI and at 1 h after HI. Both doses of capsaicin 
pre-treatment significantly reduced the infarction volume at 

24 h and 72 h after neonatal HI (Fig. 2a, b). However, when 
capsaicin was administered as a post-treatment, there were 
no effects on infarction size at either 24 h or 72 h (Fig. 2c).

Vascular dynamics after neonatal HI. Distal MCA seg-
ments were obtained from sham (n = 3), vehicle (n = 6) and 
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Fig. 2 Infarction volume with capsaicin pre/post treatment. (a) Bar 
graph showing the quantified results of infarction volume calculated 
from TTC-stained brain coronal slices from pre-treatment groups  
(3 h pre-HI): vehicle, capsaicin 0.2 mg/kg, capsaicin 2 mg/kg at 24 h 
and 72 h post-HI. The data indicated that both capsaicin pretreated 
groups significantly decreased infarction volume as compared to 
respective vehicle-treated groups at 24 h (*p < 0.05) and 72 h (#p < 0.05) 

post-HI. (b) Represented brain slices stained with TTC. The vertical 
scale on the left side of the brain slices in the lower panel has a count  
of 1 mm. (c) Bar graph showing similar tests as in 2a, however with  
1 h post-treatment. The data indicated that capsaicin post-treated groups 
did not have any effects on the infarction volume as compared to respec-
tive vehicle-treated groups at 24 h and 72 h (p < 0.05)
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capsaicin pre-treated (0.2 mg/kg, n = 6) pups at 6 h post-HI, 
i.e., during the development of infarction. This time point 
was chosen specifically to allow for studying the vascular 
dynamics of the MCA during the progression of infarction. 
There was significant loss of myogenic tone (Fig. 3a) and 
increased diameter (Fig. 3b) (loss of the ability to contract 
and maintain tone) in the arterial segments obtained from 
vehicle-treated animals. The capsaicin pretreatment group 
significantly improved the myogenic tone in the MCA 
 segments at 60 and 80 mmHg pressure as compared to 

the vehicle-treated group. Capsaicin pretreatment showed 
slightly improved vascular diameter dynamics; however, the 
values were not significant as compared to the vehicle-treated 
group.

Discussion

Neonatal HI brain injury is a major cause of morbidity and 
mortality in infants and children. Even if newborns are able 
to survive the initial attack, the damage to the brain is so 
severe that most individuals are left with chronic neurobe-
havioral disabilities and limited growth capabilities. In this 
study, we investigated the effects of capsaicin treatment on 
HI brain injury, specifically investigating its potential to 
reduce the acute changes that occur after injury. Our study 
suggests that for the first time, pre-treatment with capsaicin 
may provide neurovascular protection in neonatal HI by 
reducing the volume of infarction and improving overall vas-
cular dynamics of major arteries in the brain.

TRPV1 receptors are calcium cation channels responsible 
for transducing the nociceptive effects of sensory neurons in 
the body as well as in the brain. In various adult species, 
immunohistochemistry markers have demonstrated TRPV1’s 
expression in various regions of the brain including the cor-
tex, hippocampus, dentate gyrus, central amygdala, striatum, 
hypothalamus, thalamus and cerebellum [7]. Where it has 
not been confirmed is in the immature, neonatal brain. 
Nevertheless, in our study, we found a similar degree of dis-
tribution of TRPV1 receptors in the neonatal rat brain through 
the use of double immunofluorescence. Specifically, we 
found the ubiquitous presence of TRPV1 in neuronal and 
endothelial cells within the cerebral vasculature. As a result 
of their widespread distribution in the brain, we felt that by 
inhibiting TRPV1, we could potentially reduce the damages 
induced by HI injury.

Many of the damaging initial occurrences after an HI 
event are a result of the body’s attempt to cope with the sur-
rounding environment. With an inadequate amount of oxy-
gen reaching the brain, anaerobic glycolysis is quickly 
initiated, leading to an insufficient supply of energy. As a 
result, key processes in the brain responsible for maintaining 
cellular survival shut down, such as energy-dependent ion 
pumps [12]. This effect can occur from activation of TRPV1 
receptors by pathophysiologic mediators, such as cell mem-
brane breakdown products, endocannabinoids and pH 
changes, which occur after HI [3]. This leads to an overstim-
ulation of glutamate-dependent NMDA receptors and an 
abnormal rise in intracellular calcium levels. Consequently, a 
high production of reactive oxygenated species (ROS) and 
activation of nitric oxide synthase occurs, ultimately result-
ing in neuronal excitotoxicty. In previous works, capsaicin 
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Fig. 3 Vascular dynamics after neonatal HI. Effects of changes in myo-
genic tone (a) and diameter (b) of distal MCA post-HI. Sequential pres-
sure steps from 20 to 80 mmHg were applied after exposing the arteries 
to normal PSS or zero calcium PSS (3 mM EDTA), respectively. The 
arterial segments showed significant loss of myogenic tone and 
increased diameter in both capsaicin pretreated (n = 6) and vehicle-
treated (n = 6) groups compared to sham (n = 3). The capsaicin-pre-
treated group showed significant improvement in myogenic tone at 60 
and 80 mmHg as compared to the vehicle-treated group (Fig. 3a). 
(p < 0.05, denoted by *v/s sham and #v/s vehicle)
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treatment has been suggested to desensitize the TRPV1 
receptor [5], and thus lead to a decrease in Ca++ influx post-
ischemia and a significant reduction in excitotoxic damage. 
In our study we found similar results. Both the low- and 
high-dose capsaicin pre-treatment groups were found to 
decrease the volume of infarction in our neonatal rat popula-
tion. This may be due to the reduction in excitotoxic damage 
caused by TRPV1 inhibition by capsaicin.

The brain area supplied by the MCA is known to include 
the penumbra after the hypoxic ischemic insult. Without 
intervention, the infarction after neonatal HI has been shown 
to progress and increase in size over 72 h, but the earliest 
irreversible changes, such as activation of caspase-3 in the 
penumbra, were seen as early as 3 h after neonatal HI [13]. 
The myogenic response is critical in autoregulation, which is 
a hallmark of cerebral circulation. In recent studies, it was 
suggested that the activation of TRPV1 can regulate the 
myogenic tone via release of vasoactive neuropeptides [14]. 
To examine the effects of capsaicin on the cerebral vascula-
ture and the vascular dynamics during this acute and critical 
phase, we harvested the distal MCA from the ipsilateral 
brain at 6 h after neonatal HI to study the vascular dynamics 
in the vessel. We found that there was a loss in myogenic 
tone in the distal MCA after injury, which was attenuated 
with capsaicin pre-treatment. The results of this study sug-
gest that TRPV1 modulation by capsaicin provides vascular 
protection.

Conclusion

In summary, this study provides evidence that capsaicin, a 
TRPV1 agonist, provides neurovascular protection against 
neonatal HI brain damage. This effect may be partly exerted 
by improvement of vascular dynamics and inhibition of 
TRPV1-mediated excitotoxic cell damage. Further studies 
will need to be conducted to determine its potential in the 
clinical setting.
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Abstract Objects: We determined effects of recombinant 
OPN (r-OPN), a pleiotropic extracellular matrix protein, on 
blood-brain barrier (BBB) disruption and matrix metallopro-
teinase (MMP)-9 activation after subarachnoid hemorrhage 
(SAH) in rats.

Methods: The endovascular perforation model of SAH 
was used. SAH or sham-operated rats were treated with  
pre-SAH intracerebroventricular administration of two  
dosages of r-OPN, r-OPN + GRGDSP (an L-arginyl-glycyl-L-
aspartate-dependent integrin receptor antagonist), albumin 
or vehicle. Neurological impairments, brain edema and BBB 
disruption were evaluated, and Western blot analyses were 
performed in the brain at 24 h after SAH.

Results: r-OPN significantly prevented brain edema and 
BBB disruption compared with the control rats, associated 

with the suppression of nuclear factor-kB and mitogen-
activated protein kinase pathways, leading to MMP-9 
 inactivation. These effects were blocked by GRGDSP.

Conclusions: L-arginyl-glycyl-L-aspartate-dependent 
integrin receptor-mediated multiple signaling pathways 
may be involved in the protective effects of r-OPN against 
BBB disruption after SAH.

Keywords Osteopontin · Blood-brain barrier · Brain injury · 
Subarachnoid hemorrhage

Introduction

The primary cause of poor outcome after aneurysmal suba-
rachnoid hemorrhage (SAH) is not only cerebral vasos-
pasm, but also early brain injury, whose key pathologic 
manifestation is the blood-brain barrier (BBB) disruption [1]. 
Osteopontin (OPN) is a multifunctional extracellular matrix 
glycoprotein, and recombinant OPN (r-OPN) was reported 
to be protective against BBB disruption after SAH [1]. 
However, there are many mediators of BBB disruption [2], 
and the effects of r-OPN on them have not been determined. 
The aim of this study was to determine the effects of r-OPN 
on some upstream mediators of matrix metalloproteinase 
(MMP)-9 in the endovascular perforation model of SAH 
in rats.

Materials and Methods

All procedures were approved by Loma Linda University 
animal care committee.
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Experimental Model of SAH  
and Study Protocol

The endovascular perforation model of SAH was produced 
in male adult Sprague-Dawley rats (300–370 g, Harlan, 
Indianapolis, IN) as previously described [1]. A sharpened 
4-0 monofilament nylon suture was advanced rostrally into 
the left internal carotid artery from the left external carotid 
artery stump until resistance was felt, and then pushed 3 mm 
further to perforate the bifurcation of the anterior and middle 
cerebral arteries. Sham-operated rats underwent the identical 
procedures except that the suture was withdrawn once resis-
tance was felt, without puncture.

One hundred forty-eight rats were divided into sham + vehi-
cle (n = 17), sham + r-OPN (n = 17), SAH + vehicle (n = 33), 
SAH + 0.1 mg of bovine serum albumin (BSA; n = 11), 
SAH + 0.02 mg of r-OPN (n = 28), SAH + 0.1 mg of r-OPN 
(n = 31) and SAH + 0.1 mg of r-OPN + GRGDSP (L-arginyl-
glycyl-L-aspartate [RGD] motif-containing hexapeptide; 
n = 11) groups. Neurological scores, the severity of SAH, 
brain edema (n = 5 per group) and BBB disruption (n = 6 per 
group) were assessed, and Western blot analyses (n = 6 per 
group) were performed at 24 h post-SAH.

Neurological Scoring

Neurological scores (3–18) were blindly evaluated prior to 
SAH and at 24 h after SAH as previously described [3]. The 
scores were calculated by summing up scores of six tests (spon-
taneous activity, symmetry in the movement of all four limbs, 
forepaw outstretching, climbing, body proprioception and 
response to whisker stimulation) that were scored 0–3 or 1–3.

Severity of SAH

The severity of SAH was blindly assessed in all animals at 
the sacrifice as previously described [3]. The subarachnoid 
cistern was divided into six segments, and each segment was 
allotted a grade from 0 to 3 depending on the amount of 
SAH. The animals received a total score ranging from 0 to 18 
after adding the scores.

Intracerebroventricular Infusion

The needle of a 10-mL Hamilton syringe (Hamilton Company, 
Reno, NV) was inserted through a burr hole into the left 

lateral ventricle using the following coordinates relative to 
the bregma: 1.5 mm posterior; 1.0 mm lateral; 3.2 mm 
below the horizontal plane of bregma [1]. Sterile phosphate-
buffered saline (PBS) vehicle (1 mL) or mouse r-OPN (0.02 
or 0.1 mg in 1 mL; EMD Chemicals, La Jolla, CA) was 
infused at a rate of 0.5 mL/min irrespective of the animal’s 
body weight at 1 h before the SAH production or sham 
 operation. GRGDSP (Sigma-Aldrich, St. Louis, MO) was 
dissolved in 0.1°N acetic acid and was further diluted in 
PBS (final concentration of acetic acid <1.74%). GRGDSP 
(100 pmol in 1 mL) was infused together with r-OPN.

Brain Water Content

After sacrificing rats, brains were immediately divided into 
the right and left cerebral hemispheres, brain stem and 
 cerebellum. Brain specimens were dried in an oven at 105°C 
for 72 h. The following formula was used to calculate the 
percentage of water content: ([wet weight - dry weight]/wet 
weight) × 100% [1].

BBB Permeability

Evans blue dye (2%; 5 mL/kg) was injected over 2 min into 
the left femoral vein and allowed to circulate for 60 min. 
Rats were sacrificed by intracardiac perfusion with PBS, and 
brains were removed and divided into the same regions as in 
the water content study. Spectrophotometric quantification 
of extravasated Evans blue dye was performed as previously 
described [1].

Western Blot Analyses

Western blot analysis was performed as previously described 
[1]. Brains were divided into the same regions as in the water 
content study, and the left (perforation side) cerebral hemi-
sphere was used. Equal amounts of protein samples (50 mg) 
were loaded on Tris glycine gel, electrophoresed and trans-
ferred to a nitrocellulose membrane. Membranes were 
blocked with a blocking solution, followed by incubation 
overnight at 4°C with the primary antibodies: rabbit poly-
clonal anti-phospho-inhibitor of nuclear factor (NF)-kB 
(IkB)-a (1:200), goat polyclonal anti-phospho-IkB kinase 
(IKK) a/b (1:200), mouse monoclonal anti-phospho-c-Jun 
N-terminal kinase (JNK; 1:200), mouse monoclonal anti-
phospho-p38 (1:200), rabbit polyclonal anti-phospho-extra-
cellular signal-regulated kinase (ERK)1/2 (1:200) antibodies 
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(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit poly-
clonal anti-MMP-9 (1:1,500), and mouse monoclonal anti-
vascular endothelial growth factor (VEGF) antibodies 
(1:1,000, Millipore, Temecula, CA). Immunoblots were pro-
cessed with appropriate secondary antibodies (1:2,000, Santa 
Cruz Biotechnology, Santa Cruz, CA) for 1 h at 21°C, and 
bands were detected with a chemiluminescence reagent kit 
(ECL Plus; Amersham Bioscience, Arlington Heights, IL). 
Blot bands were quantified by densitometry with Image J 
software (NIH, Bethesda, MD). b-Actin (1:2,000, Santa Cruz 
Biotechnology, Santa Cruz, CA) was blotted on the same 
membrane as a loading control.

Statistical Analysis

Data were expressed as mean ± SD, and unpaired t tests, 
 chi-square tests or one-way analysis of variance with Tukey-
Kramer post hoc tests was used as appropriate. p < 0.05 was 
considered significant.

Results

Comparisons of physiological parameters revealed no 
 significant differences among the groups (data not shown). 
None of the sham-operated rats died. In SAH rats, the 

mortality rate in the r-OPN + GRGDSP treatment group 
(45.5%, 5 of 11 rats) was significantly higher than the 
0.1 mg of r-OPN treatment group (16.1%, 5 of 31 rats), but 
not the vehicle (24.2%, 8 of 33 rats), 0.1 mg of BSA (18.2%, 
2 of 11 rats) and 0.02 mg of r-OPN (17.8%, 5 of 28 rats) 
treatment groups. Among surviving animals, 8 vehicle-,  
3 BSA-, 9 0.1 mg and 6 0.02 mg of r-OPN-treated SAH rats 
were not used for further analysis, because their SAH 
 grading scores were nine or less, suggesting that the BBB 
disruption was mild [1].

The average SAH grading score was similar among the 
groups in each analysis (12.4 ± 1.9, 12.8 ± 1.2, 13.6 ± 2.5, 
12.3 ± 2.2 and 11.7 ± 0.5 in the vehicle [n = 17], BSA [n = 6], 
0.02 mg of r-OPN [n = 17], 0.1 mg of r-OPN [n = 17] and 
r-OPN + GRGDSP [n = 6] treatment groups). The vehicle-, 
BSA and r-OPN + GRGDSP-treated, but not r-OPN-treated 
SAH rats showed significant neurological impairment com-
pared with the vehicle- (n = 17) or r-OPN-treated sham- 
operated rats (n = 17; Fig. 1). SAH caused a significant 
increase in brain water content (n = 5 per group) and Evans 
blue dye extravasation (n = 6 per group) in all brain regions, 
which were significantly attenuated by r-OPN treatment in 
the bilateral cerebral hemispheres (Fig. 2a, b). BSA, a pro-
tein with an equivalent weight to r-OPN, had no protective 
effect on post-SAH Evans blue dye extravasation.

Western blot analysis of the left cerebral hemisphere 
showed that r-OPN significantly inhibited post-SAH upregu-
lation of VEGF-A and phospho-JNK that was prevented by 
GRGDSP, as well as increased phosphorylation of IKKa/b 
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and IkB-a demonstrating the NF-kB activation (n = 6, respec-
tively; Fig. 3). Phospho-p38 and phospho-ERK1/2 levels 
were not significantly changed. SAH significantly increased 
active MMP-9 expression, which was significantly inhibited 
by r-OPN treatment at 24 h post-SAH (Fig. 3b).

Discussion

This study confirmed our previous findings that r-OPN treat-
ment improved neurological impairment, brain edema and 
BBB disruption associated with the inactivation of NF-kB 
and MMP-9 after SAH [1]. r-OPN also prevented VEGF-A 
upregulation and JNK phosphorylation, which were blocked 
by GRGDSP at 24 h post-SAH.

Accumulated evidence supports a role for MMP-9 in the 
BBB disruption after SAH [1, 4]. Interleukin-1b has been 
repeatedly reported to be induced in the brain after SAH 
[1, 5, 6], and interleukin-1b-induced MMP-9 secretion 
from astrocytes is critically dependent on NF-kB and mito-
gen-activated protein kinase (MAPK) signaling pathways 
[7]. The activation of NF-kB has been also detected in the 
cerebral cortices adjacent to SAH [1, 8], suggesting its 
importance in post-SAH BBB disruption. However, the 
expression levels of MAPK after SAH were diverse accord-
ing to reports, possibly because of a limited injury of irreg-
ular pattern in cerebral cortex [5, 9, 10].
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VEGF-A, another potent inducer of BBB disruption 
[2], was also reported to be increased in the cerebral  
cortex with BBB disruption after SAH [9–11]. MAPK not 
only mediates the effect of VEGF-A on the BBB permea-
bility, but also induces VEGF-A expression [9, 12]. 
Interestingly, inhibition of MAPK by an Src-family kinase 
inhibitor or a JNK inhibitor consistently suppressed 
VEGF-A expression and prevented BBB disruption after 
SAH [9, 10]. Taken together, our findings in this study 
suggest the following three possibilities as the mecha-
nisms of r-OPN-induced MMP-9 suppression and BBB 
protection: (1) r-OPN may inactivate the NF-kB pathway; 
(2) r-OPN may inactivate the JNK pathway, which may be 
upstream and downstream of VEGF-A, and (3) r-OPN 
may inactivate VEGF-A and then JNK. r-OPN may sup-
press these independent or interconnected signaling path-
ways via binding to RGD-dependent integrin receptors 
and may prevent post-SAH BBB disruption.
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Abstract Background: Germinal matrix hemorrhage (GMH) 
is a neurological disease of very low birth weight premature 
infants leading to post-hemorrhagic hydrocephalus, cerebral 
palsy, and mental retardation. Hydrogen (H

2
) is a potent 

 antioxidant shown to selectively reverse cytotoxic oxygen-
radical injury in the brain. This study investigated the thera-
peutic effect of hydrogen gas after neonatal GMH injury.

Methods: Neonatal rats underwent stereotaxic infusion of 
clostridial collagenase into the right germinal matrix brain 
region. Cognitive function was assessed at 3 weeks, and then 
sensorimotor function, cerebral, cardiac and splenic growths 
were measured 1 week thereafter.

Results: Hydrogen gas inhalation markedly suppressed 
mental retardation and cerebral palsy outcomes in rats at 
the juvenile developmental stage. The administration of H

2
 

gas, early after neonatal GMH, also normalized the brain 
atrophy, splenomegaly and cardiac hypertrophy 1 month 
after injury.

Conclusion: This study supports the role of cytotoxic 
oxygen-radical injury in early neonatal GMH. Hydrogen gas 
inhalation is an effective strategy to help protect the infant 

brain from the post-hemorrhagic consequences of brain 
 atrophy, mental retardation and cerebral palsy. Further 
 studies are necessary to determine the mechanistic basis of 
these protective effects.

Keywords Hydrogen gas · Neurological deficits · Stroke, 
experimental

Introduction

Germinal matrix hemorrhage (GMH) is a clinical condition 
where immature blood vessels rupture within the sub- 
ventricular (anterior caudate) region during the first week of 
life [1, 2]. This affects approximately 3.5 per 1,000 births in 
the United States each year [3]. The clinical consequences 
are hydrocephalus (post-hemorrhagic ventricular dilation), 
developmental delay, cerebral palsy and mental retardation 
[4, 5]. Although this is an important clinical problem, exper-
imental studies investigating thearapeutic modalities are 
lacking [6].

Interventions that target free-radical mechanisms are neu-
roprotective after brain hemorrhage in adult rats [7–10]. The 
lysis of red-blood cells after bleeding leads to the release of 
hemoglobin and other neurotoxins like heme and iron [11–13]. 
Thrombin will also contribute to this free radical-mediated 
injury [14–16]. This leads to oxidative damage to proteins, 
lipids and DNA within the first day [15, 17–20]. As a thera-
peutic intervention, hydrogen gas is a potent antioxidant that 
can selectively attenuate neurotoxic oxygen radicals and is 
known to protect the brain after injury in adult rats after 
 ischemic stroke [21].

In light of this evidence, we hypothesized that hydrogen 
gas can be a therapeutic strategy for the amelioration of free-
radical-mediated brain injury mechanisms. This can improve 
juvenile cognitive and sensorimotor outcomes after germinal 
matrix hemorrhage in neonatal rats.
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Methods and Materials

Animal Groups and General Procedures

This study was in accordance with the National Institutes of 
Health guidelines for the treatment of animals and was 
approved by the Institutional Animal Care and Use Committee 
at Loma Linda University. Timed pregnant Sprague-Dawley 
rats were housed with food and water available ad libitum. 
Treatment consisted of 1 h of hydrogen gas (2.9%, mixed 
with air and oxygen) administered at 1 h after collagenase 
infusion. Postnatal day 7 (P7) pups were blindly assigned to 
the following (n = 8/group): sham (naive), needle (control), 
needle + hydrogen gas (treatment control), GMH (collage-
nase-infusion) and GMH + hydrogen gas (treatment). All 
groups were evenly divided within each litter.

Experimental Model of GMH

Using aseptic technique, rat pups were gently anaesthetized 
with 3% isoflurane (in mixed air and oxygen) while placed 
prone onto a stereotaxic frame. Betadine sterilized the surgi-
cal scalp area, which was incised in the longitudinal plane to 
expose the skull and reveal the bregma. The following ste-
reotactic coordinates were determined: 1 mm (anterior), 1.5 mm 
(lateral) and 3.5 mm (ventral) from bregma. A bore hole 
(1 mm) was drilled, into which a 27-gauge needle was 
inserted at a rate of 1 mm/min. A microinfusion pump 
(Harvard Apparatus, Holliston, MA) infused 0.3 units of 
clostridial collagenase VII-S (Sigma, St Louis, MO) through 
a Hamilton syringe. The needle remained in place for an 
additional 10 min after injection to prevent back-leakage. 
After needle removal, the burr hole was sealed with bone 
wax, the incision sutured closed and the animals allowed to 
recover. The entire surgery took on average 20 min. Upon 
recovering from anesthesia, the animals were returned to 
their dams. Needle controls consisted of needle insertion 
alone without collagenase infusion, while naïve animals did 
not receive any surgery.

Cognitive Measures

Higher order brain function was assessed during the third 
week after collagenase infusion. The T-maze assessed short-
term (working) memory [22]. Rats were placed into the 
stem (40 cm × 10 cm) of a maze and allowed to explore until 
one arm (46 cm × 10 cm) was chosen. From the sequence of 

ten trials, of left and right arm choices, the rate of spontane-
ous alternation (0% = none and 100% = complete, alterna-
tions/trial) was calculated, as routinely performed [23, 24]. 
The Morris water maze assessed spatial learning and mem-
ory on four daily blocks, as described previously in detail 
[25, 26]. The apparatus consisted of a metal pool (110 cm 
diameter), filled to within 15 cm of the upper edge, with a 
platform (11 cm diameter) for the animal to escape onto, 
that changed location for each block (maximum = 60 s/
trial), and the data were digitally analyzed by Noldus 
Ethovision tracking  software. Cued trials measured place 
learning with the escape platform visible above water. 
Spatial trials measured spatial learning with the platform 
submerged, and probe trials measured spatial memory once 
the platform was removed. For the locomotor activity, in an 
open field, the path length in open-topped plastic boxes 
(49 cm-long, 35.5 cm-wide, 44.5 cm-tall) was digitally 
recorded for 30 min and analyzed by Noldus Ethovision 
tracking software [26].

Sensorimotor Function

At 4 weeks after collagenase infusion, the animals were 
tested for functional ability. Neurodeficit was quantified 
using a summation of scores (maximum = 12) given for (1) 
postural reflex, (2) proprioceptive limb placing, (3) back 
pressure towards the edge, (4) lateral pressure towards the 
edge, (5) forelimb placement, and (6) lateral limb place-
ment (2 = severe, 1 = moderate, 0 = none), as routinely per-
formed [23]. For the rotarod, striatal ability was assessed 
using an apparatus consisting of a horizontal, accelerated 
(2 rpm/5 s), rotating cylinder (7 cm-diameter × 9.5 cm-
wide), requiring continuous walking to avoid falling 
recorded by photobeam circuit (Columbus Instruments) 
[25, 26]. For foot fault, the number of complete limb mis-
steps through the openings was counted over 2 min while 
exploring over an elevated wire (3 mm) grid (20 cm × 40 cm) 
floor [24].

Assessment of Treatment upon Cerebral  
and Somatic Growth

At the completion of the experiments, the brains were 
removed and hemispheres separated by midline incision 
(loss of brain weight has been used as the primary variable 
to estimate brain damage in juvenile animals after neonatal 
brain injury [27]). For organ weights, the spleen and heart 
were separated from surrounding tissue and vessels. The 
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quantification was performed using an analytical microbal-
ance (model AE 100; Mettler Instrument Co., Columbus, 
OH) capable of 1.0 mg precision.

Statistical Analysis

Significance was considered at p < 0.05. Data were analyzed 
using analysis of variance (ANOVA), with repeated mea-
sures (RM-ANOVA) for long-term neurobehavior. Signifi-
cant interactions were explored with conservative Scheffé 
post hoc and Mann-Whitney rank sum when appropriate.

Results

Collagenase infusion led to significant cognitive dysfunction in 
the T maze (working) memory and water maze (spatial) learn-
ing and memory (Fig. 1a–c, p < 0.05), while hydrogen inhala-
tion significantly ameliorated T maze and water maze (spatial) 
learning deficits (Fig. 1a, b, p < 0.05), without improving spa-
tial memory (Fig. 1c, p > 0.05). H

2
 also normalized (p < 0.05) 

sensorimotor dysfunction in juvenile GMH animals as shown 
by the neurodeficit score, number of foot faults and accelerat-
ing rotarod falling latency (Fig. 2a–c, p < 0.05). Neurological 
amelioration by hydrogen was confirmed with improvement 
upon brain atrophy, splenomegaly and cardiomegaly, compared 
to the juvenile vehicle-treated animals (Fig. 3a–c, p < 0.05).

Discussion

The findings of this study indicate that the inhalation of 
hydrogen gas, early after neonatal GMH, can improve brain 
atrophy, mental retardation, cerebral palsy, splenomegaly 
and cardiac hypertrophy in juvenile animals 1 month later. 
The therapeutic implications of H

2
 inhalation point to the 

pathophysiological role of cytotoxic oxygen-radical injury 
[21]. These outcomes support the findings from other brain 
injury studies to provide preliminary evidence about the 
importance of oxidative stress mechanisms on outcomes 
after neonatal GMH [7, 8, 10].

H
2
 inhalation is a neuroprotectant shown to ameliorate 

brain injury in an adult animal model of cerebral ischemia 
[21]. This study supports the notion that the hydrogen gas 
has no adverse affects in neonatal rats,and can be applied as 
a strategy to improve functional outcomes after brain injury 
from hemorrhagic stroke in premature infants. Further inves-
tigation is needed to determine the mechanistic basis of these 
neuroprotective effects.
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Abstract Background: Hyperbaric oxygenation is a readily 
available treatment modality, and its ability to improve neu-
rological outcomes in a variety of animal models has been 
demonstrated. This study was designed to investigate the use 
of a single pretreatment regimen of either hyperbaric oxy-
genation or normobaric oxygenation to determine its effects 
in a murine model of surgically induced brain injury (SBI). 
Materials and Methods: Hyperbaric oxygen (2.5ATM, 1 h), 
normobaric oxygen (100% FIO

2
, 1 h) or room air (21% FIO

2
, 

1 h) was applied on CD-1 mice immediately, or at 1, 2 or 3 h 
followed by SBI or sham surgical operation. Neurological 
assessment of the animals was done by a blinded observer at 
24 and 72 h using a 21-point modified Garcia scale, wire 
hanging test, and beam balance test. The brain edema was 
evaluated using brain water content at 24 and 72 h after SBI. 
Results: There was no statistically significant difference in 
the mortality rate after treatment compared with the SBI 
group. The brain water content after SBI was significantly 
increased in the right (ipsilateral) frontal lobe surrounding 
the site of surgical resection compared with the sham group. 
Both hyperbaric and normobaric oxygen treatment signifi-
cantly increased the brain edema and worsened the neuro-
logical outcomes using a 21-point Garcia score compared 

with the SBI group. The brain edema at 24 h after injury was 
most pronounced in the group treated with normobaric oxy-
genation 2 h prior to surgery. These differences disappeared 
at 72 h after SBI. Conclusion: Immediate pretreatment with 
either hyperbaric (2.5ATM, 1 h) or normobaric oxygen 
(100% FIO

2
, 1 h) increased brain edema and worsened neu-

rological function at 24 h following SBI.

Keywords Hyperbaric oxygenation · Lipid peroxidation · 
Surgically induced brain injury

Introduction

Hyperbaric oxygenation (HBO) is a treatment modality that 
is currently available in many hospitals throughout the world. 
Its use in experimental animal models of brain injury sec-
ondary to ischemia, neonatal hypoxia, and traumatic brain 
injury, among others, is widespread and has given us insight 
into the underlying pharmacology of hyperbaric oxygen-
ation. In addition, it has been shown to reduce the mortality 
rate in prospective randomized trials of severely brain injured 
patients by up to 50% [1, 2]. The main mechanism appears to 
be a significant increase in brain PO

2
 after injury [3]. Other 

mechanisms include preserving the integrity of the blood-
brain-barrier [4–6], reduction of cerebral blood flow and 
cerebral edema [5, 7], reduction of acute stage endothelin 
[8], reduction of neutrophil adhesion and infiltration [9, 10], 
caspase 9 activity [11], and inhibition of HIF-1a and its tar-
get genes [12, 13]. However, it has also been reported that 
HBO treatment increased expression of cytochrome C [14], 
Bcl-2 [15], Bax [14], metalloproteinase-2, metalloprotei-
nase-9 [10], and L-arginine (Demchenko et al. 2002). In 
addition, it has been shown in animals and in humans to 
enhance aerobic metabolism at the cellular level through 
improvements in mitochondrial recovery [2, 5]. As levels of 
oxygen increase, the levels of oxygen-free radicals also 
increase, which causes an increase in lipid peroxidation  
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[3, 16]. However, this increase in brain lipid peroxidation has 
not been demonstrated in all animal models [4]. Lipid per-
oxidation can cause damage to cellular organelles and can 
lead to cell lysis through oxidative DNA damage [17]. 
Despite the possible side effects caused by lipid peroxida-
tion, hyperbaric oxygenation would be a desirable therapy 
since hyperbaric chambers are already present in hospitals 
around the world for wound care and could be readily adapted 
for use in the neurosurgical patient population.

Surgically induced brain injury (SBI) takes place during 
every intramedullary cranial surgery, and it can adversely 
affect patient outcomes and increase mortality. The brain 
reacts to insult through breakdown of the blood-brain-barrier 
and secondary activation of the immune system leading to 
neutrophil infiltration, release of inflammatory mediators, 
and cerebral edema. Cerebral edema adversely affects neu-
ronal function in the area affected and can lead to worse 
patient outcomes. Marked cerebral edema can lead to 
increased intracranial pressure, herniation syndromes, and 
death. In animal models of surgically induced brain injury 
and traumatic brain injury, multiple exposures to hyperbaric 
oxygenation preoperatively have resulted in attenuation of 
cerebral edema through vasoconstriction and improvement 
in neurological outcomes [5]. In addition, in animals under-
going middle cerebral artery occlusion, hyperbaric oxygen-
ation appeared to attenuate tissue hypoxia in the penumbra 
and improve neurological outcomes [17, 18].

Given the widespread presence of hyperbaric oxygen 
chambers throughout the world and various beneficial 
reports, it would be helpful to be able to utilize this already 
present resource to decrease postoperative complications and 
improve outcomes in the neurosurgical patient population. If 
this model were successfully applied to the neurosurgical 

patient population, every patient undergoing elective cranial 
surgery would have to be admitted 5 days preoperatively in 
order to receive hyperbaric oxygenation. Given the limited 
resources and increasing costs of health care, it would be 
beneficial if these same effects could be obtained through a 
single hyperbaric oxygenation pretreatment on the morning 
of surgery.

Materials and Methods

Surgical Procedure

All procedures were approved by Loma Linda University 
Animal Care Committee. Following anesthesia with ket-
amine (100 mg/kg) and xylazine (10 mg/kg) intraperitone-
ally, the CD-1 mice were placed in a stereotaxic frame. A 
1-cm midline incision was made on the back of the head, and 
a right frontal craniotomy using the high speed drill was 
made from the bregma anteriorly, midline medially, 2–3 mm 
medial to the orbit laterally, and 5 mm posterior to the 
bregma. The underlying brain was cauterized using monopo-
lar cautery until the visible brain was removed to the base of 
the anterior cranial fossa (Fig. 1). Once hemostasis was 
obtained using cautery, irrigation, and packing sponges, the 
overlying skin was closed with interrupted 3-0 silk suture. 
Sham-operated animals underwent the same surgical proce-
dure; however, only craniotomy was included without any 
dural incisions. Vital signs were monitored throughout the 
procedure. All mice were kept under a heating lamp to main-
tain the core body temperature at 35°C until recovery.

The right frontal
lobectomy 
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mortality rate. (a) Top view of the 
right frontal lobectomy in the 
surgically induced brain injury 
model. (b) Mortality rate of six 
experimental groups, including 
sham, ATM + sham, HBO + sham, 
SBI, ATM + SBI, HBO + SBI



Pretreatment with Normobaric and Hyperbaric Oxygenation Worsens Cerebral Edema 245

Experiment Groups

There were a total of six groups in the experiment, including 
sham, ATM + sham, HBO + sham, SBI, ATM + SBI, and 
HBO + SBI. The HBO pretreatment groups were placed into 
the hyperbaric oxygen chamber with 100% O

2
, and the pres-

sure was increased to 2.5 ATM where it was held for 1 h. The 
ATM pretreatment groups were placed into the hyperbaric 
oxygenation chamber where they inhaled 100% oxygen at 
1.0 ATM for 1 h and then removed. The sham group had no 
pretreatment and underwent sham surgery.

The experiment was subdivided into two parts. (1) To 
examine the effectiveness of the normobaric and hyperbaric 
preoperative oxygenation in reducing cerebral edema 24 h 
postoperatively, 20 CD-1 mice were placed in each of six 
groups, and preoperative 2.5 ATM HBO or 1.0 ATM 100% 
O

2
 was given followed by sham operation or SBI. (2) To 

determine the optimum timeframe to administer the preop-
erative oxygenation, five mice were assigned to each of six 
groups, and 1 h pretreatment was received. Afterwards, SBI 
or sham surgery was performed immediately (0 h) or at 1, 2, 
or 3 h elapsed time between the time when the pretreatment 
finished and the operative intervention began.

Brain Water Content

The brain water content was calculated similarly as in pre-
vious studies [19]. The animals were killed under deep 
anesthesia 24 h after surgery, and the brains were immedi-
ately removed and divided into six parts: right frontal lobe, 
left frontal lobe, right parietal lobe, left parietal lobe, cere-
bellum, and brain stem. These parts were weighed immedi-
ately (wet weight) and weighed again after drying in an 
oven at 105°C for 72 h (dry weight). The percentage of 
water content was calculated as [(wet weight – dry weight)/
wet weight] × 100%.

Neurological Behavioral Tests

All mice underwent neurological scoring 24 and 72 h after 
surgery. Three neurological tests were used, including a 
modified 21-point Garcia score, wire hanging, and beam bal-
ance test as previous described [19]. All the tests were 
recorded by an observer blinded to the experimental groups. 
The 21-point Garcia score consists of seven areas of evalua-
tion: spontaneous activity, response to side stroking, response 
to vibration touch, evaluation of limb usage symmetry, lat-
eral turning, climbing, and forelimb walking. Each area was 

graded from 0 to 3, with 3 being a perfect score. The  numbers 
were then added to obtain the total 21-point Garcia neuro-
logical score. The wire hanging and beam balance tests were 
scored from 0 to 5, considering the time spent and distance 
traveled.

Statistics

All the data are expressed as mean ± SEM. The statistical 
 significance was verified by one-way ANOVA statistical 
analysis. The mortality rate was analyzed by chi-square test. 
A probability value of p < 0.05 was considered statistically 
significant.

Results

There were no statistically significant differences in the mor-
tality rate between either the ATM + sham with SBI group 
(20% vs. 20%) or HBO + sham with SBI group (20% vs. 
20%) (Fig. 1b). Brain edema was assessed by measuring the 
brain water content in different areas of the brain 24 h after 
surgery (Fig. 2). There was significantly increased brain 
water content in the right frontal brain subjected to SBI when 
compared with the sham group (83.3% ± 0.37 vs. 80.6% ± 0.16, 
*p < 0.05, ANOVA). There was no significant difference in 
the brain water content between the SBI and sham groups in 
other brain areas. One hour 1.0 ATM pretreatment signifi-
cantly increased right frontal brain water content compared 
with the SBI group (86.6% ± 0.79 vs. 83.3% ± 0.37, $p < 0.05, 
ANOVA). In the ATM + SBI group, the brain water content 
in the right frontal (86.6% ± 0.79), right parietal (82.2% ± 0.59), 
and left parietal (80.9% ± 0.33) area was significantly higher 
compared with the comparable brain areas in the ATM + sham 
group (*p < 0.05, ANOVA). In the HBO + SBI group, there 
was significantly increased brain water content in the right 
parietal (81.2% ± 0.42) and left parietal (80.3% ± 0.34) brain 
when compared with the HBO + sham group (#p < 0.05, 
ANOVA). Moreover, both ATM and HBO pretreatment 
 significantly increased the brain water content in the right 
frontal area when compared with the SBI group (*p < 0.05). 
There was no significant difference in the brain water content 
among all the three sham groups in all the brain areas.

Neurological function evaluation was performed 24 and 
72 h after surgery (Fig. 3). For the 21-point Garcia neuro-
logical scoring, the mice subjected to SBI had worsened 
scores when compared with the sham group (*p < 0.05) 24 h, 
but not 72 h after SBI. Moreover, there was a statistically 
significant worsening of neurological scores between the 
HBO + SBI and SBI group (11.6 ± 1.24 vs. 16.2 ± 1.23, 
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#p < 0.05, ANOVA) and ATM + SBI and SBI group (10.2 ± 1.43 
vs. 16.2 ± 1.23, p < 0.05, #p < 0.05, ANOVA) 24 h after SBI. 
For the 72 h 21-point Garcia neurological scoring, there was 
a significant difference between the ATM + SBI and 
ATM + sham group (16.3 ± 1.65 vs. 20.4 ± 0.50, *p < 0.05). 
However, there was no difference in Garcia score between 
the HBO + SBI and SBI group 72 h following surgery. For 
the 24 h wire hanging test (Fig. 3b), the mice subjected to 
SBI had worsened scores when compared with the sham 
group (2.4 ± 0.36 vs. 4.6 ± 0.19, *p < 0.001, ANOVA). Both 

ATM + SBI and HBO + SBI groups did not improve their 
neurological performance. There was no statistically signifi-
cant difference after either ATM or HBO pretreatment com-
pared with SBI groups (p > 0.05). At 72-h wire hanging test, 
there was no difference among all the groups. For the 24-h 
beam balance test, the mice subjected to SBI had worsened 
scores when compared with the sham group (2.2 ± 0.41 vs. 
4.9 ± 0.13, *p < 0.001, ANOVA). Both ATM and HBO pre-
treatment did not improve the score. At 72-h beam balance 
test, there was no difference among all the groups.
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Fig. 2 Brain edema at 24 h following SBI. Quantification of brain 
water content in the right frontal lobe, left frontal lobe, right parietal 
lobe, left parietal lobe, cerebellum, and brain stem at 24 h after SBI or 
sham operation. After SBI, there was significantly increased brain 
water content in the right frontal area compared with the sham group 
(*p < 0.05, ANOVA). One hour 1.0 ATM pretreatment significantly 
increased right frontal brain water content compared with the SBI group 

($p < 0.05, ANOVA). Both ATM and HBO pretreatment significantly 
increased right frontal brain water content compared with the compa-
rable sham group (*p < 0.05, ANOVA). In the HBO + SBI group, the 
brain water content in the right and left parietal area was significantly 
increased compared with the HBO + sham group (#p < 0.05, ANOVA). 
There was no statistical difference among the groups in the left frontal 
area, cerebellum, and brain stem. All vertical bars indicate SEM
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Fig. 3 Neurological score 24 and 
72 h following SBI. (a) The 
21-point Garcia score test. At 
24 h following SBI, the mice had 
worsened scores when compared 
with the sham group at 24 h 
(*p < 0.05, ANOVA), but not 72 h 
after SBI. Both ATM and HBO 
pretreatment significantly worsen 
the score compared with the SBI 
group (*p < 0.05, ANOVA). At 
72 h following SBI, the score for 
the ATM + SBI group is 
significantly worse than for the 
ATM + sham group (*p < 0.05, 
ANOVA). (b) Wire hanging test. 
The mice subjected to SBI had 
worsened scores when compared 
with the sham group (*p < 0.05, 
ANOVA) 24 h after SBI. Both 
ATM and HBO pretreatment did 
not improve the score. There was 
no difference among all the 
groups at 72 h following SBI. (c) 
Beam score test. For the 24 h 
beam balance test, the mice 
scored significantly worse after 
SBI (*p < 0.001, ANOVA). Both 
ATM and HBO pretreatment did 
not improve the score. For the 
72 h beam balance test, there was 
no difference among all the 
groups
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The optimum time to administer the preoperative oxygen-
ation was determined using neurological evaluation (Fig. 4). 
For the 21-point Garcia neurological scoring, the score for 
the ATM + SBI group was significantly worse than for the 
ATM + sham group when 1-h 1.0 ATM was applied 0, 2, and 
3 h before SBI. More importantly, the score for the ATM + SBI 
group was significantly worse than for the SBI group when 
1 h 1.0 ATM was applied 3 h before SBI (5.5 ± 0.50 vs. 
16.2 ± 1.24, *p < 0.05, ANOVA). In the wire hanging test, 
when HBO treatment was applied 2 h before SBI, the score 
for the HBO + SBI group was significantly worse than for the 
SBI group (1.2 ± 0.29 vs. 2.4 ± 0.36, #p < 0.05, ANOVA). 
Meanwhile, when ATM treatment was applied 3 h before 
SBI, the score for the ATM + SBI group was significantly 
worse than for the SBI group (0.7 ± 0.67 vs. 2.4 ± 0.36, 
*p < 0.05, ANOVA). In the beam balance test, when the HBO 
treatment was applied 2 h before SBI, the score for the 
HBO + SBI group was significantly worse than for the SBI 
group (0.6 ± 0.29 vs. 2.2 ± 0.41, #p < 0.05). Meanwhile, when 
ATM treatment was applied 3 h before SBI, the score for the 
ATM + SBI group was significantly worse than for the SBI 
group (*p < 0.05).

Discussion

This study evaluates the effects of pretreatment with normo-
baric or hyperbaric oxygenation SBI after neurosurgical 
operation. Our results suggest that both 1.0 ATM (100% 
FIO

2
, 1 h) and HBO (2.5 ATM, 1 h) treatment given in a 

single dose immediately preoperatively appear to have a del-
eterious effect on brain edema and neurological scoring. The 
brain edema results showed that 100% O

2
 1.0 ATM treatment 

increased edema formation in the ipsilateral frontal brain 
compared with the SBI group. Moreover, 100% O

2
 2.5 ATM 

treatment increased edema formation in the ipsilateral pari-
etal brain compared with the SBI group. However, the mor-
tality rate showed no difference between the treated and 
non-treated groups. Correlated with the brain edema data, 
the neurological function at 24 h after SBI was worse after 
either 1.0 ATM or 2.5 ATM O

2
 treatment.

The increased brain edema formation appears to be partly 
due to lipid peroxidation (data not shown). Most lipid per-
oxidation was seen in the hyperbaric oxygenation group, and 
this correlated with the worsened outcomes and higher mor-
tality rates that were encountered in this group compared to 
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Fig. 4 At 24 h, the neurological 
score following different 
treatment time points. (a) The 
21-point Garcia score test. ATM 
pretreatment significantly 
worsens the score when applied 
0, 2, and 3 h before SBI 
(*p < 0.05, ANOVA). HBO 
pretreatment significantly 
worsens the score when applied 
3 h before SBI (#p < 0.05, 
ANOVA). (b) Wire hanging test. 
HBO pretreatment significantly 
worsens the score when applied 
2 h before SBI (#p < 0.05, 
ANOVA). ATM pretreatment 
significantly worsens the score 
when applied 3 h before SBI 
(*p < 0.05, ANOVA). (c) Beam 
score test. HBO pretreatment 
significantly worsens the score 
when applied 2 h before SBI 
(#p < 0.05, ANOVA). ATM 
pretreatment significantly 
worsens the score when applied 
3 h before SBI (*p < 0.05, 
ANOVA)
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the untreated group. In this study, this effect was most pro-
nounced in lung parenchyma, but the underlying mechanisms 
are probably at work in cerebral tissue as well. It is possible 
that this effect might also be due to differences in regulation 
of nitric oxide in normobaric and hyperbaric conditions [20]. 
In addition, reactive oxygen species were demonstrated to be 
present in normobaric conditions and accounted for increased 
neuronal damage in a middle cerebral artery occlusion mouse 
model treated with normobaric oxygen [21]. However, the 
underlying mechanisms need to be clarified in the future.

Niklas et al. postulated that the protective mechanism in 
hyperbaric oxygenation was the upregulation of DNA repair 
mechanisms that counteract the effects of lipid peroxidation. 
They noted that HBO induces oxidative DNA damage in 
blood cells of healthy subjects, but that this damage was only 
found after the first hyperbaric oxygen treatment but not after 
the second or further treatments. Therefore, they concluded 
that more than one hyperbaric session may be necessary to 
achieve good clinical results, and our results are in agree-
ment with this conclusion. Qin et al. utilized pretreatment 
with hyperbaric oxygenation in a rat model of intracerebral 
hemorrhage and concluded that fewer than five sessions of 
hyperbaric oxygen preconditioning did not significantly 

attenuate cerebral edema after the insult. They noted that the 
key pathway was the activation of p44/42 mitogen-activated 
protein kinase [22]. However, this mechanism was not found 
to be a key mechanism in all strains of mice examined. 
Overall, the literature supports multiple pretreatments with 
hyperbaric oxygenation prior to cerebral surgery in order to 
optimally activate the noted mechanisms instead of a single 
pretreatment. Our study demonstrates worsened outcomes at 
24 h postoperatively when a single pretreatment was given. 
These effects were most pronounced when the pretreatment 
was completed 2 or 3 h prior to surgery. This worsening was 
attenuated at 72 h, suggesting that these results could be due 
to the immediate deleterious effects of lipid peroxidation 
since this improvement in scores was most pronounced in the 
pretreatment groups. More research is needed to elucidate 
the precise molecular steps in the known mechanisms and 
how to manipulate them optimally to improve neurological 
outcomes. In addition, there are probably molecular mecha-
nisms yet to be discovered that could hold the key to improv-
ing neurological outcomes through oxygen pretreatment.
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Abstract Background: Germinal matrix hemorrhage (GMH) 
is a potentially devastating neurological disease of very low 
birth weight premature infants. This leads to post-hemor-
rhagic hydrocephalus, cerebral palsy, and mental retardation. 
Hyperbaric oxygen (HBO) treatment is a broad neuropro-
tectant after brain injury. This study investigated the thera-
peutic effect of HBO after neonatal GMH.

Methods: Neonatal rats underwent stereotaxic infusion of 
clostridial collagenase into the right germinal matrix (ante-
rior caudate) brain region. Cognitive function was assessed 
at 3 weeks, and then sensorimotor, cerebral, cardiac, and 
splenic growths were measured 1 week thereafter.

Results: Hyperbaric oxygen (HBO) treatment markedly 
improved upon the mental retardation and cerebral palsy 
outcome measurements in rats at the juvenile developmental 
stage. The administration of HBO early after neonatal GMH 
also normalized brain atrophy, splenomegaly, and cardiac 
hypertrophy 1 month after injury.

Conclusion: This study supports the role of hyperbaric 
oxygen (HBO) treatment in the early period after neonatal 
GMH. HBO is an effective strategy to help protect the 
infant’s brain from the post-hemorrhagic consequences of 

brain atrophy, mental retardation, and cerebral palsy. Further 
studies are necessary to determine the mechanistic basis of 
these neuroprotective effects.

Keywords Hyperbaric oxygenation · Neurological deficits · 
Stroke, experimental

Introduction

Germinal matrix hemorrhage (GMH) is a potentially devas-
tating clinical condition with life-long consequences. This 
occurs when immature blood vessels rupture within the 
 subventricular (anterior caudate) region during the first 
7 days of life [1, 2]. Approximately 20–25% of very low 
birth weight (VLBW £ 1,500 g) premature infants will be 
affected, accounting for around 3.5 per 1,000 births in the 
United States every year [3–6]. The long-term consequences 
of GMH are hydrocephalus (post-hemorrhagic ventricular 
dilation), developmental delay, cerebral palsy, and mental 
retardation [4, 7]. This is an important clinical problem for 
which experimental studies investigating thearapeutic modal-
ities are generally lacking [8].

Hyperbaric oxygen (HBO) treatment will induce multiple 
neuroprotective pathways across a wide domain of brain 
injury [9]. HBO has been shown in randomized controlled 
trials to improve cognition and overall functioning in autistic 
children [10], and may ameliorate outcomes after cerebral 
palsy as well [11]. Emerging evidence shows that both HBO 
and normobaric oxygen (NBO) treatments exert similar neu-
roprotective mechanisms to improve outcomes after adult 
ischemic stroke [12], and perhaps after neonatal hypoxia-
ischemia as well [13].

In light of this evidence, we hypothesized that HBO ther-
apy can be a therapeutic strategy to ameliorate brain injury 
mechanisms, to thereby improve cognitive and sensorimotor 
outcomes after germinal matrix hemorrhage in neonatal rats.
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Methods and Materials

Animal Groups and General Procedures

This study was in accordance with the National Institutes of 
Health guidelines for the treatment of animals and was 
approved by the Institutional Animal Care and Use Committee 
at Loma Linda University. Timed pregnant Sprague-Dawley 
rats were housed with food and water available ad libitum. 
Treatment consisted of 1 h normobaric oxygen (NBO, 0 atm) 
or hyperbaric oxygen (HBO, 2.5 atm) administration begin-
ning 1 h after collagenase infusion. Postnatal day 7 (P7) pups 
were blindly assigned to the following (n = 8/group): sham 
(naive), needle (control), GMH (collagenase-infusion), 
GMH + NBO, and GMH + HBO. All groups were evenly 
divided within each litter.

Experimental Model of GMH

Using aseptic technique, rat pups were gently anesthetized 
with 3% isoflurane (in mixed air and oxygen) while placed 
prone onto a stereotaxic frame. Betadine sterilized the surgi-
cal scalp area, which was incised in the longitudinal plane 
to expose the skull and reveal the bregma. The following 
 stereotactic coordinates were determined: 1 mm (anterior), 
1.5 mm (lateral), and 3.5 mm (ventral) from the bregma. A 
bore hole (1 mm) was drilled, into which a 27-gauge needle 
was inserted at a rate of 1 mm/min. A microinfusion pump 
(Harvard Apparatus, Holliston, MA) infused 0.3 units of 
clostridial collagenase VII-S (Sigma, St Louis, MO) through 
a Hamilton syringe. The needle remained in place for an 
additional 10 min after injection to prevent back-leakage. 
After needle removal, the burr hole was sealed with bone 
wax, the incision sutured closed, and the animals allowed to 
recover. The entire surgery took on average 20 min. Upon 
recovering from anesthesia, the animals were returned to 
their dams. Needle controls consisted of needle insertion 
alone without collagenase infusion, while naïve animals did 
not receive any surgery.

Cognitive Measures

Higher order brain function was assessed during the third 
week after collagenase infusion. The T-maze assessed short-
term (working) memory [14]. Rats were placed into the stem 
(40 cm × 10 cm) of a maze and allowed to explore until one 
arm (46 cm × 10 cm) was chosen. From the sequence of ten 

trials, of left and right arm choices, the rate of spontaneous 
alternation (0% = none and 100% = complete, alternations/
trial) was calculated, as routinely performed [15, 16]. The 
Morris water maze assessed spatial learning and memory on 
four daily blocks, as described previously in detail [17, 18]. 
The apparatus consisted of a metal pool (110 cm diameter) 
filled to within 15 cm of the upper edge, with a platform 
(11 cm diameter) for the animal to escape onto, which 
changed location for each block (maximum = 60 s/trial), and 
data were digitally analyzed by Noldus Ethovision tracking 
software. Cued trials measured place learning with the 
escape platform visible above water. Spatial trials measured 
spatial learning with the platform submerged, and probe tri-
als measured spatial memory once the platform was removed. 
For the locomotor activity, in an open field, the path length in 
open-topped plastic boxes (49 cm long, 35.5 cm wide, 
44.5 cm tall) was digitally recorded for 30 min and analyzed 
by Noldus Ethovision tracking software [18].

Sensorimotor Function

At 4 weeks after collagenase infusion, the animals were 
tested for functional ability. The neurodeficit was quantified 
using a summation of scores (maximum = 12) given for (1) 
postural reflex, (2) proprioceptive limb placing, (3) back 
pressure towards the edge, (4) lateral pressure towards the 
edge, (5) forelimb placement, and (6) lateral limb placement 
(2 = severe, 1 = moderate, 0 = none), as routinely performed 
[15]. For the rotarod, striatal ability was assessed using an 
apparatus consisting of a horizontal, accelerated (2 rpm/5 s), 
rotating cylinder (7 cm-diameter × 9.5 cm-wide), requiring 
continuous walking to avoid falling, recorded by photo-
beam circuit (Columbus Instruments) [17, 18]. For foot 
fault, the number of complete limb missteps through the 
openings while exploring over an elevated wire (3 mm) grid 
(20 cm × 40 cm) floor was counted over 2 min [16].

Assessment of Treatment upon  
Cerebral and Somatic Growth

At the completion of experiments, the brains were removed and 
hemispheres separated by midline incision (loss of brain weight 
has been used as the primary variable to estimate brain damage 
in juvenile animals after neonatal brain injury [19]). For organ 
weights, the spleen and heart were separated from surrounding 
tissue and vessels. The quantification was performed using an 
analytical microbalance (model AE 100; Mettler Instrument 
Co., Columbus, OH) capable of 1.0 mg precision.
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Statistical Analysis

Significance was considered at p < 0.05. Data were analyzed 
using analysis of variance (ANOVA) with repeated measures 
(RM-ANOVA) for long-term neurobehavior. Significant 
interactions were explored with conservative Scheffé post 
hoc and Mann-Whitney rank sum when appropriate.

Results

HBO and NBO treatment normalized T-maze deficits (Fig. 1a, 
p > 0.05 compared to controls) and water maze (spatial) learn-
ing deficits (Fig. 1b, p < 0.05 compared to GMH), without 
improving spatial memory (Fig. 1c, p > 0.05). Oxygenation 
treatment also normalized (p < 0.05) sensorimotor dysfunc-
tion (compared to juvenile GMH animals) in the neurodeficit 
score, the number of foot faults, and accelerating rotarod fall-
ing latency (Fig. 2a–c, p < 0.05). This was confirmed with 
normalization of brain atrophy (Fig. 3a, p < 0.05 compared to 
GMH), splenomegaly, and cardiomegaly (Fig. 3b, c, p > 0.05 
compared to controls).

Discussion

These results indicate that hyperbaric oxygen (HBO) treat-
ment after neonatal GMH can reduce long-term brain atro-
phy and return sensorimotor and cognitive functional deficits 
back to near-normal levels in juvenile animals. In support of 
the findings from others, this provides preliminary evidence 
about the importance of HBO-mediated mechanisms upon 
improvement of outcomes after neonatal injury [10–13].

Hyperbaric oxygen (HBO) treatment can induce multiple 
neuroprotective pathways across a wide domain of cerebral 
pathophysiology [9]. Our results support descriptive clinical 
studies using HBO to improve cognition and overall function-
ing in autistic and cerebral palsy children [10, 11]. In agreement 
with our findings, recent evidence shows that both HBO and 
normobaric oxygen (NBO) therapy can upregulate neuropro-
tective mechanisms and improve outcomes in adult ischemic 
stroke models [12]. Although hyper-oxygenation treatment has 
been shown to be protective after neonatal hypoxia-ischemia 
[13], our study demonstrates the first preliminary evidence, in 
this patient sub-population, advocating the use of oxygenation 
after hemorrhagic brain injury as well.

This study supports the notion that HBO treatment has no 
adverse affects in neonatal rats and can be applied as a strat-
egy to improve functional outcomes after brain injury from 
hemorrhagic stroke in premature infants. Further investigation 
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is needed to determine the mechanistic basis of these neuro-
protective effects.
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Abstract Pretreatment with a low dose of thrombin attenu-
ated brain injury after intracerebral hemorrhage (ICH) or 
cerebral ischemia. This phenomenon has been called throm-
bin preconditioning (TPC). The current study investigated 
whether or not TPC reduces neuronal death induced by iron 
in cultured neurons. The roles of protease-activated recep-
tors (PARs) and the p44/42 mitogen-activated protein 
kinase (p44/42MAPK)/70-kDa ribosomal protein S6 kinase 
(p70S6K) signal transduction pathway in TPC were also 
examined. This study had three parts: (1) primary cultured 
neurons were pretreated with vehicle, thrombin or PAR ago-
nists. Cell death was induced by ferrous iron (500 mM) 24 h 
later. After 48 h, culture medium was collected for lactate 
dehydrogenase measurement; (2)neurons were treated with 
vehicle, thrombin or thrombin plus PPACK (D-Phe-Pro-Arg 
chloromethylketone) thrombin and were collected for 
Western blotting; (3)the effect PD098059 on TPC was exam-
ined. Cells were treated with 20 mM PD098059 or vehicle 1 h 
before TPC. Neuron viability was measured 24 h following 
exposure to ferrous iron. Preconditioning with thrombin or 
PAR agonists reduced iron-induced neuronal death (p < 0.05). 
Thrombin, but not PPACK thrombin, upregulated the pro-
tein levels of activated p44/42 MAPK and p70 S6K (p < 0.05) 
in neurons. PD098059 also abolished the TPC-induced 

neuronal protection against iron (p < 0.05). In conclusion, 
the protective effect of thrombin preconditioning is partially 
achieved through activating PARs and the p44/42 MAPK/
p70S6K signal transduction pathway.

Keywords Thrombin · Preconditioning · Cerebral hemor-
rhage · Protease-activated receptors · p44/42 mitogen acti-
vated protein kinase · p70 S6K

Introduction

High concentrations of intracerebral thrombin cause brain 
edema and neuronal death, but low concentrations are neuro-
protective [1–13]. Thus, we have found that prior treatment 
with a low dose of thrombin attenuates the brain edema 
induced by thrombin, iron or hemorrhage [6, 11, 12], signifi-
cantly reduces infarct size in a rat middle cerebral artery 
occlusion model [8] and reduces brain damage in a rat model 
of Parkinson’s disease [1, 14]. We have termed this phenom-
ena thrombin preconditioning (TPC) or thrombin-induced 
brain tolerance.

Preconditioning has been used for heart and brain surgery, 
and is now a clinical reality [15, 16]. Many of the protective 
effects of preconditioning are delayed and involve new pro-
tein synthesis prior to the injury-inducing insult [17, 18]. In 
heart, there is evidence that activation of 70-kDa ribosomal 
protein S6 kinase (p70 S6K) is essential for preconditioning 
[19, 20]. p70 S6K is activated by phosphorylation on multiple 
sites. Thus, as well as the PI3K-Akt pathway that phosphory-
lates thr389, the p44/42 mitogen-activated protein kinase 
(MAPK) pathway phosphorylates p70 S6K on thr421/ser424 
[19]. The major target of the activated kinase is the 40S ribo-
somal protein S6, a major regulator of protein synthesis [21].

In this study, we examined whether thrombin precondi-
tioning reduces neuronal death induced by ferrous iron, and 
whether activation of protease-activated receptors and the 
p44/42 MAPK-P70S6K pathway contributes to TPC-induced 
neuroprotection.
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Materials and Methods

Experiment Groups

To examine the effect of TPC-induced neuronal protection, 
primary neuronal cultures were used. This study was divided 
into three parts. In the first part, cells were pretreated with 
vehicle, low-dose thrombin (1 U/ml) or thrombin receptor 
(also called protease activated receptor, PAR) agonists 
(PAR-1 agonist, NeoMPS, San Diego, CA; PAR −3 and 
PAR-4 agonists, Bachem, Torrance, CA) for 24 h. Neuronal 
death was induced by 500 mM ferrous iron. Lactate dehydro-
genase (LDH) in the culture medium was measured after 
48 h. In the second part, neurons were pretreated with a 
thrombin inhibitor, PPACK (D-Phe-Pro-Arg chlorometh-
ylketone, 1 mM; Bachem, Torrance, CA) or vehicle 30 min 
before thrombin (1 U/ml) treatment. After 24 h, neurons 
were collected for Western blot analysis detecting levels of 
activated p44/42 MARK and p70 S6K. In the third part, neu-
rons were treated with either 20 mM PD98059 (Calbiochem, 
La Jolla, CA), a p44/42 MAPK kinase inhibitor, or vehicle 
1 h before thrombin (1 U/ml) pretreatment. Cell viability was 
assayed 48 h after exposure to 500 mM ferrous iron.

Cell Preparation

Primary neuron cultures were prepared from E17 fetal rats 
(Sprague-Dawley, Charles River). Brains were removed 
and cortices dissected out, and freed of meninges and blood 
vessels. Tissues were triturated in modified Hanks’ Balanced 
Solution (25 mM HEPES, 1% Antibiotic-Antimycotic, 
Invitrogen, Carlsbad, CA). After centrifuging at 800 g × 
5 min, the supernatant was removed and the tissue digested 
for 20 min in 0.5% trypsin at 37°C, then DNase I and 
3.8% MgSO

4
 were applied for 5 min at room temperature. 

After centrifuging, the tissue was resuspended in neurobasal 
medium (supplemented 2% B27 and 1 mM glutamine; 
Invitrogen, Carlsbad, CA). The cells were plated at a density 
of 3.0 × 105/cm2 on poly-L-lysine coated 6- or 24-well plates 
and then incubated at 37°C in an atmosphere of 5% CO

2
/95% 

air. The medium was replaced every 3 days with fresh neu-
robasal medium. Cultures were used after 7–10 days.

Lactate Dehydrogenase (LDH) Measurement

At the end of the experiment, neuronal toxicity was assessed 
by measurement of LDH release using a CytoTox-96 Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, WI) 

according to the manufacturer’s instruction. Absorbance of 
the resulting solution was measured in a microplate reader 
(EL 800, Bio-Tek Instruments,Winooski, VT) at 490 nm 
with a reference wavelength of 630 nm. Results were 
 analyzed with microplate data analysis software, KC junior 
(Bio-Tek Instruments, Inc.).

Western Blot Analysis

Neurons were collected, immersed in 0.1 mL of Western blot 
sample buffer and then sonicated for Western blot analysis. 
The sample solution (10 mL) was taken for protein assay 
(Bio-Rad protein assay kit). Protein (20 mg) was separated 
by SDS-PAGE gel and transferred to a hybond-C pure nitro-
cellulose membrane. Membranes were probed with the fol-
lowing primary antibodies: polyclonal rabbit phospho-p44/42 
MAPK antibody (1:2,000; Cell Signaling, MA) and poly-
clonal rabbit phospho-p70s6k (Thr421/Ser424) antibody 
(1:1,000; Cell Signaling, MA). The relative densities of 
phospho-p44/42 MAPK and phospho-p70 S6K protein bands 
were analyzed using NIH image software (version 1.63).

Statistical Analysis

All results are expressed as mean ± SD. Data were statisti-
cally analyzed by analysis of variance with Scheffé multiple 
comparisons or Student’s t-test. Differences are considered 
significant at the p < 0.05 level.

Results

Thrombin Preconditioning and Thrombin 
Receptor Agonists Preconditioning Reduce 
Ferrous Iron-Induced Neuronal Death

To investigate whether pretreatment with a low dose of 
thrombin can induce neuronal tolerance to the toxic effects 
of iron and to determine whether activation of the thrombin-
receptor mediates the neuroprotective effect of TPC, we pre-
treated the cells with 1 U/mL thrombin, thrombin receptor 
(PAR-1, PAR-3 and PAR-4) agonists (50 nM) or vehicle for 
24 h before exposure to 500 mM ferrous iron. Ferrous iron 
(500 mM) resulted in marked neuronal death. Thrombin and 
PAR preconditioning reduced neuronal death caused by iron 
(e.g., TPC: 62.2 ± 15.2% vs. 100 ± 11.9% in the control 
group, p < 0.05, Fig. 1).
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Thrombin Activates the p44/42 MAPK-p70 S6K 
Pathway in Cultured Neurons

To determine whether TPC can activate the p44/42 
MAPK-p70 S6K pathway, we examined activated p44/42 
MAPK and p70 S6K levels by Western blot analysis. We 
found that activated p44/42 MAPK and p70 S6K levels were 
significantly higher after thrombin (1 U/mL) treatment 
(p < 0.01, Fig. 2). To confirm the specificity of thrombin, 
PPACK was used. PPACK thrombin could not activate 
p44/42 MAPK and p70 S6K (Fig. 2).

PD98059 Blocks the Neuroprotective  
Effect of TPC

To examine the effect of p44/42 MAPK activation on TPC-
induced neuroprotection, neurons were treated with 20 mM 
PD98059, a p44/42 MAPK kinase inhibitor or vehicle 1 h 
before TPC. Cell viability was measured 48 h after exposure 
to 500 mM ferrous iron. We found that TPC reduced iron-
induced neuronal death and PD98059 blocked TPC-induced 
neuroprotection (Fig. 3).

Discussion

The precise mechanisms of thrombin-induced brain toler-
ance to hemorrhagic and ischemic stroke are not known. 

However, activation of thrombin receptors, upregulation of 
thrombin inhibitors, iron handling proteins and heat shock 
proteins in the brain may be associated with the induced tol-
erance [6, 7, 11–14, 22, 23]. Thrombin has a vital role in 
hemostasis through cleavage of fibrinogen to fibrin. Other 
important cellular activities of thrombin, such as p44/42 
mitogen-activated protein kinase activation, appear to be 
receptor mediated. Thrombin receptors are seven transmem-
brane G protein-coupled receptors that are activated by 
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proteolytic cleavage rather than by ligand binding. Three 
protease-activated receptors, PAR-1, -3 and -4, can be acti-
vated by thrombin [24]. The present results suggest that 
 activation of PARs can induce neuroprotection.

The data show that a low dose of thrombin activates 
p44/42 MAPK in neurons and PD98059, a specific inhibitor 
of p44/42 MAPK kinase, blocks tolerance induced by throm-
bin, indicating an important role of p44/42 MAPK in TPC. 
p44/42 MAPKs are well-known cytoplasmic signal trans-
ducers, and Gonzalez-Zulueta et al. report that activation of 
the p44/42 MAPK pathway is required for preconditioning 
induced by oxygen glucose deprivation in primary cortical 
cell cultures [25].

Our results also show that thrombin can also activate p70 
S6K, which may be related to protein synthesis, in cultured 
neurons. Our previous studies have shown protein synthesis 
occurs following TPC and may contribute to TPC-induced 

neuroprotection. New protein synthesis is key to cerebral 
ischemic preconditioning [17], and it may also play an 
important role in TPC. Recent studies indicate that the PI3K/
p70S6K and ERK/p70 S6K pathways contribute to cell pro-
tection induced by ischemic preconditioning [19, 20, 26–28]. 
The role of ERK/p70 S6K pathway activation and new pro-
tein synthesis (e.g., iron-handling protein synthesis) in TPC 
need to be studied further.

In summary, thrombin and PAR agonists can induce 
 neuronal tolerance against iron toxicity. Thrombin activates 
p44/42 MAPK and p70 S6K, and inhibition of p44/42 MAPK 
kinase abolishes thrombin-induced tolerance, suggesting 
a potential role of the p44/42 MAPK/p70 S6K pathway 
in TPC.

Acknowledgment This study was supported by grants NS-017760, 
NS-039866 and NS-057539 from the National Institutes of Health 
(NIH) and 0840016N from the American Heart Association (AHA). 
The content is solely the responsibility of the authors and does not 
 necessarily represent the official views of the NIH and AHA.

Conflict of interest statement We declare that we have no conflict  
of interest.

References

 1. Cannon JR, Keep RF, Hua Y, Richardson RJ, Schallert T, Xi G 
(2005) Thrombin preconditioning provides protection in a 
6-hydroxydopamine Parkinson’s disease model. Neurosci Lett 
373:189–194

 2. Choi SH, da Lee Y, Kim SU, Jin BK (2005) Thrombin-induced oxi-
dative stress contributes to the death of hippocampal neurons in 
vivo: role of microglial NADPH oxidase. J Neurosci 25:4082–4090

 3. Choi SH, da Lee Y, Ryu JK, Kim J, Joe EH, Jin BK (2003) Thrombin 
induces nigral dopaminergic neurodegeneration in vivo by altering 
expression of death-related proteins. Neurobiol Dis 14:181–193

 4. Henrich-Noack P, Striggow F, Reiser G, Reymann KG (2006) 
Preconditioning with thrombin can be protective or worsen damage 
after endothelin-1-induced focal ischemia in rats. J Neurosci Res 
83:469–475

 5. Hua Y, Keep R, Hoff J, Xi G (2007) Brain injury after intracerebral 
hemorrhage: the role of thrombin and iron. Stroke 38:759–762

 6. Hua Y, Keep RF, Hoff JT, Xi G (2003) Thrombin preconditioning 
attenuates brain edema induced by erythrocytes and iron. J Cereb 
Blood Flow Metab 23:1448–1454

 7. Jiang Y, Wu J, Hua Y, Keep RF, Xiang J, Hoff JT, Xi G (2002) 
Thrombin-receptor activation and thrombin-induced brain toler-
ance. J Cereb Blood Flow Metab 22:404–410

 8. Masada T, Xi G, Hua Y, Keep RF (2000) The effects of thrombin 
preconditioning on focal cerebral ischemia in rats. Brain Res 867: 
173–179

 9. Striggow F, Riek M, Breder J, Henrich-Noack P, Reymann KG, 
Reiser G (2000) The protease thrombin is an endogenous mediator 
of hippocampal neuroprotection against ischemia at low concentra-
tions but causes degeneration at high concentrations. Proc Natl 
Acad Sci USA 97:2264–2269

10. Vaughan PJ, Pike CJ, Cotman CW, Cunningham DD (1995) 
Thrombin receptor activation protects neurons and astrocytes from 

0

20

40

60

80

100

120

*

0

20

40

60

80

100

#

L
D

H
 (

%
 o

f 
co

n
tr

o
l)

D
ea

d
 c

el
ls

 (
%

)

Control TPC TPC + PD98059

Control TPC TPC + PD98059

a

b

Fig. 3 The effects of PD98059 on TPC-induced neuroprotection 
against iron. (a) LDH levels and (b) dead neurons (%). Values are mean 
± SD, *p < 0.01,*p < 0.05, vs. the other groups



Thrombin Preconditioning Attenuates Iron-Induced Neuronal Death 263

cell death produced by environmental insults. J Neurosci 15: 
5389–5401

11. Xi G, Hua Y, Keep RF, Hoff JT (2000) Induction of colligin may 
attenuate brain edema following intracerebral hemorrhage. Acta 
Neurochir Suppl 76:501–505

12. Xi G, Keep RF, Hua Y, Xiang JM, Hoff JT (1999) Attenuation of 
thrombin-induced brain edema by cerebral thrombin precondition-
ing. Stroke 30:1247–1255

13. Yang S, Hua Y, Nakamura T, Keep RF, Xi G (2006) Up-regulation 
of brain ceruloplasmin in thrombin preconditioning. Acta Neurochir 
Suppl 96:203–206

14. Cannon JR, Keep RF, Schallert T, Hua Y, Richardson RJ, Xi G 
(2006) Protease-activated receptor-1 mediates protection elicited by 
thrombin preconditioning in a rat 6-hydroxydopamine model of 
Parkinson’s disease. Brain Res 1116:177–186

15. Gidday JM (2010) Pharmacologic preconditioning: translating the 
promise. Transl Stroke Res 1:19–30

16. Keep RF, Wang MM, Xiang J, Hua Y, Xi G (2010) Is there a place 
for cerebral preconditioning in the clinic? Transl Stroke Res 1:4–18

17. Dirnagl U, Simon RP, Hallenbeck JM (2003) Ischemic tolerance 
and endogenous neuroprotection. Trends Neurosci 26:248–254

18. Gidday JM (2006) Cerebral preconditioning and ischaemic toler-
ance. Nat Rev Neurosci 7:437–448

19. Hausenloy DJ, Mocanu MM, Yellon DM (2004) Cross-talk between 
the survival kinases during early reperfusion: its contribution to 
ischemic preconditioning. Cardiovasc Res 63:305–312

20. Hausenloy DJ, Tsang A, Mocanu MM, Yellon DM (2005) Ischemic 
preconditioning protects by activating prosurvival kinases at reper-
fusion. Am J Physiol Heart Circ Physiol 288:H971–H976

21. Berven LA, Crouch MF (2000) Cellular function of p70S6K: a role 
in regulating cell motility. Immunol Cell Biol 78:447–451

22. Hua Y, Xi G, Keep RF, Wu J, Jiang Y, Hoff JT (2002) Plasminogen 
activator inhibitor-1 induction after experimental intracerebral hem-
orrhage. J Cereb Blood Flow Metab 22:55–61

23. Xi G, Reiser G, Keep RF (2003) The role of thrombin and thrombin 
receptors in ischemic, hemorrhagic and traumatic brain injury: del-
eterious or protective? J Neurochem 84:3–9

24. Coughlin SR (2000) Thrombin signalling and protease-activated 
receptors. Nature 407:258–264

25. Gonzalez-Zulueta M, Feldman AB, Klesse LJ, Kalb RG, Dillman JF, 
Parada LF, Dawson TM, Dawson VL (2000) Requirement for nitric 
oxide activation of p21(ras)/extracellular regulated kinase in neuronal 
ischemic preconditioning. Proc Natl Acad Sci USA 97:436–441

26. Kis A, Yellon DM, Baxter GF (2003) Second window of protection 
following myocardial preconditioning: an essential role for PI3 
kinase and p70S6 kinase. J Mol Cell Cardiol 35:1063–1071

27. Malhotra S, Savitz SI, Ocava L, Rosenbaum DM (2006) Ischemic 
preconditioning is mediated by erythropoietin through PI-3 kinase 
signaling in an animal model of transient ischemic attack. J Neurosci 
Res 83:19–27

28. Wynne AM, Mocanu MM, Yellon DM (2005) Pioglitazone mimics 
preconditioning in the isolated perfused rat heart: a role for the pro-
survival kinases PI3K and P42/44MAPK. J Cardiovasc Pharmacol 
46:817–822





J.H. Zhang and A. Colohan (eds.), Intracerebral Hemorrhage Research, Acta Neurochirurgica Supplementum, Vol. 111,  
DOI: 10.1007/978-3-7091-0693-8_44, © Springer-Verlag/Wien 2011

265

Abstract Surgically induced brain injury (SBI) is a com-
mon concern after a neurosurgical procedure. Current treat-
ments aimed at reducing the postoperative sequela are 
limited. Granulocyte-colony stimulating factor (G-CSF), a 
hematopoietic growth factor involved in the inflammatory 
process, has been shown in various animal models to be neu-
roprotective. Consequently, in this study, we investigated the 
use of G-CSF as a treatment modality to reduce cell death 
and brain edema, while improving neurobehavioral deficits 
following an SBI in mice. Eleven-week-old C57 black mice 
(n = 76) were randomly placed into four groups: sham 
(n = 19), SBI (n = 21), SBI with G-CSF pre-treatment (n = 15) 
and SBI with G-CSF pre/post-treatment (n = 21). Treated 
groups received a single dose of G-CSF intraperitoneally at 
24, 12 and 1 h pre-surgery and/or 6 and 12 h post-surgery. 
Postoperative assessment occurred at 24 h and included neu-
robehavioral testing and measurement for both cell death and 
brain edema. Results indicated that pre-treatment with 
G-CSF reduced both cell death and brain edema, while 
post-treatment reduced neurobehavioral deficits. This study 

implies that the morphological changes in the brain are 
effected by pre-treatment; however, in order to activate and/
or amplify targets involved in the recovery process, more 
dosing regimens may be needed.

Keywords Granulocyte colony-stimulating factor (G-CSF) · 
Surgically induced brain injury (SBI) · Neurosurgery

Introduction

Surgically induced brain injury (SBI) refers to the wide range 
of unintentional injuries that take place during routine neuro-
surgical procedures. These injuries occur more commonly 
along the edge of tissue resection because of direct surgical 
trauma, electrocautery burn, stretch damage from tissue 
retraction and intraoperative bleeding [1, 2]. The concern 
with SBI is the heightened inflammatory response that 
mounts in an attempt to orchestrate the effects of tissue dam-
age. Side effects of this response include disruption of 
blood-brain-barrier (BBB) integrity, apoptotic cell death and 
subsequent neurobehavioral deterioration. Unfortunately, 
current therapies aimed at battling the effects of SBI are lim-
ited. Consequently, discovering direct anti-inflammatory 
therapies that could potentially decrease brain edema and 
cell death while improving neurobehavioral function would 
be of great benefit.

Granulocyte colony-stimulating factor (G-CSF) is a 
hematopoietic growth factor, cytokine, and glycoprotein 
responsible for the proliferation, survival, and maturation of 
neutrophil precursors [3]. It stimulates the bone marrow to 
produce and release neutrophilic precursors as well as 
hematopoietic stem cells (HSC) into the circulation. It has 
been discovered that G-CSF plays a key role in the central 
nervous system (CNS), where it provides a level of neuropro-
tection [3]. The underlying mechanism involved in the G-CSF 
induced protection is unknown; however, in various stroke 
models G-CSF has been shown to exert is neuroprotective 
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actions through the inhibition of apoptosis, inflammation and 
the stimulation of both neurogenesis and angiogenesis [4].

Accordingly, in this study, we investigated the effects of 
G-CSF pre- and post-treatment on cerebral edema, neuronal 
cell death and neurobehavioral functioning in SBI mice. Two 
dosing regimens were used to evaluate these outcomes.

Materials and Methods

Animal Groups

All procedures for this study were approved by the Animal 
Care and Use Committee at Loma Linda University and 
complied with the NIH Guide for the Care and Use of 
Laboratory Animals. Seventy-six Sprague-Dawley mice 
weighing between 35 and 45 g were randomly divided into 
the following four groups: sham surgery (n = 19), SBI 
(n = 21), SBI with G-CSF pre-treatment (n = 15) and SBI 
with G-CSF pre-/post-treatment (n = 21).

Operative Procedure

The SBI model was adapted as previously described in mice 
[5]. Briefly, mice were anesthetized with a ketamine (100 mg/
kg)/xylazine (10 mg/kg) combination intraperitoneal injec-
tion and positioned prone in a stereotaxic head frame 
(Stoelting, Wood Dale, IL). A 3 mm by 3 mm cranial win-
dow was created 1 mm anterior and 2 mm lateral to the coro-
nal and sagittal sutures, respectively. Using a flat blade 
(6 mm × 1.5 mm), two incisions were made along the sagittal 
and coronal planes leading away from the bregma and 
extending to the edge of the craniotomy window. The sec-
tioned brains were weighed and were not significantly differ-
ent between animals. Electrocautery was utilized for 2 s 
along the medial coronal and posterior sagittal borders at a 
power level consistent with the coagulation setting used in 
the operating room. Sham surgery included only a cran-
iotomy window and replacement of the bone flap without 
any dural incisions.

Treatment Method

A 100 ug/kg G-CSF (Neupogen, Amgen, Thousand Oaks, 
CA) intraperitoneal injection was given at 24, 12 and 1 h pre-
surgery in the pre-treatment group, while the post-treatment 
group received an additional treatment at 6 and 12 h post-
surgery. Normal saline injections in similar volumes were 

given to the sham and vehicle groups on the same dosing 
schedule as G-CSF.

Assessment of Neurobehavioral Deficits

Prior to sacrificing at 24 h, neurological outcomes were 
assessed by a blind observer using the Modified Garcia Score 
[6], beam balance test and modified wire hanging test [7].

The Modified Garcia Score is a 21-point sensorimotor 
assessment system consisting of seven tests with scores of 
0–3 for each test (maximum score = 21). These seven tests 
included: (1) spontaneous activity, (2) side stroking, (3) 
vibrios touch, (4) limb symmetry, (5) climbing, (6) lateral 
turning and (7) forelimb walking.

Additionally, beam balance and wire hanging testing 
were performed. Both the beam (590 cm in length by 51 cm 
in width) and wire (550 cm in length by 51 mm in width) 
were constructed and held in place by two platforms on each 
side. Mice were observed for both their time and behavior 
until they reached one platform and scored according to six 
grades. The test was repeated three times, and an average 
score was taken [minimum score 0; maximum score (healthy 
rat) 5].

Brain Water Content

Brain water content was measured as previously described 
[8]. Briefly, mice were killed 24 h post-SBI, and the 
brains were immediately removed and divided into three 
parts: ipsilateral frontal, contralateral frontal and cerebel-
lum. The cerebellum was used as an internal control for 
brain water content. Tissue samples were then weighed 
on an electronic analytical balance (APX-60, Denver 
Instrument; Arvada, CO) to the nearest 0.1 mg to obtain 
the wet weight (WW). The tissue was then dried at 105°C 
for 48 h to determine the dry weight (DW). The percent 
brain water content was calculated as [(WW – DW)/
WW] × 100.

Assessing Cell Death

Cell Death Detection ELISA kit (Roche Applied Science) 
was used to quantify cell death in the ipsilateral frontal cortex 
24 h after SBI. For quantification of DNA fragmentation, 
which indicates apoptotic cell death, we used a commercial 
enzyme immunoassay to determine cytoplasmic histone-
associated DNA fragments (Roche Molecular Biochemicals).
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Statistical Analysis

Quantitative data were expressed as the mean ± SEM. One-
way ANOVA and Tukey test were used to determine signifi-
cance in differences between the means. Neurological scores 
were evaluated using the Dunn method. A p-value < 0.05 was 
considered statistically significant.

Results

G-CSF Pre-Treatment Reduces Brain Edema

Brain water content was measured 24 h post-SBI (Fig. 1). The 
results showed that vehicle mice presented with significantly 
worse brain edema compared to sham mice. After pre-treat-
ment with G-CSF, brain edema reduced significantly in the 
contralateral frontal cortex compared to vehicle group. The 
ipsilateral cortex increased in brain edema, which is attributed 
to the direct BBB disruption from frontal lobe removal.

G-CSF Pre-Treatment Reduces Cell Death

Cell death was also measured via an absorbance assay at 
24 h post-SBI (Fig. 2). The results showed that vehicle mice 
presented with a significant increase in the number of cell 

deaths compared to sham mice. After pre-treatment with 
G-CSF, the number of cell deaths reduced significantly.

Post-Treatment with G-CSF Improves 
Neurobehavioral Deficits

To evaluate the sensorimotor deficits after SBI, the modified 
Garcia test, wire hanging test and beam balance test were 
conducted 24 h post-SBI. The results showed that vehicle 
mice presented with severe neurobehavioral deficits com-
pared to sham mice. After both pre- and post-treatment with 
G-CSF, a significant improvement in neurobehavioral func-
tion was seen with the beam balance and wire hanging neu-
rological tests (Fig. 3a); there was no improvement with the 
modified Garcia test (Fig. 3b).

Discussion

The aim of this study was to determine the effects of G-CSF 
treatment after SBI. We showed for the first time that pre-
treatment with G-CSF could reduce cell death and attenuate 
brain edema following a SBI in mice. Additionally, at 24 h 
post-injury, we observed a marked improvement in neurobe-
havioral deficits after pre- and post-treatment with G-CSF. 
Consequently, this study suggests that the morphologic 
changes in the brain are effected by G-CSF pre-treatment; 
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however, in order to activate and/or amplify targets involved 
in the plasticity process and improve neurobehavioral func-
tioning, more dosing regimens may be needed after injury.

Cell death following a SBI is not an uncommon phenome-
non. Previous works in SBI have shown massive neuronal 
degeneration and death in the area of injury [9], specifically, 
finding increased expression of pro-apoptotic BAX and active 
caspase-3 in cortical neurons. In particular, studies in transient 
focal ischemic models in mice found that G-CSF exerted a 
protective effect by upregulating anti-apoptotic proteins, such 
as STAT3 and Bcl-2. This was confirmed by Schabitz [10], 
who also found an elevation of STAT3 expression in the infarc-
tion penumbra in ischemic injured rats treated with G-CSF. In 
our study, we found that the vehicle group had a significant 
increase in neuronal cell deaths – an effect partially reduced 
by pre-treatment with G-CSF – thus suggesting that G-CSF 
may play a role in decreasing neuronal cell death after SBI.

In addition to its effects on neuronal cell death, SBI has 
been implicated in increasing the formation of brain edema 
by disrupting the BBB. According to Jadhav [11], infiltration 
of inflammatory markers, such as matrix metalloproteinases, 
to the site of injury is responsible for disrupting the BBB and 
subsequently causing an influx of edema. In a focal ischemic 
mouse model, G-CSF treatment was shown to decrease the 
amount of edema accumulated in the penumbral brain tissue 
[12]. G-CSF has also been found to reduce brain edema and 
inflammatory cell infiltration in a rat intracerebral hemor-
rhage model [13]. These studies are in line with our results, 
which showed a significant reduction in brain edema in 
the contralateral brain hemisphere, corresponding to the 
penumbral region. This implies that G-CSF pre-treatment 

may reduce damage associated with inflammatory infiltra-
tion caused by SBI. Although our results did show an increase 
in brain edema in the ipsilateral frontal cortex, this increase 
is most likely due to the direct BBB disruption from per-
forming the model. Consequently, the contralateral side was 
evaluated, investigating the potential of G-CSF to reduce 
penumbral edema following a SBI.

Although there were morphological improvements with 
G-CSF pre-treatment, it took additional treatments after the 
injury to reduce neurobehavioral deficits. In our mouse pop-
ulation, we found a significant improvement with motor and 
strength testing after both pre- and post-G-CSF treatments 
compared to vehicle. This was confirmed using the beam 
balance and wire hanging tests. Previous works have found 
similar results. In a focal ischemic rat model, G-CSF was 
found to improve lesion repair and improve neuronal plastic-
ity and vascularization [14], while in a MCAO model, a post-
treatment dose of G-CSF improved long-term functional and 
cognitive outcomes [15].

Conclusion

This study implies that the morphologic changes in the brain 
are effected by G-CSF pre-treatment; however, in order to 
activate and/or amplify targets involved in the plasticity pro-
cess and improve neurobehavioral deficits, more dosing regi-
mens may be needed after the initial injury. Consequently, 
further studies will be needed to explore the use of G-CSF in 
the clinical setting of SBI.

3

4

5

6

a b
Sham (n = 19)

Vehicle (n = 21) 

G-CSF pretreatment (n = 15)

G-CSF pre + posttreatment (n = 21)

*#$
*#

*
*

*
* 15

20

Sham (n = 19)

Vehicle (n= 21)

G-CSF pretreatment (n = 15)

G-CSF pre + posttreatment (n = 21)

*
*

*

N
eu

ro
lo

g
ic

al
 s

co
re

0

1

2

Beam balance Wire hang

N
eu

ro
lo

g
ic

al
 s

co
re

0

5

10

Modified garcia testing

Fig. 3 Neurobehavioral deficits. The results showed that vehicle mice 
presented with severe neurobehavioral deficits compared to sham mice. 
After both pre- and post-treatment with G-CSF, a significant improve-
ment in neurobehavioral function was seen with the beam balance and 

wire hanging neurological tests (a); there was no improvement with the 
modified Garcia test (b). *Significant difference vs. sham (p < 0.05); 
#significant difference vs. vehicle (p < 0.05)



Granulocyte Colony-Stimulating Factor Treatment Provides Neuroprotection in Surgically Induced Brain Injured Mice 269

Acknowledgement This study is partially supported by NIH 
NS053407 to J.H. Zhang and NS060936 to J. Tang. 

Conflict of interest statement We declare that we have no conflict  
of interest.

References

 1. Andrews RJ, Muto RP (1992) Retraction brain ischaemia: cerebral 
blood flow, evoked potentials, hypotension and hyperventilation in 
a new animal model. Neurol Res 14(1):12–18

 2. Hernesniemi J, Leivo S (1996) Management outcome in third ven-
tricular colloid cysts in a defined population: a series of 40 patients 
treated mainly by transcallosal microsurgery. Surg Neurol 45(1):2–14

 3. Schneider A, Hans-George K (2005) A role for G-CSF in the cen-
tral nervous system. Cell Cycle 4(12):1753–1757

 4. Lu CZ, Xiao G (2006) G-CSF and neuroprotection: a therapeutic 
perspective in cerebral ischaemia. Biochem Soc Trans 34:6

 5. Jadhav V et al (2007) Neuroprotection against surgically induced 
brain injury. Surg Neurol 67(1):15–20, discussion 20

 6. Garcia JH et al (1995) Neurological deficit and extent of neuronal 
necrosis attributable to middle cerebral artery occlusion in rats. 
Statistical validation. Stroke 26(4):627–634, discussion 635

 7. Yamaguchi M et al (2007) Matrix metalloproteinase inhibition atten-
uates brain edema in an in vivo model of surgically-induced brain 
injury. Neurosurgery 61(5):1067–1075, discussion 1075–1076

 8. Tang J, Liu J, Zhou C, Alexander JS, Nanda A, Granger DN, Zhang 
JH (2004) Mmp-9 deficiency enhances collagenase-induced intrac-
erebral hemorrhage and brain injury in mutant mice. J Cereb Blood 
Flow Metab 24:1133–1145

 9. Sulejczak D, Grieb P, Walski M (2008) Apoptotic death of cortical 
neurons following surgical brain injury. Folia Neuropathol 46(3): 
213–219

10. Schabitz WR, Kollmar R, Schwaninger M (2003) Neuroprotective 
effect of G-CSF after focal cerebral ischemia. Stroke 34:745–751

11. Jadhav V, Yamaguchi M, Obenaus A, Zhang JH (2008) Matrix met-
alloproteinase inhibition attenuates brain edema after surgical brain 
injury. Acta Neurochir Suppl 102:357–361

12. Gibson CL, Jones NC, Prior MJ (2005) G-CSF suppresses edema 
formation and reduces interleukin-1b expression after cerebral isch-
emia in mice. J Neuropathol Exp Neurol 64:763–769

13. Park HK, Chu K, Lee ST (2005) Granulocyte colony-stimulating 
factor induces sensorimotor recovery in intracerebral hemorrhage. 
Brain Res 1041:125–131

14. Shyu WC, Lin SZ, Yang HI (2004) Functional recovery of stroke 
rats induced by granulocyte colony-stimulating factor-stimulated 
stem cells. Circulation 110:1847–1854

15. Gibson CL, Bath PM, Murphy SP (2005) G-CSF reduces infarct 
volume and improves functional outcome after transient focal cere-
bral ischemia in mice. J Cereb Blood Flow Metab 25(4):431–439





J.H. Zhang and A. Colohan (eds.), Intracerebral Hemorrhage Research, Acta Neurochirurgica Supplementum, Vol. 111,  
DOI: 10.1007/978-3-7091-0693-8_45, © Springer-Verlag/Wien 2011

271

Abstract Tamoxifen is a selective estrogen receptor modu-
lator. In this study we investigated whether or not tamoxifen 
reduces intracerebral hemorrhage (ICH)-induced brain injury 
in rats. In all experiments, adult male Sprague-Dawley rats 
received an injection of 100 mL autologous whole blood into 
the right basal ganglia. In the first set of experiments, rats 
were treated with tamoxifen (2.5 mg/kg or 5 mg/kg, i.p.) or 
vehicle 2 and 24 h after ICH and were killed at day 3 for 
brain edema measurement. In the second set of experiments, 
rats were treated with tamoxifen (5 mg/kg) or vehicle and 
magnetic resonance imaging (MRI), and behavior tests were 
performed at days 1, 7, 14 and 28. Rats were killed at day 28 
for brain histology. We found that tamoxifen at 5 but not at 
2.5 mg/kg reduced perihematomal brain edema at day 3 
(p < 0.05). Brain histology showed that tamoxifen reduced 
caudate atrophy at day 28 (p < 0.01). Tamoxifen also improved 
functional outcome (p < 0.05). MRI demonstrated a tendency 
to smaller T2* lesions in tamoxifen-treated rats. However, 
two out of five rats treated with tamoxifen developed hydro-
cephalus. These results suggest that tamoxifen has neuropro-
tective effects in ICH, but the cause of hydrocephalus 
development following tamoxifen treatment needs to be 
examined further.

Keywords Cerebral hemorrhage · Brain edema · Brain atro-
phy · Hydrocephalus · Tamoxifen

Introduction

Gender has an important role in brain injury after ischemic 
and hemorrhagic stroke. Our previous studies demonstrated 
that brain edema after intracerebral hemorrhage (ICH) is less 
in female compared to male rats [1–3], a gender difference 
that appears to involve activation of estrogen receptors (ER) 
in the female rats. Several estrogen receptors have been dis-
covered, including estrogen receptor (ER)-a, -b, -X and a 
membrane estrogen receptor [4]. Estrogen-induced neuro-
protection can be ER mediated or ER independent [4].

Tamoxifen is a selective estrogen receptor modulator, 
which was discovered and named ICI 46,474 in 1967 [5]. 
Tamoxifen has also been reported to have a neuroprotective 
in ischemic stroke [6, 7] and Parkinson’s disease [8]. 
However, it is still not clear whether or not tamoxifen is pro-
tective for the brain after ICH. This study examined whether 
tamoxifen reduces ICH-induced brain edema, brain atrophy 
and neurological deficits in male rats.

Materials and Methods

Animal Preparation and Intracerebral Infusion

Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. Male 
Sprague-Dawley rats (Charles River Laboratories, Portage, 
MI), 275–300 g each, were used in this study. Rats were 
anesthetized by pentobarbital (50 mg/kg, i.p.). Rectal body 
temperature was maintained at 37.5°C by using a feedback-
controlled heating pad. The right femoral artery was cathe-
terized to obtain blood for injection, to monitor blood 
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pressure and to analyze blood pH, PaO
2
, PaCO

2
, hematocrit 

and glucose concentrations. Rats were placed in a stereotac-
tic frame (Kopf Instruments) and a 1-mm cranial burr hole 
drilled on the right coronal suture 3.5 mm lateral to the mid-
line. A 26-gauge needle was inserted stereotactically into the 
right basal ganglia (coordinates: 0.2 mm anterior, 5.5 mm 
ventral, 3.5 mm lateral to the bregma). Autologous whole 
blood (100 mL) was infused at a rate of 10 mL/min using a 
microinfusion pump. The needle was then removed, the burr 
hole sealed with bone wax, the skin incision closed with 
sutures and the animal allowed to recover.

Experimental Groups

There were two sets of experiments in this study. In the first 
set, ICH rats were treated with tamoxifen (2.5 or 5 mg/kg in 
4% DMSO, i.p., 2 and 24 h after ICH, Tocris Bioscience, 
Ellisville, MO, n = 6) or vehicle (n = 6). Rats were euthanized 
at day 3 to determine brain water content. In the second set, 
rats were treated with tamoxifen (5 mg/kg, n = 5) or vehicle 
(n = 8) at 2 and 24 h after ICH. Rats had both T2-weighted 
and T2*-weighted gradient-echo MR scans at days 1, 7, 14 
and 28 after ICH, and then were euthanized for brain histol-
ogy. Body weight and neurological deficits were measured 
on days 1, 3, 7, 14, 21 and 28 after operation.

Brain Water Content

Animals were euthanized by decapitation under deep pento-
barbital anesthesia (100 mg/kg, i.p.) to measure brain water 
content. The rat brains were removed immediately, and a 
3-mm-thick coronal brain slice 4 mm from the frontal pole 
was cut with a sharp blade. The slice was divided into four 
samples, ipsi- and contralateral basal ganglion and ipsi- and 
contralateral cortex. The cerebellum was also obtained as a 
control. Each of these five brain tissue samples was weighed 
on an electronic analytical balance to the nearest 0.1 mg to 
obtain the wet weight (WW). Samples were then dried in a 
gravity oven at 100°C for 24 h to obtain the dry weight (DW). 
Brain water content (%) was calculated as ((WW – DW)/
WW)*100%.

Behavioral Tests

To assess neurological deficits, forelimb placing, forelimb 
use asymmetry and corner turn tests were used. These have 
been described in detail previously [9]. All animal behavioral 

tests were evaluated at 1, 3, 7, 14, 21 and 28 days by an 
 investigator who was blinded to the treatment.

Magnetic Resonance Imaging

Head MRI scans were performed to get T2 and T2* images 
at 1, 7, 14 and 28 days after ICH as described in our previous 
studies [10, 11]. All measurements were repeated three times 
and mean values used.

Brain Atrophy Measurement

Brain atrophy was measured as previously described [10]. 
Coronal sections from 1 mm posterior to the blood injection 
site were stained with hematoxylin and eosin (H&E) and 
scanned. The caudate in each hemisphere was outlined on a 
computer and caudate size measured using Image. Brain 
 tissue loss was calculated by the formula as: (contralateral 
basal ganglia – ipsilateral basal ganglia)/contralateral basal 
ganglia x 100%.

Statistical Analysis

All data in this study are presented as mean ± SD. Data were 
analyzed with Student’s t test or one-way analysis of vari-
ance (ANOVA). Differences were set significant at p <0.05.

Results

During the long-term experiments, body weight was moni-
tored. It decreased on the first and third day after ICH, but 
then gradually increased. There was no significant difference 
in body weight between tamoxifen-treated and vehicle-
treated groups (p > 0.05).

ICH causes brain edema in rats. Tamoxifen treatment at 
the dose 5 mg/kg significantly reduced brain water content 
(82.2 ± 0.7 vs. 83.4 ± 1.1% in vehicle treated group, p < 0.05) 
in the ipsilateral basal ganglia 3 days after ICH. However, 
tamoxifen at a dose of 2.5 mg failed to reduce ICH-induced 
brain edema at day 3 (p > 0.05).

Behavioral tests, including forelimb placing, corner turn 
and forelimb use asymmetry tests, were performed at days 1, 3, 
7, 14, 21 and 28 after ICH. Tamoxifen treatment improved the 
forelimb placing score (e.g., day 14: 40 ± 10 vs. 24 ± 15% in the 
vehicle-treated group, p < 0.05), forelimb using asymmetry 
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score (e.g. day 28: 3 ± 6 vs. 22 ± 8% in the vehicle-treated 
group, p < 0.05) and corner turn score (p < 0.05). Brain tissue 
loss in the ipsilateral caudate at day 28 was significantly less in 
tamoxifen-treated rats (21.9 ± 4.3 vs. 30.3 ± 1.8% in vehicle-
treated group, p < 0.05, Fig. 1).

On T2* images, there was no significant difference 
between the two groups (p > 0.05) in T2* lesion size from 
day 1 to 28 (data not shown), although at day 28 there was a 
tendency for smaller T2* lesions in tamoxifen-treated rats 
(28.5 ± 4.7 vs. 34.3 ± 6.1 mm3 in vehicle-treated group, 
p = 0.14, Fig. 2). On T2 images, we found that two of five 
tamoxifen-treated rats developed obvious dilation of ventri-
cles starting 7 days after treatment (Fig. 3), but no vehicle-
treated rats showed such dilation.

Discussion

In this study, we found that tamoxifen treatment (5 mg/kg) 
reduced brain edema, brain atrophy and neurological deficits 
after ICH. However, surprisingly, we found that with this 
dosage, hydrocephalus developed in two out of five rats.

The half-life of tamoxifen is 9–12 h after an initial dose, and 
tamoxifen is still detectable after 28 days after 7 days of chronic 
use [12]. We therefore chose 2 and 24 h for injection time 
points. We tried two different doses and found that only the 
higher dose (5 mg/kg) reduced acute brain edema after ICH, 
and this higher dose was chosen for our long-term study.

In animal experiments, high-dose tamoxifen has also been 
used in studies of cerebral ischemia [6, 7] and Parkinson’s 
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disease [8, 13]. Most of the experiments conclude that doses 
higher, but not lower, than 5 mg/kg/day, have beneficial 
effects and that the high doses are generally well tolerated. 
Tamoxifen-induced neuroprotection may be estrogen recep-
tor mediated, although some reports indicate that protection 
with high dose tamoxifen is not through estrogen receptors 
but through anti-oxidative actions [14]. It is well known that 
oxidative stress has a major role in brain injury following 
ICH [3].

Hydrocephalus developed in two of five tamoxifen-treated 
rats in our study, suggesting that tamoxifen may affect the 
process of production, circulation or absorption of cerebro-
spinal fluid. There are only a few experiments focusing on 
long-term changes and side effects in animals after tamox-
ifen treatment [15]. So far, in clinical trials with MRI follow-
up, no tamoxifen-induced hydrocephalus cases have been 
reported [16, 17]. Whether or not tamoxifen only induces 
hydrocephalus after intracerebral hemorrhage should be 
studied further.

Acknowledgment This study was supported by grants NS-017760, 
NS-039866 and NS-057539 from the National Institutes of Health 
(NIH) and 0755717Z, 0840016N from the American Heart Association 
(AHA). The content is solely the responsibility of the authors and does 
not necessarily represent the official views of the NIH and AHA. Dr. 
Xie was supported by NSFC-30901549 from the China National Natural 
Science Foundation.

Conflict of interest statement We declare that we have no conflict  
of interest.

References

 1. Hurn PD, Macrae IM (2000) Estrogen as a neuroprotectant in 
stroke. J Cereb Blood Flow Metab 20:631–652

 2. Nakamura T, Hua Y, Keep RF, Park JW, Xi G, Hoff JT (2005) 
Estrogen therapy for experimental intracerebral hemorrhage in rats. 
J Neurosurg 103:97–103

 3. Xi G, Keep RF, Hoff JT (2006) Mechanisms of brain injury after 
intracerebral haemorrhage. Lancet Neurol 5:53–63

V
eh

ic
le

Ta
m

ox
ife

n

Fig. 2 MR T2*-weighted MRI showing T2* lesions in rats treated with vehicle or tamoxifen (5 mg/kg at 2 and 24 h after ICH) 28 days after ICH

Rat 1

Day-1 Day-14 Day-28 Day-28Day-7

Rat 2

Fig. 3 T2-weighted MR images and coronal section of H&E staining showing hydrocephalus in two out of five rats treated with tamoxifen  
after ICH



Tamoxifen Treatment for Intracerebral Hemorrhage 275

 4. Rau SW, Dubal DB, Bottner M, Gerhold LM, Wise PM (2003) 
Estradiol attenuates programmed cell death after stroke-like injury. 
J Neurosci 23:11420–11426

 5. Harper MJ, Walpole AL (1967) A new derivative of triphenylethyl-
ene: effect on implantation and mode of action in rats. J Reprod 
Fertil 13:101–119

 6. Kimelberg HK, Feustel PJ, Jin Y, Paquette J, Boulos A, Keller RW Jr, 
Tranmer BI (2000) Acute treatment with tamoxifen reduces ischemic 
damage following middle cerebral artery occlusion. NeuroReport 
11:2675–2679

 7. Zhang Y, Jin Y, Behr MJ, Feustel PJ, Morrison JP, Kimelberg HK 
(2005) Behavioral and histological neuroprotection by tamoxifen 
after reversible focal cerebral ischemia. Exp Neurol 196:41–46

 8. Obata T, Kubota S (2001) Protective effect of tamoxifen on 
1-methyl-4-phenylpyridine-induced hydroxyl radical generation in 
the rat striatum. Neurosci Lett 308:87–90

 9. Hua Y, Schallert T, Keep RF, Wu J, Hoff JT, Xi G (2002) Behavio-
ral tests after intracerebral hemorrhage in the rat. Stroke 33: 
2478–2484

10. Okauchi M, Hua Y, Keep RF, Morgenstern LB, Schallert T, Xi G 
(2010) Deferoxamine treatment for intracerebral hemorrhage in 
aged rats: therapeutic time window and optimal duration. Stroke 41: 
375–382

11. Wu G, Xi G, Hua Y, Sagher O (2010) T2* magnetic resonance 
imaging sequences reflect brain tissue iron deposition following 
intracerebral hemorrhage. Transl Stroke Res 1:31–34

12. Fabian C, Sternson L, El-Serafi M, Cain L, Hearne E (1981) 
Clinical pharmacology of tamoxifen in patients with breast cancer: 
correlation with clinical data. Cancer 48:876–882

13. Smith CP, Oh JD, Bibbiani F, Collins MA, Avila I, Chase TN (2007) 
Tamoxifen effect on L-DOPA induced response complications in 
parkinsonian rats and primates. Neuropharmacology 52:515–526

14. Zhang Y, Milatovic D, Aschner M, Feustel PJ, Kimelberg HK 
(2007) Neuroprotection by tamoxifen in focal cerebral ischemia is 
not mediated by an agonist action at estrogen receptors but is asso-
ciated with antioxidant activity. Exp Neurol 204:819–827

15. Atakisi E, Kart A, Atakisi O, Topcu B (2009) Acute tamoxifen 
treatment increases nitric oxide level but not total antioxidant 
capacity and adenosine deaminase activity in the plasma of rabbits. 
Eur Rev Med Pharmacol Sci 13:239–243

16. Puchner MJ, Giese A, Lohmann F, Cristante L (2004) High-dose 
tamoxifen treatment increases the incidence of multifocal tumor 
recurrences in glioblastoma patients. Anticancer Res 24: 
4195–4203

17. Sankar T, Caramanos Z, Assina R, Villemure JG, Leblanc R, 
Langleben A, Arnold DL, Preul MC (2008) Prospective serial 
 proton MR spectroscopic assessment of response to tamoxifen for 
recurrent malignant glioma. J Neurooncol 90:63–76





J.H. Zhang and A. Colohan (eds.), Intracerebral Hemorrhage Research, Acta Neurochirurgica Supplementum, Vol. 111,  
DOI: 10.1007/978-3-7091-0693-8_46, © Springer-Verlag/Wien 2011

277

Abstract Recent trials have shown that the prostaglandin E
2
 

EP1 receptor is responsible for NMDA excitotoxicity in the 
brain after injury. Consequently, in this study, we investi-
gated the use of SC-51089, a selective prostaglandin E

2
 EP1 

receptor antagonist, as a pre-treatment modality to decrease 
cell death, reduce brain edema, and improve neurobehav-
ioral function after surgically induced brain injury (SBI) in 
mice. Eleven-week-old C57 black mice (n = 82) were ran-
domly assigned to four groups: sham (n = 31), SBI (n = 27), 
SBI treated with SC51089 at 10 mg/kg (n = 7), and SBI 
treated with SC51089 at 100 mg/kg (n = 17). Treated groups 
received a single dose of SC51089 intrapertioneally at 12 
and 1 h pre-surgery. SBI was performed by resecting the 
right frontal lobe using a frontal craniotomy. Postoperative 
assessment occurred at 24 and 72 h, and included neurobe-
havioral testing and measurement of brain water content and 
cell death. Results indicated that neither low- nor high-dose 
EP1 receptor inhibition protected against the SBI-related 
effects on brain edema formation or cell death. There was 
however a significant improvement in neurobehavioral 

function 24 h post-SBI with both dosing regimens. Further 
studies will be needed to assess the potential therapeutic role 
of EP1 receptor targeting in SBI.

Keywords SC-51089 · Prostaglandin E
2 

· EP1 Receptor · 
Surgically induced brain injury (SBI) · Neurosurgery

Introduction

Neurosurgical procedures can damage viable brain tissue 
unintentionally by a wide range of methods. These surgically 
induced brain injuries (SBI) can be a result of direct surgical 
trauma, intraoperative bleeding, thermal injury from electro-
cautery, or stretch damage from tissue retraction [1, 2]. The 
concern with these injuries is the heightened inflammatory 
response that is mounted in an attempt to combat the effects 
of brain tissue damage. Propagation of this local response 
may result in direct cell death, enhanced disruption of the 
blood-brain-barrier (BBB) causing an increase in brain 
edema formation, and subsequent deterioration in neurobe-
havioral function [3]. Unfortunately, current therapies, such 
as steroids and diuretics, are relatively non-specific and focus 
mostly on reducing the postoperative edema that has already 
transpired [4]. Therefore, recent studies have looked into tar-
geting specific anti-inflammatory mediators, which may be 
more effective at reducing cell death and brain edema while 
improving neurobehavior.

Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme 
responsible for catalyzing the synthesis of prostaglandins at 
sites of injury. In the brain, COX-2 acts as a key mediator of 
inflammation, orchestrating a wide spectrum of brain inju-
ries, including excitotoxic brain injury, cerebral ischemia, 
traumatic brain injury, and neurodegenerative disorders [5]. 
A key downstream effector of COX-2 neurotoxicity is pros-
taglandin E

2
 (PGE

2
), an endogenous signaling molecule 

produced by the enzymatic transformation of arachidonic 
acid by COX-2 [6, 7]. PGE

2
 has been linked to BBB disrup-

tion during CNS inflammation [8–10], and through its 
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interaction with the G-protein coupled receptor, EP1, it can 
enhance peripheral microvessel endothelial cell permeability 
and thereby cause a substantial amount of brain edema accu-
mulation. Aside from its role in BBB disruption and edema 
formation, the EP1 receptor may also be involved in excito-
toxic cell death [7].

Recently, selective COX-2 enzyme inhibitors have come 
under scrutiny because of an increased occurrence of cardio-
vascular events [11, 12], suggesting that downstream signal-
ing pathways in the inflammatory cascade may be a safer 
target. Consequently, in this study, we investigated the role 
of the PGE

2
 EP1 receptor on brain edema formation, neu-

ronal cell death, and neurobehavioral function after SBI. We 
hypothesized that EP1 receptor inhibition will result in 
marked improvement in these three parameters in our mouse 
population.

Materials and Methods

Animal Groups

All procedures for this study were approved by the Animal 
Care and Use Committee at Loma Linda University and 
complied with the NIH Guide for the Care and Use of 
Laboratory Animals. Eighty-two male Sprague-Dawley mice 
weighing between 35 and 45 g were randomly divided into 
the following four groups: sham (n = 31), SBI (n = 27), SBI 
treated with SC51089 at 10 mg/kg (n = 7), and SBI treated 
with SC51089 at 100 mg/kg (n = 17).

Operative Procedure

The SBI model was adapted as previously described in mice 
[4]. Briefly, mice were anesthetized with a ketamine 
(100 mg/kg)/xylazine (10 mg/kg) combination intraperito-
neal injection and positioned prone in a stereotaxic head 
frame (Stoelting, Wood Dale, IL). A 3 mm by 3 mm cranial 
window was created 1 mm anterior and 2 mm lateral to the 
coronal and sagittal sutures, respectively. Using a flat blade 
(6 mm × 1.5 mm), two incisions were made along the sagit-
tal and coronal planes, leading away from the bregma and 
extending to the edge of the craniotomy window. The brain 
sections were weighed and were not significantly different 
between animals. Electrocautery was utilized for 2 s along 
the medial coronal and posterior sagittal borders at a power 
level consistent with the coagulation setting used in the 
operating room. Sham surgery included only a craniotomy 

window and replacement of the bone flap without any dural 
incisions.

Treatment Method

SC51089 (Enzo Life Sciences, Plymouth Meeting, PA) was 
dissolved in 0.5% DMSO and administered intraperitoneally 
approximately 12 h and 1 h before SBI induction. Treated 
mice were divided into two groups, depending on the con-
centration of drug received – either a low-dose concentration 
(10 mg/kg) or a high-dose concentration (100 mg/kg).

Assessment of Neurobehavioral Deficits

Neurological outcomes were assessed by a blind observer at 
24 h post-SBI using the Modified Garcia Score [13], beam 
balance test, and modified wire hanging test [3].

The Modified Garcia Score is a 21-point sensorimotor 
assessment system consisting of seven tests with scores of 
0–3 for each test (maximum score = 21). These seven tests 
included: (1) spontaneous activity, (2) side stroking, (3) 
vibris touch, (4) limb symmetry, (5) climbing, (6) lateral 
turning, and (7) forelimb walking.

Additionally, beam balance and wire hanging tests were 
performed. Both the beam (590 cm in length by 51 cm in 
width) and wire (550 cm in length by 51 mm in width) were 
constructed and held in place by two platforms on each side. 
Mice were observed for both their time and behavior until they 
reached one platform, and were scored according to six grades. 
The test was repeated three times, and an average score was 
taken [minimum score 0; maximum score (healthy rat) 5].

Brain Water Content

Brain water content was measured as previously described 
[14]. Briefly, mice were killed at 24 and 72 h post SBI, and 
brains were immediately removed and divided into three 
parts: ipsilateral frontal, contralateral frontal, and cerebel-
lum. The cerebellum was used as an internal control for brain 
water content. Tissue samples were then weighed on an elec-
tronic analytical balance (APX-60, Denver Instrument; 
Arvada, CO) to the nearest 0.1 mg to obtain the wet weight 
(WW). The tissue was then dried at 105°C for 48 h to deter-
mine the dry weight (DW). The percent brain water content 
was calculated as [(WW – DW)/WW] × 100.
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Assessing Cell Death

The Cell Death Detection ELISA kit (Roche Applied Science) 
was used to quantify cell death in the ipsilateral frontal cortex 
24 h after SBI. For quantification of DNA fragmentation, 
which indicates apoptotic cell death, we used a commercial 
enzyme immunoassay to determine cytoplasmic histone-asso-
ciated DNA fragments (Roche Molecular Biochemicals).

Statistical Analysis

Quantitative data were expressed as the mean ± SEM. One-
way ANOVA and Tukey tests were used to determine signifi-
cance in differences between the means. Neurological scores 
were evaluated using the Dunn method. A p-value < 0.05 was 
considered statistically significant.

Results

PGE
2
 EP1 Receptor Inhibition Failed  

to Reduce Brain Edema After SBI

Brain water content was measured at 24 and 72 h post-SBI 
(Fig. 1). The results showed that vehicle mice presented 
with significantly worse brain edema compared to sham 
mice. After treatment with low-dose (10 mg/kg) or high-
dose (100 mg/kg) SC51089, brain edema failed to reduce 

significantly in the ipsilateral and contralateral frontal cortex 
compared to vehicle groups.

PGE
2
 EP1 Receptor Inhibition Transiently 

Improves Neurobehavioral Scores at 24 h

To evaluate the sensorimotor deficits after SBI, the modified 
Garcia test, wire hanging test, and beam balance test were 
conducted at 24 and 72 h post-SBI. The results showed that 
vehicle mice presented with severe neurobehavioral deficits 
compared to sham mice. After treatment with low-dose or 
high-dose SC51098, a significant improvement in neurobe-
havioral function was seen with the modified Garcia test at 
24 h (Fig. 2a); however, with the wire hanging and beam 
 balance tests, there was no improvement in neurobehavioral 
function noted compared to the vehicle group (Fig. 2b, c). At 
72 h, there was no improvement seen with either treatment 
dose compared to vehicle.

Cell Death Fails to Reduce with EP1  
Receptor Inhibition

Cell death was also measured via an absorbance assay at 
24 h post-SBI (Fig. 3). The results showed that vehicle mice 
presented with a significant increase in the number of cell 
deaths compared to sham mice. After treatment with high-
dose (100 mg/kg) SC51089, the number of cell deaths failed 
to reduce significantly.
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Discussion

In this study, we used a mouse SBI model to investigate 
the role by which the COX-2 downstream receptor, EP1, 
contributed to brain injury outcomes. Using SC51089, a 
selective EP1 receptor inhibitor, we showed for the first time 
that receptor inhibition failed to attenuate cell death and 
reduce brain edema after SBI. Additionally, at 24 h post 
injury, we observed a marked improvement in neurobehav-
ioral deficits; however, those improvements rever sed by 72 h. 
Consequently, this study suggests that EP1 receptor inhibi-
tion has limited neuroprotective effects in SBI mice.

The downstream COX-2 effecter, PGE
2
, has been impli-

cated in causing neuronal cell death in the brain [15]. By 
binding to the G-protein coupled receptor, EP1, PGE

2
 can 

activate the IP3 signaling pathway causing an influx of cal-
cium into the cell and in doing so disrupt normal calcium 
homeostasis. As a result of this calcium influx, NMDA 
receptor activation also occurs, causing significant excito-
toxic damage and neuronal cell death [16]. This being true, 
blocking of the EP1 receptor should prevent damage and 
reduce neuronal cell death; however, this was not the case in 
our study. Instead, we found that neuronal cell death did not 
improve with EP1 receptor inhibition at 24 h post-injury. 
There was neither a reduction nor an increase in the number 
of cell deaths, implying that SC51089 had no effect on our 
outcome. This begs the question of whether COX-2-mediated 
inflammation is involved with delayed cell death rather than 
the acute phase of injury after SBI. Therefore, further studies 
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will need to investigate the effects of COX-2 inhibition on 
neuronal cell death at later time points.

Aside from neuronal cell death, brain edema can be an 
additionally encountered postoperative complication follow-
ing neurosurgical procedures. Its accumulation leads to sig-
nificant brain swelling [11, 12], resulting in a dramatic rise in 
intracranial pressure. In SBI, disruption of the BBB is 
responsible for brain edema formation. In our study we found 
that brain edema formation was not affected by SC51089 
treatment.

Although neuronal cell death and brain edema did not 
improve, we did find a reduction in neurobehavioral deficits in 
our mouse population. At 24 h post-injury, there was an 
improvement in neurobehavioral deficits with EP1 receptor 
inhibition. Testing was conducted using the modified Garcia 
test and both the wire hanging and beam balance tests. 
Improvements with treatment were only seen with the modi-
fied Garcia test, which is more sensitive to acute neurological 
deficits than the other tests [13]. However, the improvement in 
neurobehavioral function was transient, quickly deteriorating 
by 72 h after injury. This is most likely a result of delayed cell 
death in brain regions associated with neurobehavioral func-
tion [17, 18]. In the central region of injury, blood flow is com-
promised, which leads to energy failure and subsequent cell 
death; however, in the surrounding peri-injury sites, neurons 
remain viable for prolonged periods [19, 20]. Hence, the area 
of the brain responsible for neurobehavioral function may not 
have been affected until later in the course of the injury.

There is one main limitation that needs to be acknowl-
edged and addressed regarding the present study. The limita-
tion concerns the timing of treatment. In this study, we chose 
to give SC51089 treatment at 12 and 1 h pre-surgery as a 
means of preventing and/or decreasing potential damage 
from neurological surgery. However, we failed to take into 
account the half-life of the drug. We recognize the need for 
studies to investigate the pharmacodynamics of SC51089 in 
order to best determine when to give treatment.

Conclusion

We conclude that EP1 receptor inhibition fails to improve the 
injuries of an SBI in adult male mice. Further studies will be 
needed to confirm this relationship and determine the future 
clinical direction.
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Abstract Intracranial surgery causes brain damage from 
cortical incisions, intraoperative hemorrhage, retraction, and 
electrocautery; collectively these injuries have recently been 
coined surgical brain injury (SBI). Inflammation following 
SBI contributes to neuronal damage. This study develops 
T-cells that are immunologically tolerant to brain antigen via 
the exposure of myelin basic protein (MBP) to airway 
mucosa. We hypothesize that these T-cells will migrate to the 
site of corticotomy, secrete immunosuppressive cytokines, 
such as TGFb1, reduce inflammation, and improve neuro-
logical outcomes following SBI. A standard model for SBI 
was used for this experiment. C57 mice were divided into 
six groups: SHAM + Vehicle, SHAM + Ovalbumin, SHAM + 
 MBP, SBI + Vehicle, SBI + OVA, and SBI + MBP. Induction 
of mucosal tolerance to vehicle, ovalbumin, or MBP was per-
formed prior to SBI. Neurological scores and TBFb1 cytokine 
levels were measured 48 h postoperatively. Mice receiving 
craniotomy demonstrated a reduction in neurological score. 
Animals tolerized to MBP (SBI + MBP) had better postopera-

tive neurological scores than SBI + Vehicle and SBI + OVA. 
SBI inhibited the cerebral expression TGFb1 in PBS and 
OVA treated groups, whereas MBP treated-animals pre-
served preoperative levels. Mucosal tolerance to MBP leads 
to significant improvement in neurological outcome that is 
associated with the preservation of endogenous levels of brain 
TGFb1.

Keywords Brain injury · Neuroprotection · Mucosal toler-
ance · Inflammation · TGFb1

Introduction

There are over 200,000 cranial neurosurgical operations per-
formed each year (www.neurosurgerytoday.org). During 
each of these operations, unavoidable brain damage is 
incurred as a result of cortical incisions, brain retraction, and 
thermal electrocautery, in addition to the inherent surgical 
risks of intra-operative hypotension, blood loss, transient 
cerebral ischemia, and the possible need for temporary vas-
cular occlusion. This unavoidable inherent risk for surgically 
induced insult to the brain is acknowledged by the neurosur-
gical community through the development of minimally 
invasive surgical techniques [1–3]. In addition, the use of 
osmotic agents to maximize brain relaxation and burst sup-
pression to reduce the CNS metabolic demands is a means of 
medical neuroprotection to address these issues [4, 5]. The 
concept of pre-treating patients in order to protect them 
against the subsequent damage incurred by craniotomy pro-
cedures has recently come into focus, and the term surgical 
brain injury (SBI) has been adopted to incorporate damage to 
the nervous system inherent to the craniotomy procedure 
itself [6, 7]. The study of the clinical impact of SBI is 
difficult because it cannot be easily demarcated from the 
underlying brain pathology; however, the adaptation of the 
aforementioned perioperative treatments acknowledges its 
significance.
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Inflammation is a key component leading to the exacerba-
tion of brain injuries resulting from different etiologies such 
as neurodegeneration, trauma, ischemia, and SBI [8–11]. In 
the brain, inflammation can be particularly detrimental 
because it can increase intracranial pressure because of 
increased blood flow and edema. Immnosuppressive agents 
have been shown to improve outcome in experimental models 
of brain injury [12–14]. Unfortunately, immunosuppressives 
have systemic side effects that often limit their use and may 
account for their limited efficacy in human trials for CNS 
injury [15]. In our experiment we attempt to control brain 
inflammation following SBI by inducing mucosal tolerance to 
the central nervous system (CNS) antigen, myelin basic pro-
tein (MBP). Mucosal tolerance is a long-recognized method 
of inducing peripheral immune tolerance to a specific antigen 
by exposing that antigen to the mucosal surfaces [16, 17]. 
Tolerance develops after repetitive low-dose feeding of the 
antigen [18–20], and upon restimulation with the appropriate 
antigen, T cells in tolerized animals secrete cytokines such as 
transforming growth factor b1 (TGFb1), which suppress cell-
mediated immune responses [18–22]. Since experimental 
craniotomy causes BBB breakdown and exposes antigens 
that are typically hidden from immune surveillance to the 
systemic immune system [9, 23], we hypothesize that toler-
ization to MBP prior to experimental craniotomy will result 
in neuroprotection against inherent brain injury through the 
induction of TGF b1-secreting T cells that subsequently 
inhibit inflammation at the craniotomy site.

Materials and Methods

Animals

This protocol was evaluated and approved by the Institutional 
Animal Care and Use Committee at Loma Linda University, 
Loma Linda, CA. Male CD57 mice weighting 20–25 g were 
used for all studies (Harlan Corporation, Indianapolis, IN). 
Animals were housed in a climate-controlled environment 
with strict day/night light cycles prior to surgery. Seventy-
five animals were subjected to a tolerizing regimen of vehicle 
(PBS), OVA, or MBP prior to craniotomy, and were 
divided as follows: SHAM + PBS = 12, SHAM + OVA = 12, 
SHAM + MBP = 12, SBI + PBS = 11, SBI + OVA = 14, and 
SBI + MBP = 14. Six animals randomly selected animals 
from each group were then sacrificed at 48 h, and their brains 
were used for brain molecular analysis.

Treatment

Before sham surgery or SBI craniotomy, 50 mg of bovine 
MBP (50 mg/10 mL of vehicle), 50 mg of ovalbumin (OVA; 

50 mg/10 mL of vehicle), or 10 mL of vehicle (phosphate 
 buffer solution; PBS) was instilled into the nasal pharynx, 
5 mL each nostril, every other day for a total of five doses. 
Surgery was performed 1 day after the last instillation. MBP 
was chosen for the induction of tolerance because it can 
 prevent experimental allergic encephalomyelitis [18, 21] and 
previously has been shown to improve outcome in experi-
mental models of stroke [24–26]. Animals were briefly 
sedated for the nasal application of with MBP, OVA, or PBS 
with the use of isoflurane anesthetic 0.5–5% in 70% medical 
air with 30% oxygen.

Brain Injury

In this study we used a variation of the surgical brain injury 
(SBI) model described in previous reports [23, 27]. Prior to 
surgery, general anesthesia was induced with ketamine 
(80 mg/kg intraperitoneally) and xylazine (10 mg/kg intrap-
eritoneally). Spontaneous ventilation without airway man-
agement was permitted by this anesthetic combination. After 
induction of general anesthesia, mice were placed in the 
prone position in a Benchmark Stereotaxic frame under 
a surgical operating microscope. Scalp fur and skin were 
cleaned and prepared in a sterile manner. A no. 11 blade was 
used to incise the skin down to the skull through a single 
sagittal incision. The periosteum was reflected to expose the 
right frontal skull. Using the bregma as a landmark, a small 
square of skull (approximately 4 mm × 4 mm) was thinned 
and removed with a bone drill. The dura was excised with a 
no. 22-gauage needle. The entire right frontal lobe anterior to 
the bregma was excised by sharp dissection and electrocau-
tery. The resection was carried down to the skull base. 
Preliminary studies were conducted to demonstrate the con-
sistency of the size of resection based on the weight of the 
removed specimen. Once the brain tissue had been excised, 
intraoperative packing and saline irrigation along with brief 
(~1 s) bipolar electrocautery application to the cut surfaces 
was used to control bleeding. Hemostasis was confirmed by 
close observation after removal of packing. After hemostasis 
was assured, the skin was closed with 3-0 silk suture (Ethicon 
Inc., Cornelia, GA). Sham surgery included general anes-
thesia, skin incision, and craniotomy, but no dural incisions. 
A heating pad was used to maintain the body temperature at 
36.0 ± 0.5°C during surgery and while the animal recovered 
from anesthesia postoperatively.

Modified Garcia Testing

All scoring was performed by an independent researcher 
blinded to the experimental conditions. A modified 21-point 
Garcia scoring system was used to assess neurological function 
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in the mice 24 and 48 h after surgery [23, 28]. The scoring 
system was applied to mice by a blinded observer.

Brain Cytokine Levels

Western blot analysis was performed as described previously 
with some modification [29]. Briefly, animals were eutha-
nized under anesthesia (isoflurane anesthetic 5% in 70% 
medical air with 30% oxygen) 48 h after SBI, and brains 
were immediately removed and stored at −80°C until anal-
ysis (n = 6 for each group). Protein extraction from right 
hemisphere (ipsilateral to the craniotomy) was obtained by 
gently homogenizing in RIPA lysis buffer (Santa Cruz 
Biotechnology, Inc., sc-24948) and further centrifuged at 
14,000 g at 4°C for 30 min. The supernatant was used as 
whole cell protein extract, and the protein concentration was 
determined by using a detergent compatible assay (Bio-Rad, 
Dc protein assay). Equal amounts of protein (50 mg) were 
loaded on an SDS-PAGE gel. After being electrophoresed 
and transferred to a nitrocellulose membrane, the membrane 
was then blocked and incubated with the primary antibody, 
anti-TGFb1 (Cell Signaling, catalog no. 3711), overnight at 
4°C. Nitrocellulose membranes were then incubated with 
secondary antibodies (Santa Cruz Biotechnology) for 1 h at 
room temperature. Immunoblots were then probed with an 
ECL Plus chemiluminescence reagent kit (Amersham 
Biosciences, Arlington Heights, IL) and exposed to films. 
The data were analyzed by the software ImageJ 1.41 (NIH).

Statistics

Data are expressed as mean ± standard error of the mean 
(SEM). All data were analyzed using ANOVA to account for 
differences between groups and expressed as mean ± stan-
dard error using Sigma Stat for Windows, version 3.5. Data 
were found to be significant at p < 0.05. Analysis of variance 
(ANOVA) was used to compare all groups at 24 and 48 h for 
neurological outcome and at 48 h for cytokine expression.

Results

Neurological Score

There were no significant reductions in neurological score in 
sham mice receiving a tolerizing regimen with either OVA or 
MBS (p > 0.05 SHAM + PBS vs. SHAM + OVA/MBP; one-way 
ANOVA). All mice receiving SBI craniotomy demonstrated  
a significant reduction in neurological score versus their corre-
sponding SHAM groups at 24 and 48 h (p < 0.05 SHAM + PBS 

vs. SBI + PBS; SHAM + OVA vs. SBI + OVA; SHAM + MBP 
vs. SBI + MBP; one-way ANOVA). Animals tolerized to MBP 
prior to craniotomy had a trend to increased neurological 
scores at 24 h versus PBS- and OVA-treated groups. This trend 
reached statistical significance at 48 h (p < 0.05 SBI + MBP vs. 
SBI + PBS/OVA; one-way ANOVA) (Fig. 1).

Brain Cytokine Level

Western blot analysis of the right frontal lobe showed that 
TGFb1 levels in sham animals were not affected by tolera-
ziation with either OVA or MBP (p > 0.05 SHAM + PBS vs. 
SHAM + OVA/MBP; one-way ANOVA). Craniotomy decrea-
sed the expression of TGFb1 in PBS- and OVA-treated groups 
(p < 0.05 SHAM + PBS/OVA/MBP vs. SBI + PBS/OVA; one-
way ANOVA). However, animals tolerized to MBP preserved 
their preoperative levels of TGFb1 (Table 1).

22

20

18

16

14

12

10

8

G
ar

ci
a 

ne
ur

ol
og

ic
al

 s
co

re
(m

ax
im

um
 s

co
re

 2
1)

SHAM
+P

BS

n 
= 

12

SHAM
+O

VA

n 
= 

12

SHAM
+M

BP

n 
= 

12 SBI+
PBS

n 
= 

11
SBI+

OVA

n 
= 

14
SBI+

M
BP

n 
= 

14

@24 h
@48 h

*

*
* ¥

Fig. 1 Neurological scores of mice 24 and 48 h following SBI. SBI 
resulted in significant neurological injury in all groups (*p < 0.05 vs. 
sham groups). Mucosal tolerance treatment with MBP improved post-
surgical neurological scores versus vehicle and PBS-treated groups. 
¥p < 0.05 vs. SBI + PBS/OVA at 48 h

Table 1 Relative TGFb1 levels collected from the cerebral hemisphere 
48 h after SBI

Group N TGFb1

SHAM + PBS 6 1.000 ± 0.000

SHAM + OVA 6 1.029 ± 0.111

SHAM + MBP 6 1.093 ± 0.0761

SBI + PBS 6 0.478 ± 0.0348*

SBI + OVA 6 0.604 ± 0.0452*

SBI + PBS 6 0.976 ± 0.0602

Optical density is normalized to SHAM + PBS for comparison
*p < 0.05 vs. SHAM groups
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Discussion

Inflammation is a significant contributor to the secondary 
injury associated with cerebral insults such as trauma and 
ischemic injury [9–11]. Significant increases in inflammatory 
mediators have also been documented following experimen-
tal craniotomy [9, 23]. Anti-inflammatory treatment strate-
gies have been employed following a variety of CNS insults 
and have met with variable success. While steroids in the set-
ting of traumatic brain injury have proven to be detrimental to 
outcome [15], their use in spinal cord injury is still highly 
debated [30]. Additionally, anti-inflammatory treatments in 
ischemic stroke models have been shown to improve outcome 
[31], while human trials have been less successful [32]. To 
date, the contribution of inflammation to the brain injury 
associated with experimental craniotomy in the SBI model 
has not been clearly defined, and previous attempts at inhibit-
ing inflammation have not shown improved outcome [9, 23]. 
Systemic anti-inflammatory agents are frequently limited in 
their clinical utility by systemic effects [15, 33]. This is why 
this experiment chose to limit CNS inflammation in a site-
specific manner through the induction of low-dose oral toler-
ance to MBP, a CNS-specific antigen. Our data demonstrated 
that such induction leads to significant improvement in neu-
rological score following craniotomy versus untreated con-
trols. The efficacy of mucosal tolerance in our experiment is 
supported by the preservation of endogenous levels of TGFb1 
in the brain when pre-treated with MBP. This provides evi-
dence that inflammatory cytokines have an important role in 
modulating the clinical effects of the CNS inflammatory 
response following SBI. These findings are supported by 
similar work done in ischemic stroke by Becker and Gee et al. 
[24–26]. Becker et al. found that mucosal tolerance before 
MCAO occlusion reduced infarct size [24]. Gee et al. demon-
strated that brain lymphocytes collected 1 month after MCAO 
occlusion in animals who had undergone MBP immune 
 tolerance expressed higher levels of the regulatory cytokine 
TGFb1 in comparison to the autoimmune-associated cytokine 
INFg [26]. This is in contrast to control animals that were 
treated with proteins irrelevant to the CNS who had lympho-
cytes that produced elevated levels of INFg. The elevation of 
relative levels of TGFb1 was associated with improved neu-
rological outcome and reduced brain atrophy. Our findings 
parallel those by Gee et al. in that the perseveration of TGFb1 
in the CNS following craniotomy improved outcomes.

In summary, our study suggests that the induction of 
immune tolerance prior to elective or semi-elective cran-
iotomy will provide neuroprotection against surgically induced 
injury through the modulation of post-surgical inflammation 
and the preservation of endogenous levels of TGFb1.
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Abstract Studies have shown that progesterone reduces 
brain injury, whereas testosterone increases lesion size after 
ischemic stroke. This study examined the effects of proges-
terone and testosterone on intracerebral hemorrhage (ICH)-
induced brain injury.

Male Sprague-Dawley rats received an injection of 
100 mL autologous whole blood into the right basal ganglia. 
Progesterone (16 mg/kg), testosterone (15 mg/kg) or vehicle 
was given intraperitoneally 2 h after ICH. Behavioral tests 
were performed, and the rats were killed after 24 h for brain 
edema measurement.

Perihematomal brain edema was reduced in progester-
one-treated rats compared to vehicle-treated rats (p < 0.05). 
Progesterone also improved functional outcome following 
ICH (p < 0.05). Testosterone treatment did not affect perihe-
matomal edema formation, but resulted in lower forelimb 
placing score (p < 0.05).

In conclusion, progesterone can reduce brain edema and 
improve functional outcome, whereas testosterone may have 
a deleterious effect after ICH in male rats.

Introduction

Intracerebral hemorrhage (ICH), a common and devastating 
event, accounts for approximately 10–15% of all strokes 
[1, 2]. It often leads to secondary injury and severe neuro-
logical deficits. Clinically, stroke is increasingly recognized 
as a sexually dimorphic disease [3, 4]. Female rats or mice 
have better outcomes for an equivalent insult after focal or 
global cerebral ischemia, ICH and brain trauma [5–8]. 
Estrogen has been frequently reported to have neuroprotective 
and potential therapeutic effects [6–9]. Fewer studies have 
focused on the effects of progesterone. Among them, most 
reports have indicated a beneficial effect of progesterone and 
its metabolite, allopregnanolone, on experimental traumatic 
brain injury, and focal and global cerebral ischemia [10].

Emerging data from laboratory studies suggest that tes-
tosterone and its potent metabolite, dihydrotestosterone, are 
important factors in the male response to cerebral ischemia and 
trauma [10]. Testosterone depletion 6 h before stroke attenuates 
ischemia-reperfusion injury, and stress-induced testosterone 
reduction contributes to ischemic tolerance in cerebral ischemia-
reperfusion injury in males [11, 12]. Other reports have also 
revealed that chronic in vivo treatment with estrogen or testos-
terone has opposite effects on cerebral artery reactivity: 
estrogen decreases vascular tone by enhancing production of 
endothelium-dependent vasodilators, whereas chronic testos-
terone treatment increases cerebrovascular tone [13, 14].

This study examined the effects of progesterone and 
testosterone on ICH-induced brain injury in male rats.

Materials and Methods

Animal Preparation and Intracerebral Infusion

Animal use protocols were approved by the University of 
Michigan Committee on the Use and Care of Animals. 
 Three-month-old male Sprague-Dawley rats (Charles River 
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Laboratories, Wilmington, MA) were used in this study. 
Animals were anesthetized with pentobarbital (40 mg/kg, 
i.p.). The right femoral artery was catheterized for continu-
ous blood pressure monitoring and blood sampling. Blood 
was obtained from the catheter for analysis of blood pH, 
PaO

2
, PaCO

2
, hematocrit and blood glucose. Core tempera-

ture was maintained at 37°C with use of a feedback-controlled 
heating pad. Rats were positioned in a stereotactic frame 
(Kopf Instruments), and a cranial burr hole (1 mm) was drilled 
on the right coronal suture 3.5 mm lateral to the midline. All 
rats received an injection of 100 mL autologous whole blood 
into the right caudate nucleus at a rate of 10 mL per minute 
through a 26-gauge needle (coordinates 0.2 mm anterior, 
5.5 mm ventral and 3.5 mm lateral to bregma) with the use of 
a microinfusion pump. The needle was removed, and the skin 
incision was closed with sutures after infusion [15].

Experimental Groups

A total of 27 male Sprague-Dawley rats were divided into 
three groups. The first group was treated with progesterone 
at doses of 16 mg/kg [16], the second group was treated with 
testosterone at doses of 15 mg/kg, and the third group 
received vehicle (2-hydroxypropyl-b-cyclodextrin solution). 
All three reagents were given intraperitoneally 2 h after ICH. 
Twenty-four hours after ICH, behavioral tests were per-
formed, and then the rats were euthanized for brain water, 
sodium and potassium content measurements.

Brain Water and Ion Contents

Rats were reanesthetized (pentobarbital 60 mg/kg; i.p.) and 
decapitated 24 h after intracerebral blood injection. The 
brains were removed immediately, and a coronal brain slice 
(approximately 4 mm thick) 3 mm from the frontal pole was 
cut with a blade. The brain slice was divided into ipsi- and 
contralateral cortex, and ipsi- and contralateral basal ganglia. 
The cerebellum served as control. Brain samples were 
weighed on an electronic analytical balance (Modal AE100, 
Mettler Instrument, Hightstown, NJ) to obtain the wet weight 
(WW). Brain samples were the dried in a gravity oven at 
100°C for 24 h to obtain the dry weight (DW). Brain water 
content was determined as follows: (WW-DW)/WW. The 
dehydrated samples were digested in 1 mL of 1 mol/L nitric 
acid for a week, after which the Na+ and K+ contents were 
measured using a flame photometer (Model IL 943, 
Instrumentation Laboratory, Inc., Lexington, MA). Ion 

contents were expressed in micro-equivalents per gram of 
 dehydrated brain tissue (mEq/g dry weight) [17].

Behavioral Tests

To assess behavior, forelimb-placing and the forelimb-use 
asymmetry (cylinder) tests were used [18]. For the forelimb-
placing test, independent testing of each forelimb was induced 
by brushing the vibrissae ipsilateral to that forelimb on the edge 
of a tabletop once per trial for ten trials. A score of 1 was given 
each time the rat placed its forelimb onto the edge of the table 
in response to vibrissae stimulation. The results were expressed 
as percent (ipsilateral or contralateral/total × 100). Forelimb use 
during explorative activity was analyzed by observing rats in a 
20 cm × 30 cm plastic cylinder until 20 forelimb placements had 
occurred. Forelimb use asymmetry was calculated as (right 
forelimb use + 1/2 both)/total (right + left + both) × 100.

Statistical Analysis

Student’s t test was used. Values are expressed as mean ± SD. 
Statistical significance was set at p < 0.05.

Results

Physiological variables were measured before blood injec-
tion. Mean blood pressure, blood pH, PO

2
 and PCO

2
 were in 

the normal range.
Brain edema in the ipsilateral basal ganglia was less in 

progesterone-treated rats than in the vehicle-treated rats 
(80.1 ± 0.8 vs. 81.0 ± 0.8%, p < 0.05, Fig. 1a) at 24 h after 
ICH. The reduction of water content was associated with less 
sodium ion accumulation (301 ± 70 vs. 368 ± 49 mEq/g dry 
wt in the vehicle-treated group, p < 0.05, Fig. 1b) and less 
potassium loss (379 ± 23 vs. 333 ± 28 mEq/g dry weight, 
p < 0.01, Fig. 1c). Treatment with testosterone did not affect 
perihematomal brain edema at 24 h (Fig. 1).

ICH induced marked neurological deficits. Progesterone 
treatment improved forelimb placing score (18 ± 6% vs. 3 ± 2% 
in the vehicle-treated group, p < 0.05, Fig. 2a; normal 
score = 100%) and forelimb-using asymmetry score (39.6 ± 1.4% 
vs. 44.3 ± 0.9% in the vehicle-treated group, p < 0.05, Fig. 2b; 
normal score = 0). Testosterone treatment caused worse fore-
limb placing (p < 0.05), but it did not significantly affect the 
forelimb-using asymmetry score.
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Discussion

There were two major findings in this study. First, progester-
one had a protective effect against ICH-induced brain injury 
in male rats. Second, testosterone did not affect ICH-induced 
brain edema, but resulted in more severe forelimb placing 
deficits at 24 h.

The dose of progesterone (16 mg/kg) selected for this 
study has been shown to improve short-term motor recovery 
and attenuate edema, secondary inflammation and cell death 
after traumatic brain injury in aged male rats [16]. This dose 
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of progesterone improved ICH outcome and reduced brain 
swelling. It reduced brain edema not only in the striatum, but 
also in the nearby cortex. Vasogenic and cytotoxic edema 
occur following brain injury because of disruption of the 
blood-brain barrier, failure of the sodium pump and death of 
neurons [19, 20]. Ovarian hormones benefit ischemic stroke 
and traumatic brain injury in part by reducing the blood-
brain barrier permeability and decreasing cytotoxic and 
vasogenic brain edema [10, 21, 22]. More work is needed to 
determine if progesterone has similar effects in ICH.

Progesterone receptors are broadly expressed throughout 
the brain and can be detected in every neural cell type. The 
distribution of such receptors beyond the hypothalamic bor-
ders suggests a much broader role of progesterone in regulat-
ing neural function than previously thought [23]. The 
interaction of estrogen and progesterone is controversial in 
intact or ovariectomized rats or even in vitro [24, 25]. 
Co-administration of estrogen and progesterone rescues neu-
ronal loss in some rodent models of injury but not others [26]. 
Some recent findings indicate that in vitro progesterone can 
decrease expression of both estrogen receptors (ER), a and b, 
and as a consequence also reduces both ER-dependent tran-
scriptional activity and neuroprotection [25]. That, in our 
study, progesterone could alleviate brain injury after ICH in 
male rats suggests that such protection is through an estrogen-
independent mechanism. As yet it is uncertain whether co-
administration of progesterone and estrogen would be more 
effective than progesteron or estrogen alone in attenuating 
brain injury after ICH. This will be an important clinical issue 
for hormone therapy, especially for female patients after ICH.

Due in part to poor agreement about “normal” levels of 
androgens in humans over their lifespans, less is known 
about the effects of male sex steroids on brain injury in 
patients [10], and very little is known about how testosterone 
might affect ICH-induced brain injury. Our study indicated 
that testosterone did not significantly affect brain swelling at 
24 h after ICH in male rats. However, there was evidence of 
increased neurological deficits in those rats. Thus, we were 
unable to induce a forelimb placing reflex in all nine testoster-
one-treated rats, though forelimb-using asymmetry appeared 
to be equally impaired as in vehicle-treated rats. The forelimb 
placing test is a sensitive indicator of neurological deficits 
after ICH in the rat [18].

Androgens have been reported to induce a number of gene 
candidates in the presence or absence of ischemia, including 
which might cause impaired blood-brain barrier function, 
apoptosis and ionic imbalance [27]. In addition, testosterone 
can augment endotoxin-mediated cerebrovascular inflamma-
tion [28]. The dose from that study was used in the current 
experiments (15 mg/kg).

Stressors, such as ischemia, ischemia-reperfusion and 
halothane anesthesia, can cause a rapid decrease in plasma 
 testosterone in male rats [10–12]. Whether this response also 

occurs after ICH has yet to be investigated. Determining 
plasma androgen levels after ICH will help elucidate whether 
endogenous androgens may impact ICH-induced brain injury.

In summary, progesterone had a protective effect in ICH, 
whereas testosterone may have a deleterious effect. Sex 
 hormones could be therapeutic targets for ICH patients.
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Abstract The attempts to develop new treatments for acute 
ischemic stroke have been fraught with costly and spectacu-
larly disappointing failures. Repurposing of safe, older drugs 
provides a lower risk alternative. Vascular protection is a 
novel strategy for improving stroke outcome. Promising tar-
gets for vascular protection after stroke have been identified, 
and several of these targets can be approached with “repur-
posed” old drugs, including statins, angiotensin receptor 
blockers (ARBs), and minocycline.

We tested the vascular protection (ability to reduce hemor-
rhagic transformation) of three marketed drugs (candesartan, 
minocycline, and atorvastatin) in the experimental stroke model 
using three different rat strains [Wistar, spontaneously hyper-
tensive rats (SHR) and type 2 diabetic Goto-Kakizaki (GK) 
rats]. All agents decreased the infarct size, improved the neuro-
logical outcome and decreased bleeding. Mechanisms identi-
fied include inhibition of MMP-9, activation of Akt, and 
increased expression of proangiogenic growth factors. Premorbid 
vascular damage (presence of either diabetes or hypertension) 
increased the likelihood of vascular injury after ischemia and 
reperfusion and improved the response to vascular protection.

Keywords Stroke · Drug repurposing · Hemorrhagic 
transformation

Introduction

Drug repurposing has emerged as an antidote to the sluggish 
drug development pipeline [1–3], where marketed drugs are 
exploited for their secondary activity. This strategy is par-
ticularly well-suited to the public sector, where off-patent 
agents can undergo high throughput screening for their abil-
ity to interact with identified molecular targets both in vitro 
and in vivo [1]. Since neuroprotection has failed for stroke 
therapy, we have focused on vascular protection with an eye 
toward better success. Promising targets for vascular pro-
tection after stroke have been identified and include the 
inhibition of endogenous mediators of vascular damage 
(superoxide, endothelin, matrix metalloproteases, cytokines 
and caspases) and the stimulation of endogenous protectors 
(nitric oxide, angiopoietin 1, vascular endothelial growth 
factor-VEGF and superoxide dismutases) [4]. Several of 
these targets can be approached with “repurposed” old drugs, 
including statins, angiotensin receptor blockers (ARBs) and 
minocycline [5].

The purpose of this investigation was to compare the vas-
cular protective properties of these agents in experimental 
stroke both with and without premorbid vascular disease.

Methods

The Institutional Animal Care and Use Committee (IACUC) 
of the Augusta VA Medical Center approved the protocol. 
Male Wistar rats (n = 90) and spontaneously hypertensive 
rats (n = 45) from the Charles River Breeding Company 
(Wilmington, MA) and GK rats (n = 40) from Taconic Farms, 
Inc. (Germantown, NY) within a narrow range of body 
weight (270–305 g) were used. Data from previously pub-
lished reports [6–11] and unpublished data (Minocycline IP) 
from our group were included.
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Experimental Cerebral Ischemia

Anesthesia was performed by using 2% isoflurane via inhala-
tion. Cerebral ischemia was induced using the intraluminal 
suture middle cerebral artery occlusion (MCAO) model [12]. 
Then 19–21 mm 3-0 surgical nylon filament was introduced 
from the external carotid artery lumen into the internal carotid 
artery to block the origin of the right MCA. The animals 
were kept under anesthesia for only 15 min for the surgical 
procedure. Temperature was constantly maintained at 36.5–
37.0°C using a controlled heating system. The suture was 
removed after 3 h of occlusion, and the animals were returned 
to their cages. At reperfusion, animals received one of the fol-
lowing drugs or vehicle: atorvastatin (5 or 15 mg/kg) (Pfizer 
Inc., NY, NY), candesartan (0.1, 0.3 or 1 mg/kg) (Astra 
Zeneca), hydralazine 1 mg/kg, enalapril (either 5 or 10 mg/
kg) or minocycline (45 mg/kg IP or 3 mg/kg IV with tissue 
plasminogen activator-tPA, 10 mg/kg, Sigma Chemical and 
Genentech, Inc.). In the case of atorvastatin and minocycline, 
a second dose was administered 12 h later.

Assessment of Infarct Volume  
and Hemoglobin Content

At 24 h after the onset of MCAO, anesthesia was performed 
with intramuscular ketamine 75 mg/kg and xylazine 13 mg/kg 
(cocktail); animals were then perfused with saline and killed, 
and their brains were removed. The brain tissue was sliced into 
seven 2 mm thick slices in the coronal plane and stained with 
2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) 
(Sigma Chemical Co., St. Louis, MO) for 15–20 min. Images 
of the stained sections were taken. Using image analysis soft-
ware (Zeiss-KS300, Oberkochen, Germany), infarction zones 
were measured, and infarct volume was calculated. The isch-
emic and non-ischemic hemispheres of the slices taken from 
the core of the infarct for the enzyme-linked immunosorbent 
assay (ELISA) were separated and processed using the non-
ischemic side as a control. After homogenizing the slices in the 
core of the infarct and taking the supernatants, ELISA was per-
formed to measure the hemoglobin in the brain tissue [13].

Conversion and Analysis

In order to convert percent of contralateral hemisphere to cubic 
millimeters for infarct size, and hemoglobin per gram of pro-
tein to hemoglobin per gram of tissue, we used data from the 
control group of the study of the effect of candesartan 1 mg/kg 

in temporary MCAO [8], where both measures were per-
formed. In those animals, total volume of the ipsilateral hemi-
sphere was 1,192 mm3, and there was 0.17 g protein/g tissue.

For each of the three strains of rats, the line describing 
the relationship between infarct size and hemoglobin excess 
was determined and compared. The slopes of the lines were 
 compared using analysis of covariance testing for slope 
homogeneity using SAS 9.2.

Results

Wistar: In animals treated with either saline or either of 
two doses of enalapril, the slope of the line describing the 
 relationship between infarct size and degree of hemor-
rhagic transformation was significantly different from zero 
(p < 0.05) (Fig. 1). Hydralazine was similar to enalapril, but 
did not achieve  statistical significance. Candesartan treat-
ment resulted in  significantly more vascular protection than 
neuroprotection.

In animals treated with minocycline IP, neither neuro-
protection nor vascular protection was demonstrated (not 
shown). Animals receiving tPA alone had more vascular 
injury; however, when minocycline 3 mg/kg IV was admin-
istered to animals receiving tPA, both neuro and vascular 
protection was demonstrated.

Diabetes: Diabetic (GK) animals had much higher vascu-
lar injury than Wistars when treated with saline. Atorvastatin 
significantly reduced neurovascular injury, and the line 
describing the relationship between infarct size and bleeding 
was significantly steeper in the GKs than in the Wistars 
(p = 0.0022). This suggests an improved response to vascular 
protection in these animals (Fig. 2).

SHRs: Previously hypertensive animals experienced the 
largest injuries in response to the 3 h of MCAO and reperfu-
sion, with the vascular injury being predominant compared 
to Wistars (values above the curve describing Wistars). 
Again, these animals appeared to have increased sensitivity 
to candesartan when compared to Wistar rats, but none of the 
slopes of the raw data in the SHRs were significantly differ-
ent from zero (Fig. 3).

Discussion

The vascular injury that occurs during cerebral ischemia and 
leads to hemorrhagic transformation varies directly with 
infarct size. Neuroprotective agents reduce bleeding (vascu-
lar injury) as a result of decreasing infarct size. Vascular pro-
tective agents are particularly effective in reducing vascular 
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injury and bleeding out of proportion to the reduction in 
infarct size. In the analysis presented, candesartan and ator-
vastatin were predominantly vascular protective, especially 
in animals with preexisting vascular damage (diabetes, hyper-
tension). Minocycline demonstrated vascular protection when 

administered in combination with tPA. Acute vascular pro-
tection after cerebral ischemia can reduce excess risk caused 
by premorbid vascular injury and improve outcome. Vascular 
protection should be pursued, particularly in stroke patients 
with known hypertension and diabetes.
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Fig. 1 Wistar rats. The trendline describes the relationship between 
infarct volume and hemorrhage formation in the saline- and enalapril-
treated animals. Candesartan resulted in more vascular protection, and 
minocycline provided vascular protection when combined with tPA. 

tPA = tissue plasminogen activator 10 mg/kg (n = 13); Mino + tPA = mino-
cycline 3 mg/kg IV + tPA 10 mg/kg IV (n = 11); S = saline (n = 12); 
C1 = candesartan 1 mg/kg IV (n = 19); E5 = enalapril 5 mg/kg (n = 6); 
E10 = enalapril 10 mg/kg (n = 9); H1 = hydralazine 1 mg/kg (n = 8)
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Fig. 2 Diabetic rats. The trendline describes the relationship between 
infarct volume and hemorrhage formation in the saline- and enalapril-
treated Wistar animals (as in Fig. 1). Diabetic (GK) rats had a steeper 
slope than Wistar rats and treatment with atorvastatin (A) significantly 
reduced the injury in a dose-dependent manner. A15mg/kg IV showed 
the best vascular protection in both Wistars (W) and GKs. A treatment 

showed more vascular protection than neuroprotection in GK rats. GK 
C = GK control (n = 10); GK A5 = GK atorvastatin 5 mg/kg (n = 6); GK 
A15 = GK atorvastatin 15 mg/kg (n = 5); W S = Wistar saline (n = 12); W 
A5 = Wistar atorvastatin 5 mg/kg (n = 8); W A15 = Wistar atorvastatin 
15 mg/kg (n = 8); W C1 = Wistar candesartan 1 mg/kg IV (n = 19)
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Fig. 3 Spontaneously hypertensive rats (SHRs). The trendline describes 
the relationship between infarct volume and hemorrhage formation in 
the saline- and enalapril-treated Wistar animals (as in Fig. 1). SHRs had 
predominant vascular injury compared to Wistars, but the relationship 
between infarct volume and hemorrhage was not significant in any of 
the four treatment groups. Candesartan 0.3 mg/kg showed the best 

 neurovascular protection in SHR rats. SHR S = SHR saline (n = 16); 
SHR C1 = SHR candesartan 1 mg/kg IV (n = 11); SHR C 0.3 = SHR 
 candesartan 0.3 mg/kg IV (n = 11); SHR C 0.1 = SHR candesartan 
0.1 mg/kg IV (n = 7); W S = Wistar saline (n = 12); W C1 = Wistar cande-
sartan 1 mg/kg IV (n = 19)
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Abstract Stroke affects infants at a rate of 26/100,000 live 
births each year. Of these strokes, approximately 6.7 are 
hemorrhagic strokes. Erythropoietin (EPO) is an anti- 
apoptotic and neuroprotective hormone. In adult rodents, 
EPO attenuates inflammatory factor expression and blood–
brain barrier damage after intracerebral hemorrhage (ICH). 
However, the effect of EPO in neonatal ICH stroke remains 
unexplored. This investigation aimed to elucidate the under-
pinnings of inflammation after ICH in postnatal day 7 (P7) 
rats and the effect of human recombinant EPO (hrEPO) 
 treatment on ICH-induced inflammation. The P7 rat pups 
were pretreated with hrEPO (5,000 U/kg i.p.) or saline 
 vehicle 4 h prior to the induction of ICH by blood injection 
into the right cerebral cortex and basal ganglia. Supplemental 
half doses of hrEPO treatment or saline injections were sub-
sequently given 16 h after ICH induction. Real-time PCR 
done 24 h after ICH showed reductions in interleukin1-b 
(IL1-b), interleukin-6 (IL-6) and tumor necrosis factor-a 
(TNFa) mRNA expression in the basal ganglia of the hrEPO-
treated rats compared to saline-treated rats. Terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining indicated fewer dying cells in the hrEPO-treated 
brain. Our data suggest that hrEPO has an anti-inflammatory 
action in neonates after ICH. The suppression of inflammatory 
cascades likely contributes to hrEPO’s neuroprotective effect, 
which may be explored as a therapeutic treatment for ICH.

Keywords Intracerebral hemorrhage · Recombinant human 
erythropoietin · Inflammatory factors · Interleukins · Tumor 
necrosis factor a· Neuroprotection

Introduction

Intracerebral hemorrhage (ICH) is a devastating disorder that 
can lead to serious debilitation or death. Of the neonatal 
strokes that affect 26 of 100,000 live births each year, differ-
ent studies report a range of 0.7–6.7 incidents as ICH, or 
hemorrhagic stroke [1–3]. In a California-wide hospital dis-
charge study of 2,278 first-stroke admissions between 1991 
and 2000, the incident rate of stroke was 2.3 per 100,000 [3]. 
Of these, 49% were hemorrhagic stroke cases. Thus, ICH 
cases may comprise up to about half of total stroke cases. In 
a study on surveying stroke and stroke subtypes, the 30-day 
mortality rate for intracerebral hemorrhage and subarachnoid 
hemorrhage in children was 22%, which was higher than the 
14% mortality rate for cerebral infarct [2]. The authors con-
cluded that infants and children have at least the same rate of 
hemorrhagic stroke as ischemic stroke [2]. Even though 
pediatric stroke represents a great health problem, there is a 
lack of understanding of the mechanism of ICH in the devel-
oping brain, and there are few consensus guidelines estab-
lished for treatment of child ICH because of the limited 
attention to basic and clinical studies [4, 5]. The causes and 
outcomes of neonatal stroke have not been well studied and, 
ICH has been even less studied.

Among all the risk factors of ICH, including hematological 
disorders, cerebrovascular disruption, sepsis, intracranial 
tumors, aneuryms and liver failure, trauma and vascular mal-
formation are the most common risk factors [6–9]. Newborns 
and infants are particularly vulnerable to head trauma because 
their skulls are thin and pliable. ICH is also related to coagu-
lation disorders, such as hemophilia, thrombocytopenia and 
leukemia [5]. Even with recent cerebral imaging advances, 
improved neonatal care and understanding of inflammation, 
full neurological repair of ICH damage does not exist. 
Finding a neuroprotective treatment for ICH lesions in neo-
nates could ameliorate long-term developmental defects and 
reduce mortality.
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ICH occurs when a blood vessel in the brain bursts. 
Misdirected blood in the tissue increases intracranial pres-
sure. This displaced blood starves the cells of oxygen and 
metabolites, making the tissue ischemic and thus disrupting 
normal neurological function. Both necrosis and apoptosis 
occur after ICH [10, 11]. A secondary cell death may be 
induced by inflammatory factors initiated from the primary 
phase of cell death. The cells in the secondary phase likely 
undergo apoptosis rather than necrosis and are potentially 
rescued by neuroprotective agents, such as erythropoietin 
(EPO) [11].

EPO is a glycoprotein hormone that was originally 
known for its hematopoietic effects. It has recently been 
recognized as a neuroprotective hormone that attenuates 
brain damage and inflammation in ischemic and hemor-
rhagic stroke models [11, 12]. EPO modulates certain cell-
death-related pathways including mitochondria-related 
cytochrome c release, bcl-2/bcl-x ratio and reactive oxygen 
species production [12, 13]. Thus, mitochondrial pathways 
present possible mechanisms for EPO protection. [Under 
anoxic in vitro insult, EPO attenuates cytochrome c release 
and mitochondrial depolarization possibly the modulation 
of protein kinase B (Akt), a protein involved in cell survival 
pathways [14, 15]. EPO’s neuroprotection may also be 
mediated by regulating intracellular signals such as the Akt1 
pathway, suppressing caspase activities, DNA damage and 
microglia activation [12, 14]. EPO has trophic factor-like 
actions. In the adult rodent ICH model, EPO increases 
angiogenesis, and decreases inflammatory factor expres-
sion, edema and matrix metalloproteases (MMP) [16–18]. 
EPO treatment in neonates with ischemic stroke improves 
cognitive function and sensorimotor function, and reduces 
infarction [19, 20]. EPO may increase proliferation of 
neural progenitors in the subventricular zone and promote 
cell migration to the ischemic infarct region [21]. Our previ-
ous investigations showed that in models of adult and neo-
natal ischemic stroke, EPO increases angiogenesis and 
neurogenesis [21–23]. EPO helps maintain the blood-brain 
barrier with the interplay of MMPs and tissue inhibitor of 
matrix metalloproteases (TIMP) [16, 24]. EPO treatment in 
adult ICH rats upregulates TIMP and reduces the break-
down activity of MMPs. Upon analysis of MMP-2, pretreat-
ment of EPO into the adult ICH rat showed an attenuation of 
active MMP-2 expression with the increase of TIMP, which 
suggests that EPO reduces deleterious remodeling of the 
vessel basement membrane of the blood-brain barrier in 
ICH animals.

Nonetheless, the effect of EPO in neonatal ICH stroke 
remains unexplored. The present investigation examined 
inflammation after ICH in postnatal day 7 (P7) rats and the 
effect of EPO treatment on this inflammation.

Methods

ICH Induction Model

Animal procedures were approved by the Institutional 
Animal Care and Use Committee (IACUC) at Emory 
University. Wistar rat dams and pups were maintained in 
a climate-controlled room at 21°C with a 12-h light-dark 
cycle. Animals had free access to water and food. Pups were 
anesthetized by the hypothermia method as previously used 
[21]. Surgery was performed when the animal showed no 
response to pinches to test reflexes. Blood was collected 
from the tail vein, and coagulation of collected blood was 
prevented with the addition of heparin. With a Hamilton’s 
syringe, 15 mL of blood was injected through the soft skull 
into the barrel cortex and basal ganglia of the animal. The 
incision was closed with surgical glue (3M Corporate, St. 
Paul, MN). After surgery, animals were warmed up manually 
under a heat lamp to reverse hypothermic anesthetic effects.

Brain Tissue Dissection

Dissection of the brain caudate putamen and cortex was per-
formed 24 h after ICH surgery. Animals were anesthetized 
with hypothermia before decapitation and dissection. The 
animals’ brains were promptly dissected from the cranium 
after decapitation. A 5-mm coronal section was cut out to 
include the injury area, embedded and flash frozen in OCT 
mounting media on dry ice. Brains were preserved at −80°C 
until cryostat sectioning.

TUNEL Staining and Analysis

Dissected tissues were sectioned on a cryostat microtome at 
−13°C into 10-mm sections using design-based stereology. 
On each slide, every tenth section was collected such that 
there is at least 100 mm between the sections to avoid double-
counting the same cells on a single slide. Tissues were fixed 
with 10% buffered formalin, incubated in a −20°C ethanol/
acetic acid solution and permeabilized with 0.2% Triton 
X100. In between each step, the tissues were washed three 
times with phosphate-buffered saline (PBS). Tissues were 
blocked with a TUNEL detection kit (Promega, Madison, 
WI) equilibration buffer and incubated at 37°C in TdT and 
nucleotide solution. Hoescht solution made in PBS (1:25,000) 
was applied to the slides to stain the nuclei. Stained sections 
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were analyzed by fluorescent microscopy. The injury site 
was localized with TUNEL-positive cells. The number of 
TUNEL-positive cells immediately surrounding the injury 
site was counted.

Quantitative Real-Time PCR

Quantitative real-time polymerase chain reaction (qRT-PCR) 
was performed on the dissected ipsilateral caudate putamen 
of the P7 pups. Total RNA was isolated from the homoge-
nized caudate putamen tissue dissected 24 h after ICH induc-
tion with Trizol (Invitrogen, Carlsbad, CA). Reverse 
transcription was performed with 1 mg total RNA using a 
high- capacity cDNA kit (Applied Biosystems, Foster City, 
CA). Quantitative real-time PCR was used to assess mRNA 
levels in brain tissues using Applied Biosystems StepOnePlus 
with SYBR Green mastermix (Applied Biosystems). The 
following primers were used in this investigation: IL-1b 
Forward: 5¢CATCTTTGAAGAAGAGCCCG3¢; IL-1b Reverse: 
5¢AGCTTTCAGCTCACATGGGT3¢; IL-6 Forward: 
5¢GCCCTTCAGGAACAGCTATG3¢; IL-6 Reverse: 
5¢CCGGACTTGTGAAGTAGGGA3¢; TNFa Forward: 
5¢CCCCATTACTCTGACCCCTT3¢; TNFa Reverse: 
5¢TTGTTGGAAATTCTGAGCCC3¢. Fold changes in 
expression levels were calculated by the DD cycle threshold 
(C

t
) method, using 18S ribosomal subunit amplification as 

the internal control.

Statistical Analyses

All analyses were performed using Graphpad Prism 4.0 sta-
tistical software (GraphPad Software, Inc., La Jolla, CA). 
Single comparisons were performed using Student’s t test. 
Multiple comparisons were performed by one-way analysis 
of variance (ANOVA) followed by Tukey’s post hoc analysis. 
Changes were identified as significant if the p-value was less 
than 0.05. Mean values are reported with the standard error 
of the mean (SEM).

Results

Postnatal day 7 (P7) Wistar pups from the same litter were 
randomly separated into three experimental groups: (1) sham 
control that received an incision over the skull, but no ICH 
induction; (2) ICH + saline vehicle injection; (3) ICH + hrEPO 

treatment. ICH insult and brain damaged were induced by 
autologous blood injection into the right cortex and basal 
ganglia. In groups 2 and 3, P7 rat pups received saline injec-
tion and rhEPO (5,000 U/kg i.p.) 4 h before ICH. This pre-
treatment allowed i.p.-injected rhEPO to reach peak serum 
concentration before ICH induction [25, 26]. A supplemen-
tal half dose of hrEPO or saline was injected 16 h after ICH.

TUNEL staining for cell death assay detected a few posi-
tive cells diffusely throughout the cerebral cortex and basal 
ganglia (Fig. 1a). Strong TUNEL-positive staining revealed 
massive cell death in the injection site 24 h after ICH 
(Fig. 1b). rhEPO treatment attenuated the number of TUNEL-
positive cells compared to vehicle-treated animals (Fig. 1c).

Quantitative real-time PCR was used to assess relative 
levels of IL-6, IL1-b and TNFa mRNA in brain tissues from 
sham controls, ICH plus saline and ICH plus hrEPO treat-
ment animals. ICH insult resulted in multi-fold increases in 
these three factors (Fig. 2). rhEPO treatment substantially 
blocked the inflammatory factor increases in the brain 
(Fig. 2).

Discussion

This investigation examined ICH-induced cell death in the 
neonatal brain. TUNEL staining demonstrated massive cell 
death and multifold increases of three key inflammatory fac-
tors following ICH insult. We showed that hrEPO pretreat-
ment was highly effective in preventing inflammatory factor 
increases and significantly reduced ICH-induced cell death 
in the ICH region of the neonatal brain. This is consistent 
with previous results using hrEPO in adult ICH animals. It is 
suggested that ICH-induced inflammation is likely a main 
mechanism contributing to cell death and neonatal brain 
injury. hrEPO acts as an anti-inflammatory reagent and is 
neuroprotective against ICH injury in the neonatal brain.

Cytokines mediate the inflammatory and immune response 
[27]. They are upregulated in stroke injury and exacerbate 
injury. Previous studies have demonstrated a reduction of 
proinflammatory cytokines in vitro and in vivo with EPO 
treatment [28, 29]. In the present study, we focused on the 
cytokines, IL1-b, IL-6 and TNFa, which are believed to be 
primary inflammatory factors. EPO may attenuate cell death 
by attenuating the inflammatory response, including inflam-
matory cell infiltration such as activated glia and microglia to 
the infarct [30]. Cytokines can increase the production of 
other cytokines in a positive feedback way [31]. They can 
also induce the expression of each other, such as in the case 
with IL-1b and TNFa [31]. IL-1b has a prominent role in 
inflammation and activates other inflammatory factors, such 
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as lymphokines, IL-2, IL-3, IL-4 and IL-6 [32]. We report an 
upregulation of TNFa, IL1-b and IL-6 mRNA expression 
after ICH induction. IL1-b is upregulated after ischemic 
stroke [33], which is a potent mediator of inflammation 
because of its neutrophil recruitment and increase in brain 
water content after stroke [34]. IL1-b is found in the trauma-
tized brain and mediates astroglial proliferation at the site of 
the injury [34, 35]. Overexpression of the IL-1 receptor 
antagonist reduces edema and inflammation from intracere-
bral hemorrhage, suggesting IL-1 is a key molecule in the 
pathological events [36]. TNFa and IL-1 contribute to the 
breakdown of the BBB and cause brain edema [37–39]. It 
was positively correlated with perihematoma edema size in 
a clinical study [40]. TNFa also increases after ICH [40, 41]. 
Even though some argue that TNFa is protective [42, 43], 
TNFa has been generally recognized as an injurious factor in 

stroke models [44–46]. The protective effects of EPO were 
abrogated when JAK2 and phosphatidylinositol 3-kinase 
(PI3K) inhibitors were incubated with TNFa cultures treated 
with EPO, which suggests that JAK2 and PI3K pathways 
play roles in EPO neuroprotection. In an in vivo EPO study, 
EPO provides neuroprotection through an attenuation of the 
mRNA of inflammatory factors such as IL-1b and inflamma-
tory cytokines in the ischemic model of the neonatal rat [29, 
30]. We therefore suggest that the suppression effect of hrEPO 
on these factors contributes to the neuroprotection after ICH.

While pretreatment is not a common clinical practice for 
brain injury, we used it to test our hypothesis as a “proof of 
concept” investigation. It is possible that EPO is neuropro-
tective in a post-treatment paradigm. Previous work has 
translated EPO pretreatment into post-treatment in ischemic 
stroke models and ICH adult models [14, 16, 21–23, 47]. 
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Fig. 1 ICH induced cell death and an hrEPO protective effect in the 
neonatal brain. TUNEL staining was performed 24 h after ICH in the 
brain coronal section containing the ICH induction site. (A) Sham 
 control shows very few scattered TUNE-positive cells (green) in the 
normal brain. Blue color is Hoechst 33342 staining of cell nuclei. (B) 
At the blood injection site (arrow), an infarct region was surrounded by 

many TUNEL-positive cells (green). The insert shows an enlarged 
image of TUNEL-positive cells. (C) hrEPO treatment (5,000 IU/kg, i.p. 
4 h before and 16 h after ICH) substantially prevented ICH-induced cell 
death. The insert shows an enlarged image of the ICH site. (D) Summary 
graph of TUNEL-positive cells in the ICH peripheral area. *P <0.05 vs. 
ICH plus saline; n = 7–8 in each group
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EPO has been employed in clinical trials for subarachnoid 
hemorrhage, which has overlapping mechanisms of cell 
death with ICH. The results of these findings suggest that 
post-treating with EPO is a promising therapeutic tool for 
adults younger than 60 years of age and that EPO reduces 
delayed ischemic injury by reducing vasospasms [48–50]. 
Although there have been successes in using EPO treatment 
in the clinical arena, much work needs to be done, especially 
for the treatment of neonatal ICH injury.

In summary, the available data suggest that the EPO not 
only attenuates inflammation and brain damage in adult 
ICH animals, but also has a similar anti-inflammatory action 
in neonates after ICH. The suppression of inflammatory 
 cascades may help reduce cell death and brain damage. 
EPO’s anti-inflammatory/anti-apoptotic properties could be 
explored as a therapeutic treatment for ICH. Further experi-
ments should be performed to further compare EPO’s effect 
in adults and neonates.
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Abstract This study aimed to investigate the effects of hydro-
gen on fetal brain injury during maternal hypoxia. Pregnant 
rats (n = 12, at gestational day 17) were randomly assigned 
into three groups; air, hypoxia, and hypoxia plus hydrogen 
groups were put into a chamber and flushed with room air 
(21% O

2
 and 79% N

2
), hypoxia (8% O

2
 and 92% N

2
), and 

hypoxia with hydrogen mixture (2% H
2
, 8% O

2
 and 90% N

2
), 

respectively, for 4 consecutive hours. After birth, body and 
brain weights, body-righting reflex, and negative geotropism 
of neonates were measured, and then pups were killed at days 
1 and 7. Oligodendrocytes were studied at post-natal day 1 by 
immunohistochemistry. We found significant decreases in 
body weight in the hypoxia group (P < 0.05 vs. room air 
group), but not in the hypoxia plus hydrogen group (P > 0.05 
vs. room air group). Even though brain weight was not differ-
ent among groups, the brain weight to body weight ratio in the 
room air group was significantly (P < 0.05) lower than that in 
the hypoxia alone or hypoxia plus hydrogen groups. Body-
righting reflex at day 1 and negative geotropism at days 
3–4 showed deficiency in hypoxia animals when compared 
with the room air group (P < 0.05). Hydrogen treatment 
improved the body-righting reflex and negative geotropism 

(P < 0.05 vs. room air group). The above-mentioned func-
tional changes caused by hypoxia were not associated with 
morphology and cell death of oligodendrocytes. Therefore, 
the maternal hypoxia-induced body weight loss, and functional 
abnormalities and hydrogen treatment during hypoxia offered 
a protective effect and improved functions in neonates.

Keywords Maternal hypoxia · Neonates · Hydrogen · 
Functional evaluation

Introduction

Pathological conditions during pregnancy, such as hypoxia, 
seizures, and infection, are known to cause fetal brain 
damage [1]. Among these factors, low brain oxygenation 
is associated with an increased risk of cerebral palsy and 
periventricular leukomalacia (PVL) in newborns [2]. Depen-
ding on the type, the severity, and the duration, hypoxia pro-
duces either temporary brain dysfunction or permanent brain 
injury [1]. During hypoxia, excessive production of reactive 
oxygen species (ROS) actively oxidizes protein, DNA, and 
lipid, and results in cellular injury. Among these ROSs, the 
hydroxyl radical (˙OH) and peroxynitrite (ONOO−) are more 
noticeable because there is not a known detoxification sys-
tem in human body for ˙OH and ONOO− [3].

Recently, the protective effects of hydrogen have attracted 
attention in ischemic and hypoxic insults because of its 
electric neutrality, cellular permeability, harmless metabolite 
(H

2
O), and non-interference with metabolic oxidation-

reduction reactions [4]. Hydrogen seems to selectively 
scavenge ˙OH and ONOO− during ischemia and reperfusion 
injury [4] in focal ischemia, neonatal hypoxia-ischemia, 
Parkinson’s, and stress-induced impairment rat models 
[4–7]. Therefore, the aim of this study is to investigate the 
effect of hydrogen on fetal neurodevelopmental brain dam-
age in an established maternal hypoxia rat model.
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Materials and Methods

Experimental Regimen

Pregnant Sprague-Dawley (SD) rats at gestational day 17 
were assigned randomly to the following groups: room air 
group (n = 4), hypoxia group (n = 4), and hypoxia plus hydro-
gen group (n = 4). The rats in the room air, hypoxia, and 
hypoxia plus hydrogen group were put into a chamber and 
flushed with room air (21% O

2
 and 79% N

2
), hypoxia (8% O

2
 

and 92% N
2
), and hypoxia with a hydrogen mixture (2% H

2
, 

8% O
2
 and 90% N

2
), respectively, for 4 consecutive hours. 

Then, the mother rats were taken out, and maintained in a 
normal atmosphere and humidity-controlled condition with a 
12:12-h light-dark cycle. The Animal and Ethics Review 
Committee at the Loma Linda University evaluated and 
approved the protocol used in this study.

Negative Geotropism

Pups were placed on a sloping rough surface (at an angle of 
20°, size 300 × 330 mm) head downwards. The magnitude of 
rotation of the animal to reach the normal head-upwards 
position was assessed during a 1-min period using a four-
point scale: 0 = no reaction; 1 = weak rotation (up to 90°); 
2 = incomplete rotation (from 90°); 3 = complete rotation 
(180°) [8]. Negative geotropism was tested daily from 3 days 
after delivery.

Body Righting

Pups were gently placed on their backs, and a score was 
given according to the following criteria: 0 = no response; 
1 = weak response; 2 = incomplete response (e.g., a leg remain-
ing beneath the animal’s body); 3 = complete response [8]. In 
addition, the time taken before the animal showed the com-
plete righting response was measured (cutoff: 60 s). Body-
righting was tested daily.

Body and Brain Weight

Animals were weighed daily and killed at postnatal day 1 
(P1) and day 7 (P7). The brains were removed and weighed. 
The ratio of brain weight to body weight was obtained.

Immunohistochemistry

Brains were obtained and fixed in formaldehyde followed by 
frozen sectioning. Then sections were washed with PBS 
three times and treated with 0.3% Triton × 100 for 15 min. 
After washing with PBS three times, antigen retrieval was 
performed in sodium citrate solution. Then, sections were 
washed with PBS three times and treated with 3% hydrogen 
peroxide. After washing with PBS three times, sections were 
blocked with 3% donkey serum in PBS for 1 h at room tem-
perature followed by incubation with primary antibody 
(Anti-CNPase, 1:200; Millipore, USA) overnight. Then, sec-
tions were washed with PBS three times and treated with 
secondary antibody (1:200) for 2 h. Color development was 
performed according to the manufacturer’s instructions 
(Santa Cruz, USA). The number of oligodendrocytes was 
counted under a light microscope.

Results

Body and Brain Weights

The mean body weight of neonates in the room air group was 
higher at days 1, 6, and 7 than in the hypoxia group. Hydrogen 
treatment increased body weight even though statistical signifi-
cance was not obtained (P > 0.05 vs. hypoxia group, Fig. 1a). 
Daily body weight gain was calculated, and animals in the room 
air group had significant gains at days 5 and 7 when compared 
to the hypoxia groups (P < 0.05 vs. hypoxia, hypoxia + hydro-
gen groups). No statistical significance was obtained between 
the hypoxia and hypoxia plus hydrogen groups (Fig. 1b).

Brain weights were obtained at days 1 and 7, and no dif-
ferences were observed among these three groups (P > 0.05), 
although there was a trend that the brain weight in room air 
and hypoxia plus hydrogen groups were higher than in the 
hypoxia group at day 7 (Fig. 1c). Brain to body weight ratio 
was calculated, and a significantly higher ratio was observed 
in the hypoxia, but not in the hypoxia plus hydrogen groups 
when compared with room air animals (P < 0.05, Fig. 1d).

Functional Evaluation

A transient but marked deficiency of body-righting reflex 
was observed at day 1 in the hypoxia group when com-
pared with room air animals (P < 0.05), and hydrogen treat-
ment abolished the deficiency of body-righting reflex 
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(P < 0.05 vs. hypoxia, Fig. 2a). Similarly, a marked defi-
ciency of negative geotropism was observed at days 3–4 in 
the hypoxia group when compared with room air animals 
(P < 0.05). Again, hydrogen treatment improved significantly 
the deficiencies (P < 0.05 vs. hypoxia group, Fig. 2b).

Oligodendrocytes Morphology

Oligodendrocytes and their precursors begin to arise in signifi-
cant numbers in the developing rodent forebrain around embry-
onic day 18, and they are sensitive to hypoxia [9]. Therefore, 
we killed pups on day 1 (E18) to observe oligodendrocytes. 

The number of oligodendrocytes was counted at a magnifica-
tion of 100. We did not observe morphological abnormalities 
in this animal model (P > 0.05, Fig. 3a). The cell numbers of 
oligodendrocytes tended to be lower in the hypoxia group 
without statistical significance (P > 0.05 vs. room air). Hydrogen 
treatment failed to affect the number of oligodendrocytes 
(P > 0.05 vs. hypoxia or room air groups, Fig. 3b).

Discussion

In this study, a mild and transient maternal hypoxia retarded 
brain and body development slightly and reversibly, similar 
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to the low brain oxygenation-caused perinatal brain injury in 
human [10]. This mild developmental retardation is accom-
panied by an abnormal body-righting reflex observed at day 1 

and abnormal negative geotropism noted at days 3 and 4. 
Both sensory reflexes returned to normal level rapidly after 
birth. Oligodendrocytes and their precursors begin to arise 
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Fig. 3 (a) Representative photographs of oligodendricytes in the cortex. No marked morphological changes were noted in oligodendricytes in any 
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Fig. 2 (a) Body-righting reflex among groups (*P < 0.05, air group vs. hydrogen group or hypoxia group). (b) Negative geotropism in different 
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in significant numbers in the developing rodent forebrain 
around embryonic day 18 (E18) [9]. Oligodendrocytes are 
particularly vulnerable to neonatal hypoxia/ischemia insults 
and are preferentially lost following neonatal unilateral 
carotid ligation combined with hypoxia in rodents. This 
mild and transient maternal hypoxia does not produce mor-
phological brain abnormalities or oligodendrocyte cell 
death.

Mouse and rat brains at the last trimester of gestation par-
alleled the developmental stage of a human fetal brain at the 
first-second trimester. Study showed delays in the develop-
ment of various sensory and motor reflexes were observed 
during the first month of rodent life after maternal hypoxia 
exposure [11]. Negative geotropism is essential for adapta-
tion to the environment and is developed during the first 
postnatal week in the rat and mouse. Zhuravin et al. [12] 
indicated acute prenatal hypoxia delayed the development of 
this ability. Any one of the neuromuscular responses aims to 
restore the body to its normal upright position when it has 
been displaced, which is called the righting reflex and repre-
sents a sensory reflex. A similar trend of slower development 
in newborns exposed to prenatal or neonatal hypoxia/isch-
emia, as compared to control groups, has been reported for 
other sensorimotor reflexes, including the righting reflex 
[13]. Despite the delay in reflex development, it is important 
to note that newborns exposed to hypoxia/ischemia pre- or 
neonatally do complete the development of all the sensorim-
otor reflexes tested [11]. Our results were consistent with 
previous study in which researchers showed abnormal sen-
sory reflexes could resolve [11–13].

We tested the potential therapeutic effect of hydrogen in 
this mild and transient maternal hypoxic pup model, because 
a recent study reported that inhalation of hydrogen gas could 
selectively neutralize .OH and peroxynitrite (ONOO-) and 
protect the brain against ischemia/reperfusion injury [4]. 
Even though the results of hydrogen on body weight, body 
weight gain, and brain weight to body weight ratio are incon-
sistent, hydrogen treatment during hypoxia improved the 
body-righting reflex and negative geotropism. In summary, 
mild and transient maternal hypoxia caused neurological 
functional abnormalities in this animal model, and hydrogen 
may be an alternative treatment to prevent subtle brain injury 
and especially improve functional outcomes.
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Abstract We reported previously that Notch signaling is 
activated in human arteriovenous malformations (AVMs) 
and that intracerebral hemorrhage (ICH) in humans is accom-
panied by increased neurogenesis. The former phenomenon 
may be involved in AVM pathogenesis and the latter in the 
brain’s response to ICH-induced injury. Here we describe 
increased expression of the hypoxia-inducible neuroprotec-
tive protein, neuroglobin (Ngb), in neurons surrounding 
unruptured AVMs and in the perihematomal region adjacent 
to ICH. In these disorders, as in other clinical settings, such 
as ischemic stroke, AVM- and ICH-induced overexpression 
of Ngb may be stimulated by ischemic hypoxia and may help 
to constrain brain injury.

Keywords Neuroglobin · Arteriovenous malformation · 
Intracerebral hemorrhage · Hypoxia · Ischemia

Introduction

Intracerebral hemorrhage (ICH) accounts for approximately 
10–15% of strokes and is associated with high early mortality. 
Causes include head trauma, chronic hypertension, vascular 
malformations, amyloid angiopathy, bleeding into primary 
or metastatic tumors, coagulopathy and therapeutic antico-
agulation [1]. Despite extensive clinical experience with 
ICH, its pathophysiology [2, 3] and optimal treatment [4, 5] 
are poorly defined.

One important class of lesions associated with ICH – vas-
cular malformations of the brain, including arteriovenous 
malformations (AVMs) – are thought to arise during embry-
onic development, but typically present in middle age and 

appear to grow over time [3]. This suggests that the brain 
may have the opportunity to mount postnatal adaptive 
responses that limit tissue dysfunction, as is observed in 
other pathological processes, such as ischemia or tumor. By 
extension, it may be possible to intervene medically to check 
the growth of vascular malformations or mitigate their clini-
cal sequelae by targeting these responses.

ICH has been considered to produce symptoms – typi-
cally altered consciousness and focal neurological deficits – 
through a combination of tissue destruction, mass effect and 
perhaps ischemia in the surrounding brain tissue. However, 
the role of perihematomal ischemia has been questioned by 
recent studies [2]. This may have important clinical implica-
tions, because the desire to avoid exacerbating ischemia has 
limited enthusiasm for reducing blood pressure early in the 
course of ICH, despite the fact that some studies show a ben-
eficial effect of blood pressure reduction [4].

In previous work related to AVM and ICH, we investi-
gated mechanisms that could be involved in the pathophysi-
ology and in the brain’s response to these disorders. In one 
study, we examined the role of Notch signaling in human 
AVMs [6]. Notch1 signaling was activated in smooth muscle 
and endothelial cells of AVMs compared to normal cerebral 
blood vessels. Activated Notch1 (Notch intracellular domain, 
or NICD) was detected immunohistochemically in brain 
AVMs but not control vessels. Notch1 ligands (Jagged1 and 
Delta-like 4) and a downstream target (Hes1) were also over-
expressed in AVMs. A functional role for Notch1 signaling 
in AVMs was supported by the finding that Notch1 activation 
in rats promoted angiogenesis, which could contribute to the 
development of AVMs.

In another study, we reported that neurogenesis, which is 
stimulated by a variety of experimental brain lesions and by 
cerebral ischemia in humans [7], was increased in the brains 
of patients with ICH [8]. This was manifested by the expres-
sion of neural stem or progenitor cell markers together with 
markers of cell proliferation in regions of the basal ganglia 
and parietal lobe surrounding brain hematomas. Thus, the 
brain may respond to ICH, as it does to infarction, with an 
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increased capacity for generating new neurons. As in infarc-
tion, this may be a mechanism for moderating the extent of 
injury [9].

Here we report findings regarding the expression of neu-
roglobin (Ngb), a hypoxia-inducible neuroprotective pro-
tein, in the brains of patients with AVM or ICH. Ngb is 
expressed, predominantly in neurons, at low basal levels 
[10]. In response to hypoxia, ischemia or related insults, 
Ngb is transcriptionally activated [11]. Evidence for a neu-
roprotective role of Ngb includes the observations that 
infarct size and associated neurobehavioral abnormalities 
following occlusion of the middle cerebral artery are 
reduced in rodents that overexpress Ngb [12, 13], whereas 
knockdown of Ngb expression exacerbates these deficits 
[13]. Ngb expression is also increased in the vicinity of 
cerebral infarcts in humans [14]. However, the role of Ngb 
in cerebral responses to other vascular lesions has not been 
reported.

Materials and Methods

The provenance of brain specimens from and clinical fea-
tures of patients with cerebral AVM and presumed hyperten-
sive ICH have been described previously [6, 8]. All studies 
were conducted under protocols approved by local 
Institutional Research Review Boards. Single-label Ngb 
immunohistochemistry was conducted using 6-mm paraffin-
embedded sections, which were deparaffinized with xylene 
and rehydrated with ethanol, following antigen retrieval 
with antigen unmasking solution (Vector Laboratories) 
according to the manufacturer’s instructions. Rabbit poly-
clonal anti-Ngb (1: 500; Sigma) was added in blocking buf-
fer and incubated with sections at 4°C overnight. Sections 
were then washed with PBS and incubated with biotinylated 
anti-rabbit IgG for 1 h at room temperature. Avidin-biotin 
complex (Vector Elite; Vector Laboratories) and Ni solution 
(Vector Laboratories) were used to obtain a visible reaction 
product. A Nikon microscope and Nikon digital color cam-
era were used to examine and photograph the slides, respec-
tively. For double-label immunohistochemistry, the primary 
antibodies used were rabbit polyclonal anti-Ngb (1:200; 
Sigma), mouse monoclonal anti-NeuN (1:200; Chemicon) 
and mouse monoclonal anti-GFAP (1:150; Sigma), and 
the secondary antibodies were FITC-conjugated anti-rabbit 
and rhodamine-conjugated anti-mouse IgG (1:200; Jackson 
Immuno Research). DAPI (Molecular Probes) was used to 
counterstain nuclei. Fluorescence signals were detected 
using an LSM 510 NLO Confocal Scanning System mounted 
on an Axiovert 200 inver ted microscope equipped with a 

two-photon Chameleon laser. Controls included omitting 
primary or secondary antibody or preabsorbing primary 
antibody.

Results

Basal expression of Ngb immunoreactivity in normal human 
brain was low (Fig. 1), as noted previously [14]. In contrast, 
immunoreactivity was higher in brain parenchyma adjacent 
to AVM and ICH. Within these regions, Ngb was co-local-
ized with the neuronal marker NeuN, but not the astroglial 
marker GFAP, consistent with its preferential expression in 
neurons [10].

Discussion

These results indicate that neuronal Ngb expression is 
induced in brain tissue surrounding human AVM and ICH, as 
reported before for ischemic stroke [14]. In the case of isch-
emic stroke, increased Ngb expression in penumbral brain 
tissue has been attributed to ischemic hypoxia, but how AVM 
and ICH induce Ngb is less obvious.

Brain parenchyma adjacent to AVMs may show reactive 
gliosis, necrosis and hemosiderin deposition, which are 
thought to result from some combination of increased pres-
sure, thrombosis, venous congestion, ischemia and bleeding 
[15]. Astrocytic expression of vascular endothelial growth 
factor (VEGF), a hypoxia-inducible angiogenic factor, is 
increased in surgical specimens from some patients with 
AVM [16], suggesting that hypoxia in the surrounding tissue 
might be responsible for inducing Ngb expression as well.

The role of perihematomal ischemia in the pathophysiol-
ogy of ICH is controversial [2]. Neuronal expression of 
hypoxia-inducible factor-1a is increased in the perihematomal 
region after experimental ICH in rats [17], consistent with 
ischemic hypoxia. Magnetic resonance imaging in patients 
with ICH suggests the existence of an ischemic penumbra 
around hematomas in some [18] but not other [19] studies, per-
haps reflecting clinical heterogeneity [20]. Alternative expla-
nations for perihematomal tissue dysfunction include impaired 
mitochondrial respiration [21] and iron-induced oxidative 
injury [22], but whether these processes rather than ischemic 
hypoxia could account for induction of Ngb is unclear.

We conclude that both unruptured AVM and presumed 
hypertensive ICH induce expression of Ngb in neurons 
located in the surrounding tissue, but the mechanism through 
which this occurs is unknown. It is also uncertain whether, as 
appears to be the case for ischemia stroke [12, 13], AVM- or 
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Fig. 1 Ngb expression in normal human brain, AVM and ICH. Low 
basal expression of Ngb immunoreactivity in normal human brain (a) is 
increased in brain parenchyma adjacent to AVM (b) and ICH (c), each 

shown at low (left) and high (right) magnification. Double-label immu-
nohistochemistry shows co-localization of Ngb with the neuronal 
marker NeuN (d), but not the astroglial marker GFAP (e)
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ICH-induced overexpression of Ngb helps to mitigate the 
resulting tissue injury and dysfunction.
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Abstract Studies have reported the relationship between 
intracerebral hemorrhage (ICH) and meteorological factors. 
However, few of those study analyses were dependent on 
daily meteorological factors. The aim of this study is to eval-
uate the relationship between various meteorological data 
and ICH cases from Chongqing, in the southwest of China. 
One thousand nineteen intracerebral hemorrhage events reg-
istered in our hospital were recorded from 1 January 2006 to 
30 August 2009. Meteorological parameters were analyzed, 
including season, month, air temperature, humidity, atmo-
spheric pressure, visibility, presence of fog, and wind velocity. 
The chi-square test for goodness of fit was used for statistical 
evaluations. Significant differences in seasonal and monthly 
patterns of ICH onset were observed. The incidence of ICH 
attack was highest in winter and lowest in summer 
(p < 0.0001). The monthly variation was consistent with the 
above pattern (p = 0.002). Daily air temperature (p < 0.0001), 
humidity (p = 0.002), and atmospheric pressure (p < 0.0001) 
were associated with the admission rate. However, no sig-
nificant relationships were found between visibility (p = 0.62), 
presence of fog (p = 0.32), or wind velocity (P = 0.5) and the 

risk of ICH. Our study demonstrates that the incidence of 
ICH is closely related to some meteorological factors, such 
as season, daily air temperature, humidity, and atmospheric 
pressure.

Keywords ICH · Meteorological factors · Seasons · 
Weather

Introduction

The relationship between intracerebral hemorrhage (ICH) 
and the weather have been reported in recent decades. In 
those studies, the most recognized conclusion was that ICH 
has a significant association with low temperature [1–5], 
whereas other studies did not reach this conclusion [6–8]. 
Most of this research depended on monthly data. Besides 
temperature, some other meteorological factors, such as 
humidity, atmospheric pressure, visibility, wind velocity, and 
fog, may affect humans’ physiological functions indepen-
dently and be associated with onset of some diseases [9–12]. 
Few studies have shown that air pressure is associated with 
cerebrovascular disease; the relationship between those 
meteorological factors and ICH is still limited. Among the 
studies, seasonal and monthly variations have been analyzed 
intensively, though few reports focused on daily meteoro-
logical data [3, 4].

The published studies were mainly from America, Europe, 
Japan, and other countries. Our study was focused on the 
inland areas of China. The 1,019 patients with ICH came 
from Chongqing, in the southwest of China. Patients with 
ICH in Chongqing were analyzed based on daily meteoro-
logical parameters to evaluate the seasonal and monthly 
variations in the onset of ICH and the relationship between 
ICH and meteorological factors.
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Materials and Methods

Patient Population

A total of 1,019 patients with ICH were admitted to the 
Departments of Neurology and Neurosurgery, and the Intensive 
Care Unit of the First Affiliated Hospital, Chongqing Medical 
University, between January 2006 and August 2009. The diag-
nosis of ICH was based on computed tomography (CT).

Seasons

The seasons were defined based on local climatology: winter 
(December to February), spring (March to May), summer 
(June to August), and autumn (September to November).

Meteorological Data

The meteorological data from January 2006 to August 2009 
were obtained from Weather Underground (http://www.wun-
derground.com/), providing daily mean temperature (°C), 
daily mean humidity (%), atmospheric pressure (hPa), visi-
bility (km), wind speed (km/h), and events (presence of fog).

Statistical Analysis

A one-way chi-square test for goodness of fit was applied 
to compare whether the number of events differed signifi-
cantly in each time period and various weather conditions. 

Distributions of ICH onset were tested for uniformity, with 
an assumption that season, month, and meteorological fac-
tors had no effects. The observed events of ICH (O) were 
compared with the expected values (E). The relative risk of 
ICH onset in specific times or various weather conditions 
was evaluated by O/E. P < 0.05 was considered statistically 
significant. Data analysis was performed with SPSS 16.0.

Results

Population characteristics of the patients are shown in 
Table 1.

The study comprised 1,019 patients; 669 were men and 
350 women; age ranged from 3 to 108 years. In all six age 
groups, the numbers of ICHs in men were higher than in 
women. The mean age of women at onset was significantly 
higher than that of men with ICH. However, the numbers of 
ICH events significantly increased after age 50 in both men 
and women.

Seasons

All ICH patients were unevenly distributed throughout the 
four seasons (P < 0.0001), as shown in Table 2. The onset of 
ICH was significantly higher in winter (O/E = 1. 23) than in 
spring and autumn. The lowest number of ICHs occurred in 
summer (O/E = 0.76). Table 3 shows the distribution of ICH 
across 12 months, and demonstrates that it was uneven and 
corresponded with the season distribution. Most onsets of 
ICH (O/E = 1.34) occurred in December, and the fewest 
(O/E = 0.67) in August. We analyzed 859 ICH patients in this 
part, with all cases from 2006 to 2008.

Table 1 Characteristics of the ICH patients (n = 1,019)

Sample Age Mean age

<30 30–40 41–50 51–60 61–70 >70

Male 669 22 49 96 191 144 167 51.19 ± 14.81

Female 350 12 16 51  97  73 101 60.79 ± 15.28

Table 2 Evaluation of ICH by season

Spring Summer Autumn Winter c2 p

ICH n = 859 23.93 2.59E-05

Observed 213 164 219 263

Expected 212.40 216.32 216.32 213.97

O/E 1.00 0.76 1.01 1.23

A c2 test for goodness of fit was used for evaluations
E means expected values, in chi square test, if null hypothesis was accepted, the theoretical frequency would recorded as expected values. In this 
study, the null hypothesis is that the cases in difference meteorological factors is equal.
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Temperature

There was a tendency for ICH to occur more frequently at a 
low mean temperature. When the mean temperature was 
lower than 8 °C, ICH occurred more frequently, and when 
the mean temperature was higher than 24 °C, it occurred at a 
lower frequency. The highest frequency occurred at very low 
temperatures (mean temperature <4 °C O/E = 1.71), and the 
lowest frequency occurred at very high mean temperatures 
(mean temperature >32 °C, O/E = 0.17), as shown in 
Table 4.

Relative Humidity and Air Pressure

Table 5 shows ICH in relation to daily relative humidity. 
There was a statistically significant uneven distribution. 
Although there was no clear pattern, one thing we could 
assume was that when humidity was more than 75%, humid-
ity was a negative factor in relation to ICH.

The relationship between ICH and daily air pressure is 
shown in Table 6. There is a tendency for the onset of ICH to 
occur more frequently than expected at higher mean air pres-
sures. The highest frequency occurred at 1,028 – 1,030 hPa 
(O/E = 1.86).

Visibility, Wind, and Fog

There was no statistically significant difference between 
occurrence of ICH and visibility (Table 7), wind (Table 8), or 
fog, (Table 9) (p > 0.05).

Discussion

Firstly, our study showed a significant seasonal variation in 
the incidence of ICH in that a characteristic winter peak and a 
lowest point in summer were observed. The monthly variation 

Table 4 Evaluation of ICH by daily mean temperature

Temperature, °C c2 p

0–3 4–7 8–11 12–15 16–19 20–23 24–27 28–31 >32

ICH n = 1,019 63.27 1.06E-10

Observed 39 148 147 136 117 217 120 79 4

Expected 22.83 105.02 148.40 127.85 111.87 213.08 157.53 108.82 23.59

O/E 1.71 1.12 0.99 1.06 1.05 1.02 0.76 0.73 0.17

A c2 test for goodness of fit was used for evaluations

Table 5 Evaluation of ICH by daily mean humidity

Humidity, % c2 p

<45 45–50 51–56 57–62 63–68 69–74 75–80 81–86 87–92 >92

ICH n=1019 26.04 0.002

Observed 6 20 28 81 93 100 180 217 206 88

Expected 9.89 17.50 31.96 74.58 96.65 146.11 179.57 211.56 181.88 69.251

O/E 0.61 1.14 0.88 1.087 0.96 0.68 1.00 1.03 1.13 1.27

A c2 test for goodness of fit was used for evaluations

Table 3 Evaluation of ICH by month

Month c2 p

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

ICH n = 859 29.45 0.002

Observed 91 74 68 73 72 57 58 49 68 83 68 98

Expected 72.89 66.62 72.89 70.54 72.89 70.54 72.89 72.89 70.54 72.89 70.54 72.89

O/E 1.25 1.11 0.93 1.03 0.99 0.81 0.80 0.67 0.96 1.14 0.96 1.34
A c2 test for goodness of fit was used for evaluations
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was consistent with the pattern of seasonal variation, and 
additionally the onset of ICH was more frequent in colder 
months, but less in warmer months. These results agreed with 
most previous studies [8, 13–16], though some other studies 
have shown no significant seasonal variation [2, 8, 17–19], 
which may be related to the environments or small sample 
size of patients.

The explanation of the pattern was usually dependent on 
air temperature [1, 3, 5, 20]; a significant inverse relationship 
between temperature and the occurrence of ICH has been 
reported in many studies based on monthly mean tempera-
ture, but few studies were based on daily temperature or 
pointed out how temperature affected the onset of ICH. Our 

study demonstrated that low temperatures, particularly lower 
than 8°C, were strongly associated with the occurrence of 
ICH. The interval of daily mean temperature between 8°C 
and 23°C had no significant effect on the onset of ICH, and 
extremely high or low temperatures did not enhance the risk 
of ICH, though they were often reported to result in the death 
of old people.

An interesting discovery is the relationship between air 
pressure and the onset of ICH. Based on more intervals of 
daily mean air pressure and many more ICH cases, we 
found that high air pressure is a risk factor for ICH. The risk 
at the high level between 1,028 hPa to 1,031 hPa was three 
times as great as that at the lowest level of air pressure. The 
findings on the relation between ICH and air pressure are 
inconsistent. Capon et al. [17] found no correlation 
between the onset of ICH and changes in air pressure. 
Similarly, Ohwaki et al. [21] found that the correlation of 
ICH with atmospheric pressure was not statistically sig-
nificant. However, Chen et al. [3] believed that the onset of 
ICH was approximately twice as great on high-pressure 
days as that on low-pressure days. Our study corresponds 
with this pattern.

Table 6 Evaluation of ICH by daily mean sea level pressure

Sea level pressure (hPa)

<1,000 1,000–
1,003

1,004–
1,007

1,008–
1,011

1,012–
1,015

1,016–
1,019

1,020–
1,023

1,024–
1,027

1,028–
1,031

>1,031 c2 p

ICH n = 101 9 56.64 0

Observed 12 79 132 149 135 161 142 114 82 13

Expected 18.26 102.74 178.84 137.74 136.22 152.2 139.26 98.17 44.14 11.42

O/E 0.66 0.77 0.74 1.08 0.99 1.06 1.02 1.16 1.86 1.14

A c2 test for goodness of fit was used for evaluations

Table 7 Evaluation of ICH by daily visibility

Visibility (km) c2 p

0 1 2 3 4 5 6 7 8 9 10 11 –

ICH n=1019 9.92 0.62

Observed 8 99 183 176 136 146 63 70 30 30 37 23 18

Expected 7.61 90.56 163.62 177.31 144.59 133.18 74.58 68.49 31.96 35 46.42 25.87 19.79

O/E 1.05 1.09 1.12 0.99 0.94 1.09 0.84 1.02 0.94 0.86 0.79 0.89 0.91

A c2 test for goodness of fit was used for evaluations

Table 8 Evaluation of ICH by wind

Wind (km/h) c2 p

0–2 3–5 6–8 9–11 12–14 15–17 >17

ICH n=1019 5.37 0.497

Observed 105 451 273 125 46 12 7

Expected 98.17 459.64 273.96 124.04 46.42 6.85 9.89

O/E 1.07 0.98 1.00 1.00 0.99 1.75 0.71

A c2 test for goodness of fit was used for evaluations

Table 9 Evaluation of ICH by fog

Fog Non-fog c2 p

ICH n = 1,019 0.99 0.32

Observed 295 724

Expected 280.81 738.17

O/E 1.05 0.98

A c2 test for goodness of fit was used for evaluations
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Although there were some inconsistent conclusions 
dependent on different statistical methods and local climatic 
characteristics [4, 6, 7, 22], in the relationship between 
important meteorological factors and onset of ICH, we found 
that humidity had an effect on the occurrence of ICH. In the 
present study, the onset of ICH was significantly different at 
different intervals (P = 0.002), and the risk strongly increased 
when the humidity was high. The effect of humidity on the 
onset of ICH is not as intense as the effect of temperature and 
air pressure; it seems to be a mild factor among meteoro-
logical influence, but it does have an effect on occurrence 
of ICH.

The biological reasons for how weather affects the higher 
occurrence of ICH are not clear, but elevated blood pressure 
may be the trigger for ICH. Blood pressure has a seasonal 
variation that is well known [23–25], and air pressure is asso-
ciated with blood pressure. Some studies suggested another 
mechanism to explain this phenomenon, such as platelets, 
red cell count, blood viscosity, and so on [26–28], but they 
may be not the key reasons in terms of stroke risk.

In conclusion, marked differences in seasonal and monthly 
patterns of ICH onset were found, and our study strongly 
suggests that temperature, air pressure, and humidity varia-
tion were significantly associated with the onset of ICH in 
Chongqing, China.
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Abstract The temporal pattern of onset of hypertensive 
intracerebral hemorrhage (ICH) has been evaluated in previ-
ous reports, but there are few published data on this pattern 
in Chongqing, China. The purpose of this study is to explore 
the temporal pattern of diurnal, weekly and monthly varia-
tions in the onset of hypertensive ICH from a hospital-based 
population. The study retrospectively reviewed 230 residents 
who suffered from hypertensive ICH between January 2008 
and August 2009 in our hospital. The temporal pattern was 
investigated by hours, days and months. Chi-square test for 
goodness of fit was used for statistical analysis. Significant 
differences of the onset time of hypertensive ICH patients 
could be seen in diurnal variation (p = 0.000) and in monthly 
variation (p = 0.000), but could not be found in weekly vari-
ation (p = 0.466). There was a bimodal distribution in 
diurnal variation, and monthly variation showed that the 
occurrence of hypertensive ICH mainly focuses on the period 
from December to May. Our study demonstrated the exis-
tence of diurnal and monthly variations and no significant 
weekly variation can be found in the time of onset of hyper-
tensive ICH.

Keywords Hypertensive ICH · Temporal pattern · Diurnal · 
Weekly · Monthly · Onset

Introduction

The onset of ICH shows chronobiological variations, includ-
ing diurnal variation, weekly variation and seasonal varia-
tion. In the past decades, time variation in the onset of ICH 
has been extensively evaluated in many community- and 
hospital-based studies [1–9]. But the conclusions derived 
from those studies are not all the same.

Hypertension is a recognized factor in the etiology of ICH 
[9], and blood pressure is the most significant risk factor for 
ICH [7]. Hypertensive ICH is the most common type of 
spontaneous intracerebral hemorrhage. Proof of a temporal 
pattern in the occurrence of hypertensive ICH may provide 
helpful clues to its pathogenesis, rational treatment or swift 
prevention. As far as we know, little research has been per-
formed in order to evaluate the temporal pattern in the onset 
of hypertensive ICH patients in Chongqing, China. This 
study aimed to conduct diurnal, weekly and monthly varia-
tions in the onset of hypertensive ICH by using hospital-
based data. It may reveal some regulation of the onset of ICH 
and help physicians and patients to know the clinical charac-
teristics of this disease.

Materials and Methods

A total of 230 available cases were registered during the study 
period from January 2008 to August 2009 in our hospital. 
The time of the first known sign or symptom, such as vertigo, 
vomiting, headache or coma and so on, was defined as the 
onset time, and it was reported by the patients themselves or 
the person discovering the events. The average age of all 
patients was 62.4 ± 13.2 years (range 31–98 years). Among 
them, 149 patients were men (61.1 ± 12.9 years, range 
36–95 years), and 81 were women (64.8 ± 13.5 years, range 
40–98 years). Fifteen patients could not report the precise 
time of onset because they were found unconscious or 
because they could not remember the symptom of onset.
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Diagnosis of hypertensive ICH was based on hyperten-
sion history, clinical symptoms and neurological imaging 
examination. All of the patients were given a routine neuro-
logical imaging examination by CT or MRI. ICH caused by 
head trauma, brain tumor, aneurysms, arteriovenous malfor-
mations, moyamoya disease, cavernous hemangioma, hem-
orrhagic transformation of a previous cerebral infraction, 
severe bleeding tendency or coagulation disorder was not 
covered in this study.

The date of the time of onset was classified according to 
hours and day of the week and month, and 24 h in a day was 
divided into 12 2-h intervals for analysis (0:00 ~ 1:59, 
2:00 ~ 3:59,…22:00 ~ 23:59).

The chi-square test for goodness of fit was used to evalu-
ate the patterns of variation by examining the null hypothesis 
that the frequency of the time of onset was evenly distributed 
across the 12 2-h intervals, or 7 days in a week or 12 months 
in a year. Furthermore, data were analyzed with the chi-
square test in order to determine whether there was a signifi-
cant gender difference in the frequency distribution. Statistical 
analysis was processed by SPSS 13.0 for Windows. A statis-
tically significant probability value was defined as P < 0.05.

Results

Diurnal Variation

The distribution of hypertensive ICH patients according to 
12 2-h intervals in a day is shown in Table 1. The null hypoth-
esis of assumed uniform frequency distribution of the time 
of onset was rejected(X2 = 68.86, p = 0.000). No significant 
difference was found in the frequency distribution between 
men and women(X2 = 7.450, p = 0.762). The frequency distri-
bution of the onset of hypertensive ICH presented a bimodal 
distribution with two peak times: a slightly higher peak 
between 10 a.m. and 12 a.m., and a relatively lower peak 
between 6 p.m. and 8 p.m. From midnight to 6 a.m. is the 
lowest time of hypertensive ICH onset (Fig. 1).

Weekly Variation

The distribution of hypertensive ICH patients according to 
7 days in a week is shown in Table 2. The null hypothesis of 

Table 1 Distribution of hypertensive ICH by 2-h time intervals

12 2-h Time intervals c2 p

1 2 3 4 5 6 7 8 9 10 11 12 T

M 3 3 9 11 14 24 12 8 23 11 9 9 136 7.450 0.762
W 1 0 2 9 10 14 5 8 12 6 6 6 79

T 4 3 11 20 24 38 17 16 35 17 15 15 215 68.86 0.000

Numbers 1 – 12 under the words 2-h time intervals stand for the time periods 0:00 – 1:59; 2:00 – 3:59;…22:00 – 23:59 accordingly
Chi-square test was used to determine whether there was a significant difference between male and female groups
Chi-square test for goodness of fit was used to evaluate the pattern of diurnal variation in total patients
M men, W women, T total patients
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Fig. 1 Frequency distribution of 
hypertensive ICH by 12 2-h time 
intervals. Bar graph presenting a 
bimodal pattern in diurnal 
variation, with peak times 
between 10 a.m. and 12 a.m. and 
a second one between 6 p.m. and 
8 p.m. The lowest time of onset 
was midnight to 6 a.m.
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assumed uniform frequency of onset time was accepted 
(X2 = 5.625, p = 0.466). No significant difference in frequency 
distribution was found between men and women (X2 = 8.074, 
p = 0.233).

Monthly Variation

The frequency distribution of hypertensive ICH patients 
according to 12 months in a year is shown in Table 3. The 
frequency distribution for the time of onset over 12 months 
showed a significant difference (X2 = 40.574, p = 0.000). The 
occurrence of hypertensive ICH was mainly focused on the 
period from December to May (Fig. 2). The chi-square test 
had a result of P = 0.483, suggesting no significant difference 
between men and women.

Discussion

The temporal pattern of the onset of ICH has been exten-
sively investigated in many previous studies, however, some-
times differences existed in the results they demonstrated. 
This phenomenon may result from clinical, methodological, 
environmental and statistical factors [7], and very few stud-
ies can obtain all data at the same time [5]. In this study, we 
evaluated the diurnal, weekly and monthly variations in the 
time of onset of hypertensive ICH by evaluating 230 resident 
cases in our hospital. In order to reduce the influencing 

factors and obtain accurate conclusions, hypertensive ICH 
was exclusively chosen from all kinds of ICH.

Among previous studies on diurnal variation, some have 
reported a bimodal pattern in the occurrence of ICH [6, 8, 
10, 11], with one peak time in the morning and a smaller 
one in the afternoon or evening. Others demonstrated that 
there was only one peak time during the morning [3, 7]. We 
also found a bimodal pattern in diurnal variation, with a 
peak time between 10 a.m. and 12 a.m. and a second one 
between 6 p.m. and 8 p.m. The lowest time of onset lay in 
the interval from midnight to 6 a.m. This diurnal variation 
may mainly relate to the circadian pattern of blood pressure, 
which was demonstrated by Degaute et al. [12]. According 
to them, the typical blood pressure and heart rate patterns 
were bimodal, with a morning peak (around 10 a.m.), a 
small afternoon nadir (around 3 p.m.) and an evening peak 
(around 8 p.m.), and a profound nocturnal nadir (around 
3 a.m.). In addition, the two peak times are during very busy 
times of the day, when people may encounter more stressful 
events and physical activities. As is well known, stressful 
events and physical activities can lead to a prompt and sub-
stantial increase in BP, and these factors may act on the 
occurrence of hypertensive ICH through the effect on BP. 
Fasting plasma glucose levels and glycemic abnormalities 
were also significant factors in the morning and waking 
blood pressure summit [13]. Some researchers found that 
hypertensive status, smoking, drinking and diabetes had no 
effect on the time variation of stroke onset [8], whereas oth-
ers hold the opposite opinion [7].

Only a few studies have evaluated the weekly variation of 
ICH onset. Kelly-Hayes et al. [14] reported that more ICH 

Table 2 Distribution of hypertensive ICH by week

Week c2 p

Mon Tue Wen Thu Fri Sat Sun T

M 17 28 27 24 18 21 14 149 8.074 0.233
W 9 12 9 15 14 7 15 81

T 26 40 36 39 32 28 29 230 5.625 0.466

Chi-square test was used to determine whether there was a significant difference between male and female groups
Chi-square test for goodness of fit was used to evaluate the pattern of weekly variation in total patients
M men, W women, T total patients

Table 3 Distribution of hypertensive ICH by month

Month c2 p

1 2 3 4 5 6 7 8 9 10 11 12 T

M 19 18 20 10 22 8 5 6 4 11 13 13 149 10.538 0.483

W 9 7 11 12 7 2 4 5 4 4 5 11 81

T 28 25 31 22 29 10 9 11 8 15 18 24 230 40.574 0.000

Chi-square test was used to determine whether there was a significant difference between male and female groups
Chi-square test for goodness of fit was used to evaluate the pattern of monthly variation in total patients
M men, W women, T total patients
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events occurred on Mondays than on any other days, whereas 
Wang et al. [9] demonstrated a more frequent incidence on 
weekdays than weekends. In this study, we could not find 
any weekly variations in the total population, and this result 
conforms to the conclusion reported by Passero et al. [7]. 
Reasons for weekly variation in ICH onset are not well 
understood. Willich et al. [15] hypothesized that external 
factors, such as sudden changes in physical and mental activ-
ity in the transition from the weekend to workdays, may trig-
ger vascular events. Stress concerning returning to work after 
the weekend might cause changes in physiological parame-
ters such as blood pressure and give rise to the incidence of 
ICH [7]. No significant variation could be found in our study, 
perhaps because Chongqing is a leisure city with a slow life 
tempo, and inconspicuous stress changes could be found 
from weekend to weekdays. On other hand, the number of 
study patients may not be large enough.

Considering monthly variation, most studies prefer to 
investigate seasonal variation instead. In the great majority 
of studies, the occurrences of ICH mainly focused on the 
winter months [4, 7, 9], but some others reported that the 
peak incidence occurred in the autumn [16] or April [17], or 
that no significant seasonal variation was found [14, 18]. In 
our study, we demonstrated a monthly variation with a peak 
in December to May. In other words, it is the period of winter 
and spring. This result is basically consistent with those from 
previous reports. It has been documented that exposure to 
cold causes peripheral constriction and an increase in blood 

pressure [19], and temperature variation in a year may cause 
a seasonal variation of BP, with the highest levels in winter 
and the lowest in summer [20, 21]. As a consequence, ele-
vated blood pressure during cold days maybe an important 
trigger of ICH. According to Passero et al. [7], an acute cold-
induced rise in BP is probably a much more significant pre-
cipitating factor of bleeding than seasonal variations in BP. 
People who are more often exposed to cold environments in 
winter are more likely to have ICH. The inverse relationship 
between ambient temperature and the occurrence of ICH 
turned out to be the most constant finding, but other factors, 
such as hours of sunshine, humidity, atmospheric pressure, 
rainfall and windchill, were also involved [1]. The climate 
during winter and spring in Chongqing is cold, rainy and 
humid, while summer days are very hot. This could be the 
main reason why the occurrence of hypertensive ICH largely 
took place in winter and spring.

In summary, we observed temporal patterns of diurnal and 
monthly variations in the occurrence of hypertensive ICH in 
a hospital-based population. No significant weekly variation 
was found. These findings suggest that there are periods of 
increased risk of hypertensive ICH that may be useful for 
therapeutic and preventive strategies. BP change may be one 
of the most substantial factors in the temporal pattern, but 
temporal variability may be affected by a complex combina-
tion of pathophysiological changes, environmental factors, 
gender, aging and so on. Other risk factors should be consid-
ered in further study.
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Abstract Studies have shown that weekend admissions are 
associated with outcomes of patients with different diseases. 
Our aim is to evaluate the weekend effects in patients with 
intracerebral hemorrhage (ICH) in our hospital. A retrospec-
tive analysis of patients with ICH was performed. Weekend 
admission was defined as the period from Friday, 6:01 p.m., 
to Monday, 7:59 a.m. The ICH score was used to evaluate 
severity on admission. The chi-square goodness-of-fit test 
was applied to analyze weekly distribution. The rank sum 
test was conducted to calculate the functional outcomes 
(modified Rankin scale, MRS), and the mortality was com-
pared by binary logistic regression. Between 2008 and 2009, 
313 patients with ICH were included, of which 30% (95/313) 
were admitted on the weekend. Patients with ICH were 
equally distributed on weekdays and weekends (P = 0.7123). 
Weekend admission was not a statistically significant predic-
tive factor for in-hospital mortality (P =0.315) and functional 
outcomes (P = 0.128) in patients with ICH. However, a sig-
nificant correlation was found between the ICH score and the 
mortality (OR = 6.819, 95%CI: 4.323–10.757; P = 0.009). 
Our results suggest that compared with weekday admission, 
weekend admission is not significantly associated with 
increased short-term mortality and poorer functional out-
come among patients hospitalized with ICH.

Keywords Intracerebral hemorrhage · Weekend · Mortality · 
Outcome

Introduction

Prior studies have demonstrated that in-hospital mortality for 
patients presenting on weekends is higher than for those pre-
senting on weekdays, including cases of heart failure, myocar-
dial infarction, upper gastrointestinal hemorrhage, pulmonary 
embolism and so on [1–4]. This is known as the “weekend 
effect” [5, 6]. However, some other literature has shown that 
there is no statistical difference among the outcomes of patients 
with some of these diseases [7, 8]. To investigate the theory, 
we examined the circaseptan variation in fatality and function 
outcome of patients with intracerebral hemorrhage by day of 
admission.

Patients and Methods

A retrospective study of all patients with ICH admitted in our 
hospital (a major teaching hospital) from January 2007 to 
August 2009 was performed. They were identified by data 
using the International Classification of Disease, ninth revision, 
Clinical modification diagnosis code for intracerebral hemor-
rhage, 431. Patients who were transferred from other hospitals 
were excluded. The characteristics, including age, sex, comor-
bid disease, symptoms and complications, were collected.

Criteria for Grouping and Evaluation

Patients were categorized into two groups: weekend admis-
sion and weekday admission. Weekend admission was defined 
as the period from Friday, 6:01 p.m., to Monday, 7:59 a.m. 
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Weekday admission was defined as the rest of the time. ICH 
score was performed to evaluate the severity on admission 
[9]. Functional outcome was measured by the modified 
Rankin Scale (MRS). Poor functional outcome was defined 
as MRS 3–6. In-hospital mortality was also calculated.

Statistical Analysis

T test was used to calculate the ICH score variation between 
two groups. The chi-square goodness-of-fit test was applied 
to analyze weekly distribution. The functional outcomes 
(modified Rankin scale, MRS) were tested by the rank sum 
test method. In-hospital mortality was compared by binary 
logistic regression and adjusted for ICH score.

Results

This study involved 313 patients with ICH, 30.35% (95/313) 
of whom were admitted on the weekend. Table 1 shows the 
baseline characteristics of all the ICH patients on admission. 
The ICH score indicated no statistically significant difference 

between weekday admission and weekend admission groups 
(P > 0.05, Table 2), nor for the incidence of the two groups 
(P > 0.05, Table 3). The rank sum test demonstrated that 
the function outcome of weekend admission had no sig-
nificant difference with weekday admission (Table 4). A 
positive correlation was found between ICH score and in-
hospital mortality (OR = 6.819, 95%CI: 4.323–10.757; 
P = 0.009). However, weekend admission was not associ-
ated with increased mortality (P = 0.315, Table 4).

Discussion

Recently, an analysis was performed including 13,821 patients 
with ICH using the Agency for Healthcare Research and 
Quality Health Care Utilization Project Nationwide Inpatient 
Sample (NIS) data from 1,004 US hospitals across 37 states 
adjusting for admission severity of illness. They found week-
end admission was associated with increased mortality [10]. 
There have been conflicting reports on the “weekend effect” 
among patients with ICH in Australia. There were 30,522 
chronic obstructive pulmonary disease (COPD), 17,910 acute 
myocardial infarction, 4,183 acute hip fracture and 1,781 
intracerebral hemorrhage patient admissions involved in the 

Table 1 Baseline characteristics of ICH patients

ICH  
(n = 313)

– Weekday admission  
(n = 218)

Weekend admission  
(n = 95)

Age group <30 years 7 (3.21%) 3 (3.15%)

30–39 years 8 (3.67%) 5 (5.26%)

40–49 years 28 (12.84%) 18 (18.94%)

50–59 years 58 (26.61%) 23 (24.21%)

60–69 years 52 (23.85%) 20 (21.05%)

70–79 years 42 (19.27%) 19 (20.00%)

>80 years 23 (10.55%) 7 (7.37%)

Sex Female 71 (32.57%) 35 (36.84%)

Male 147 (67.43%) 60 (63.16%)

Comorbid disease Hypertension 91 (41.74%) 33 (34.74%)

Hyperlipidemia 26 (11.93%) 16 (16.84%)

Diabetes 16 (7.34%) 11 (11.58%)

Gout 2 (0.92%) 2 (2.11%)

Fibrillation atrial 4 (1.83%) 0 (0)

Pulmonary emphysema 2 (0.92%) 1 (1.05%)

Pulmonary tuberculosis 1 (0.46%) 1 (1.05%)

Coronary heart disease 3 (1.38%) 3 (3.16%)

ICH score – 1.18 ± 1.405 1.05 ± 1.266*

*P > 0.05 compared with weekday admission
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retrospective analysis of state-wide administrative data from 
public hospitals , but a significant weekend effect was only 
found for acute myocardial infarction [2].

A positive correlation was found between increased mor-
tality and weekend admissions among patients with heart 
failure, myocardial infarction, upper gastrointestinal hemor-
rhage and pulmonary embolism [1–4]. However, different 
results were reported among patients suffering from trauma, 
tumor, upper gastrointestinal bleeding caused by peptic 
ulcers, subarachnoid hemorrhage, COPD and so on [2, 7, 8, 
11, 12]. Based on these data, we can propose that the “week-
end effect” is associated with service provision factors 
(e.g., access to invasive procedures).

Global mortality was similar in both the weekend and 
weekday group among patients admitted to the emergency 

department from 1999 to 2003 in Spain [13]. The inverse cor-
relations were also found in the pediatric intensive care unit 
(PICU) and intensive care unit (ICU) [14–17]. These studies 
were generally consistent in postoperative and non-operative 
patients. A subgroup analysis indicated a positive correlation 
between weekend admission and higher adjusted hospital 
mortality rates in the surgical ICU, but not in the medical or 
multispecialty ICUs [18]. For patients with myocardial 
infarction, the difference in mortality at 30 days between the 
weekend and weekday admission group became insignificant 
after additional adjustment for invasive cardiac procedures. 
The result is that higher mortality is associated with lower 
use of invasive cardiac procedures [19]. The authors [20] 
suggested that preoperative delay will influence the quality of 
outcome.

In addition, Albright et al. [21] observed that no signifi-
cant differences were found in comprehensive stroke cen-
ters (CSC) when comparing stroke patients with weekend 
admission and weekday admission groups. Their results 
suggested that CSC may ameliorate the “weekend effect” in 
stroke patients. On the other hand, nosocomial external fac-
tors may also influence the “weekend effect.” A study of 
weekly variation of stroke showed that the onset of stroke 
was more frequent on weekdays than on weekends [22]. 
This phenomenon may be associated with changes in 
 lifestyle between working days and the weekend, such as 
alcohol consumption, smoke, reveling until dawn, etc. 
Chinese people, especially middle-aged women, enjoy sit-
ting down at the table and playing mah-jong for the whole 
night without moving much. Onset of stroke during the 
weekend is associated with longer median delay (11–16 h) 
rather than onset on a weekday (4–8.5 h) [23]. All these 
above-mentioned factors may contribute to the “weekend 
effect.” The difference between these studies could be due 
to all the data collected from hospitals with stratification of 
service levels.

Conclusion

Our study found that patients with ICH who were admitted 
on weekends had the same risk of mortality and disability 
in our hospital, which is equipped with patient manage-
ment guidelines and staffed by intensivists on call 24 h. 
The “weekend effect” was found in many diseases, espe-
cially diseases with short time to peak and for which inva-
sive procedures are needed. This phenomenon alerts people 
to the need to improve medical service quality on the 
weekends.

Table 2 Distribution variation between weekend admission and week-
day admission

ICH 
(n = 313)

Weekday 
admission

Weekend 
admission

X2 P

– – – 0.136 0.712

Observed 218 95 – –

Expected 221 92* – –

O/E 0.99 1.03 – –
*P > 0.05 compared with weekday admission

Table 3 Modified Rankin Scale

Weekday admission 
(n = 218)

Weekend admission 
(n = 95)

P = 0.218

MRS n MRS MRS –

0 51 0 0 –

1 53 1 1 –

2 20 2 2 –

3 25 3 3 –

4 13 4 4 –

5 7 5 5 –

6 49 6 6 –

Table 4 Adjusted risk of in-hospital death associated with weekend 
admission and ICH score

ICH  
(n = 313)

Weekday 
admission

Weekend 
admission

OR 95% CI P

Percent in- 
hospital  
mortality

21.56 17.89 – – 0.315

ICH score – – 6.819 4.323 – 10.757 0.009
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Abstract As the economic impact of intracranial hemor-
rhage (ICH) has not been well characterized before, the 
 purpose of this study is to investigate the prognosis of ICH 
patients with different insurances in southwestern China. 
This study used hospital data from December 2005 to 
September 2009. All patients with a final discharge diagno-
sis of acute ICH were enrolled. Patients were divided by 
payer sources. Hospital expenditure, length of hospital stay 
(LOS) and outcome during hospitalization were analyzed. 
SAS 9.1 software was utilized for the Kruskal-Wallis test 
and multivariate logistic regression analysis.

There were 1,091 adult subjects who met the inclusion 
criteria of ICH. Hospital costs were remarkably higher for 
local medical insurance beneficiaries than for the nonlocally 
insured group and the uninsured group. The locally insured 
group had the longest LOS compared to the uninsured and 
nonlocally insured groups. There were significant outcome 
differences between the locally insured and uninsured 
groups. However, we noted that locally insured patients 
seemed to have higher in-hospital mortality from ICH. In 
spite of acquiring insurance, these ICH subjects did not 

appear to have better outcomes. The results emphasize the 
need for improvement in health care policy.

Keywords Intracranial hemorrhage · Medical insurance · 
Hospital expenditure · Outcome

Introduction

Stoke is one of the most common chronic diseases in China. 
Cerebral vascular diseases are now the second leading cause 
of death in China’s population [1]. For years, health care has 
been the most concerning issue for China’s population [2]. 
The prices of medical service provided by medical resources 
(especially high quality medical care in cities) are higher 
than the economic paying capacity and psychological endur-
ance of common patients. Despite well-documented discrep-
ancies associated with health care across insured and 
uninsured groups, few studies have explored the insurance-
related disparities in outcomes of patients with intracranial 
hemorrhage (ICH). The purpose of this paper is to provide an 
overview of the outcomes of patients with different insur-
ance statuses in Chongqing, one of the municipalities directly 
under the Central Government in southwestern China.

Materials and Methods

This is a retrospective study using hospital data from December 
2005 to September 2009. All patients with a final discharge 
diagnosis of acute ICH during that time were enrolled. The 
principal diagnosis was based on the International Classi
fication of Diseases, 10th Revision codes. We used code 
I61.902, representing non-traumatic intracranial hemorrhage 
as the principle diagnosis code. Then, we excluded discharged 
patients who had been transferred to other hospitals to avoid 
double counts.
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Firstly, the patients were categorized into three groups: 
locally insured, nonlocally insured and uninsured (who had 
no insurance and had to pay out-of-pocket). Secondly, after 
2008, because of the nation’s new insurance policy, the 
insured patients were divided into three patterns of insur-
ances: metropolitan medical insurance, rural cooperative 
medical insurance and non-metropolitan medical insurance. 
So the patients enrolled after 2008 were divided into four 
groups, which were the three insured groups and the unin-
sured group. Thirdly, the insured groups were compared to 
the uninsured (out-of-pocket) group.

The primary results included the disparities in hospital 
costs (the costs have been changed to USD; $1 USD is equiv-
alent to 6.9 RMB) and length of hospital stay between the 
groups. Secondary results were differences in the patients’ 
outcomes between insured and uninsured groups during the 
initial hospitalization. We also compared the outcomes across 
the subjects of the three groups of medical insurances to sub-
jects without insurance.

Statistical analysis was performed using SAS 9.1 soft-
ware, which was utilized for the Kruskal-Wallis test (analy-
sis of costs and LOS) and multivariate logistic regression 
analysis (analysis of outcome). Results of the multivariate 
logistic regression are presented as odds ratios (OR) and 
their 95% confidence intervals (95% CIs). The statistical test 
was significant if the P value was < 0.05.

Results

There were 1,091 adult subjects who met the inclusion criteria 
of ICH (717 males and 374 females, mean age 60 years ± 15 and 
61 years ± 15). Of the subjects, 41.3% had local medical insur-
ance, 35.3% had nonlocal insurance, and 23.4% were uninsured. 
Outcomes were recovery, improvement, death and other condi-
tions (such as no improvement or abandoning treatment because 
of financial problems). There was no significant difference 
among ages in the four types of outcomes (P = 0.29) (Table 1).

Table 2 compares hospital costs and LOS of locally 
insured, nonlocally insured and uninsured patients. For the 
three groups, hospital costs were remarkably higher for local 
medical insurance beneficiaries than for the nonlocally 
insured group and uninsured group, with an average of USD 

$4,766 in total (P = 0.0001). Locally insured patients also had 
the longest LOSs. During hospitalization, locally insured 
patients had an average LOS of 28.9 days compared to nonlo-
cally insured and uninsured subjects with an average LOS of 
17.6 days and 18.3 days (P = 0.0001). However, the average 
cost per day was not significantly different among the three 
groups (P = 0.1204). Nonlocally insured patients had almost 
equivalent hospital costs and LOS as the uninsured group.

In Table 3, outcomes between locally insured and unin-
sured patients are shown to be significantly different 
(OR = 10.48, 95% CI: 7.53–14.58). Outcomes were also sig-
nificantly different between nonlocally insured and unin-
sured groups (OR = 7.55, 95% CI: 5.42–10.52). Locally 
insured patients had the highest constituent ratio of death 
(21.51%), whereas nonlocally insured and uninsured groups 
had 7.52% and 13.7%. However, the cure constituent ratios 
of locally insured, nonlocally insured and uninsured groups 
were 11.20%, 12.47% and 6.27%, respectively.

In Table 4, analyses comparing hospital costs and LOS 
among the metropolitan insurance, rural cooperative medical 
insurance, non-metropolitan medical insurance and uninsured 
are shown. There was a significant difference in hospital 
costs (P = 0.0027) and a tendency with LOS (P = 0.0663), but 
no significanct difference in daily fees. Metropolitan medical 
insured patients had the highest total hospital costs, and their 
LOS was also the longest.

Table 5 compares outcomes of the insured groups with the 
uninsured group. There was no significant difference among 
the groups (P > 0.05). However, the constituent ratio of death 
in the metropolitan insurance group was highest again 
(23.97%), and in the rural cooperative medical insurance 
group, non-metropolitan medical insurance group and unin-
sured groups were 12.28%, 10.17% and 7.41%, respectively.

Discussion

According to our research, there is some discrepancy among 
medical expenditures, outcomes and insurance status. The 
explanation for these findings remains to be fully determined. 
Indeed, the disparate results may be due to a series of factors.

Table 1 Age of males and females with different outcomes

Males Females Age (X ± s)

Recovery 448 247 61.91 ± 14.64

Improvement 80 37 59.79 ± 14.87

Death 97 64 60.71 ± 14.97

Other 91 26 58.44 ± 14.58

Total 717 374

Table 2 Hospital costs and LOS of three patterns of payer sources

Locally 
insured

Nonlocally 
insured

Uninsured P 
value

Total hospital 
costs

4,766.33 2,905.19 2,989.50 0.0001

Length of 
stay

28.94 17.62 18.29 0.0001

Average 
costs/day

255.54 227.55 218.62 0.1204

Costs and days were expressed by mean values ( x ); standard devia-
tions were omitted because of space limitations
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In our study, the insured patients mainly came from urban 
areas. They worked in state-owned enterprises or public 
institutions. The nonlocal patients might have come from 
other areas where the policy might be different from local 
ones. The uninsured patients included the majority of work-
ers, unemployed population and farmers in the rural areas. 
As for the insurance, insured patients could have longer hos-
pital stays and afford higher expenditures than the others on 
average. Even with the data after the new division was car-
ried out, the metropolitan and non-metropolitan insured 
patients also had longer hospital stays and better medical 
conditions. That is, they had more chances to improve their 
health. Moreover, we found the patients with rural coopera-
tive insurance had nearly the same expenditures and LOSs as 
the uninsured, and their outcomes were not significantly dif-
ferent from uninsured patients. Two years ago, they were just 

uninsured. So we concluded that rural cooperative medical 
insurance is insufficient at present.

With more than 1.3 billion people, China is becoming the 
world’s largest and most populous country in the world, and 
the economy is increasingly improving. The nation’s health 
care policy should be appropriate to the times. However, the 
policy of health care is still in practising stage. The challenge 
has been undertaken for years, but it will take a long time to 
achieve success [3–7]. A better outcome requires better med-
ical conditions and long hospital stays. In China, however, 
more than 35% of urban households and 43% of rural house-
holds have difficulty affording health care [8]. The rural 
cooperative medical scheme, for instance, reimburses only 
approximately 30% of inpatient expenditures [9].

The social health insurance program (SHI) has been 
established in China to ensure that the citizens can obtain 

Table 3 Disparities in outcomes of patients with three different payer sources

Cure Improvement Death Others Total P value

Locally insured 54 (11.97) 266 (58.98) 97 (21.51) 34 (7.54) 451 0.0001

Nonlocally insured 48 (12.47) 257 (66.75) 29 (7.53) 51 (13.25) 385 0.0001

Uninsured 16 (6.27) 172 (67.45) 35 (13.73) 32 (12.55) 255

Table 4 Hospital costs and LOS of patients covered by four patterns of insurance

M-insured Co-insured NM-insured Uninsured P value

Total hospital costs 6,105.78 3,755.64 5,339.56 3,441.12 0.0027

Length of stay 28.34 16.63 24.93 17.11 0.0663

Average costs/day 352.45 345.66 292.11 279.59 0.2258

Minsured metropolitan medical insurance coverage, Coinsured rural cooperative medical insurance coverage, NMinsured non-metropolitan 
medical insurance coverage
Costs and days were expressed by mean values ( x ); standard deviations were omitted because of space limitations

Table 5 Disparities in outcomes of patients covered by four patterns of insurance

Recovery Improvement Death Others Total P value

M-insured 21 (17.35) 62 (51.24) 29 (23.97) 9 (7.44) 121 0.3663

Co-insured 7 (12.28) 31 (54.39) 7 (12.28) 12 (21.05) 57 0.3641

NM-insured 9 (15.25) 36 (61.02) 6 (10.17) 8 (13.56) 59 0.9917

Uninsured 6 (11.11) 37 (68.52) 4 (7.41) 7 (12.96) 54

Minsured metropolitan medical insurance coverage, Coinsured rural cooperative medical insurance coverage, NMinsured non-metropolitan 
medical insurance coverage

Table 6 Hospital costs and LOS of four types of outcomes

Recovery Improvement Death Other conditions P value

Total hospital costs 7,727.97 3,382.61 2,900.15 2,570.87 0.0001

Length of stay 35.18 25.54 10.92 7.17 0.0001

Average costs/day 218.12 152.75 490 408.99 0.0001

Costs and days were expressed by mean values ( x ), standard deviations were omitted owning to space limitations
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health care economically and equitably. However, access to 
primary care for poor people has not really improved, and 
financial protection against high health care expenses remains 
very limited [10]. In 2005–2006, 66.5% of Chinese inpa-
tients were not SHI beneficiaries. Drug expenditures for SHI 
inpatients were significantly higher than for non-SHI inpa-
tients [11]. In our study, we also found that the insurance 
coverage was associated with higher hospital costs.

Discrepancies in hospital care across insurance subgroups 
have been widely documented, indicating that uninsured or 
unfavorable health insurance status could contribute to 
reduced access to high-quality care and to an increased like-
lihood of experiencing poorer outcomes than other patients 
[12–15]. According to previous studies, insured patients 
tended to be aware of chronic risk factors [16, 17]. For exam-
ple, hypertension and hypercholesterolemia, which lead to 
stroke, can be more easily detected and controlled if patients 
are aware of them [18, 19]. Furthermore, being uninsured 
can create stress or other hazards that make patients less 
likely to adhere to medication and lifestyle modifications 
(e.g., smoking cessation, low-sodium diet and physical activ-
ities) to control chronic risk factors for stroke [20, 21].

Interestingly, in spite of acquiring insurance, according to 
the results of this study, locally insured patients, especially 
metropolitan insurance coverage patients, have higher 
in-hospital mortality in case of ICH. In Table 3, we show the 
calculations of the constituent ratio of death of locally 
insured, nonlocally insured and uninsured groups. The ratios 
were 21.51%, 7.53% and 13.73%, respectively (P = 0.0001, 
by chi-square test). The recovery rates of the three groups 
were 11.97%, 12.47% and 6.27%, respectively. The improve-
ment rates were 58.98%, 66.75% and 67.45%, respectively. 
The rates of other conditions (abandoned treatment or left 
hospital without improvement) were 7.54%, 13.25 and 
12.55%, respectively. We found that although locally insured 
patients had the longest hospital stays, expended the most 
and had good compliance, they did not seem to have better 
outcomes. Conversely, the rate of death was the highest, and 
the rate of improvement was the lowest. However, this was 
not a coincidence. In Table 5, the latest 2 years’ data show 
that the metropolitan insurance coverage patients also had 
the highest death rate of the four groups. These phenomena 
should not be totally attributed to insurance discrepancies.

Some research concerning a carotid disease reported the 
phenomenon that uninsured patients have fewer cardiovascu-
lar risk factors [22]. The possible causes are as follows: on one 
hand, Chongqing is a heavily industrial city, and urban citizens 
suffer with environmental pollution, which can lead to health 
problems. On the other, as social competition gets fierce, 
increasing stress and intense lifestyles over the coming years 
might aggravate the problem. And thirdly, the workers and 
farmers in the uninsured group engage mostly in manual labor. 
In other words, they engage in intense physical activity, so they 
are in better physical condition when overcoming diseases.

In conclusion, our findings indicate that future efforts 
need to be made to improve health care delivery to uninsured 
populations. Recently, the government has approved guide-
lines and an action plan to reform the health care system. The 
government has made a schedule to provide insurance cover-
age for all citizens. The aims are to provide safe, effective, 
convenient and affordable basic care for all citizens by 2020 
[23]. The work is arduous. In addition, the results concerning 
health problems in urban residents emphasize the need for 
effective prevention, and citizens should pay more attention 
to health care. Efforts should be made to enhance public edu-
cation and improve awareness of warning signs related to 
cerebral vascular diseases.
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Abstract We have observed that patients with thalamic 
hemorrhage are more likely to have electrolyte disturbances 
than those with non-thalamic hemorrhage. Here, we are 
attempting to provide some comprehensive information on 
electrolyte disturbances in patients with thalamic hemor-
rhage. Retrospectively, 67 patients with thalamic hemorrhage 
(TH group) and 256 with non-thalamic hemorrhage (N-TH 
group) were found from computer tomography images. 
Electrolytes of these patients were tested within 24 h after 
hospitalization. Chi-square test was used to compare the 
incidence of electrolyte imbalance. Serum K+ levels were 
found to be abnormal in 37.31% of the patients in the TH 
group and 24.21% in the N-TH group, and the difference was 
significant (p < 0.05). Such a difference was also observed 
for the levels of serum Na+ and Cl+. Incidences of abnormal 
serum K+ (p < 0.05), Na+ (p < 0.01) and Cl− (p < 0.01) levels 
were different among thalamic hemorrhage, basal ganglia 
area hemorrhage and lobar hemorrhage patients. In the TH 
group, the mortality of patients with electrolyte disturbances 
(42.50%) was higher than that of patients with normal elec-
trolyte levels (14.81%, p < 0.05). The incidence of electrolyte 
imbalance is higher in patients with thalamic hemorrhage 
than in those with non-thalamic hemorrhage. The reason 
may be partly related to the location of the hemorrhage. 
Electrolyte disturbance may contribute to the higher mortal-
ity of patients with thalamic hemorrhage.

Keywords Thalamic hemorrhage · Electrolyte imbalance · 
Hypokalemia · Hyponatremia

Introduction

Cerebral hemorrhage is also described as spontaneous intrac-
erebral hemorrhage, and its incidence is 20–30% [1] .The 
mortality is 30–40% in the acute phase. It is a type of acute 
cerebrovascular disease, causing the highest number of deaths 
in China [1]. In addition, the number of patients who have to 
go to the hospital for cerebral hemorrhage has not fallen 
worldwide in the past 10 years [2]. These hemorrhages con-
sist of putaminal (35%), thalamic (10–15%) [3], cerebellar 
(5–10%) and pontine (5%) [4]. At the beginning of the last 
century, Dejerine and Roussy [5] provided detailed records 
on thalamic syndrome. Then, in 1930, after an interval of 
about 10 years, Lhermitte [6] and Baudouin et al. [7] made 
important contributions toward defining the characteristics of 
thalamic hemorrhage (TH). Fisher [8] came up with concept 
of three characteristics of thalamic hemorrhage in 1959, 
which included Parinaud syndrome, consciousness distur-
bance and sensory disorder. In the past decades, the clinical 
features and prognosis of thalamic hemorrhage have been 
reported [9–13]; however, little is known about electrolyte 
levels after thalamic hemorrhage [10, 14–16]. Furthermore, 
special information on electrolyte imbalance in thalamic 
hemorrhage is practically absent in the literature. Thus, we 
attempt to provide some new information about electrolyte 
imbalances in patients with thalamic hemorrhage.

Patients and Methods

Subjects and Inclusion/Exclusion Criteria

The clinical characteristics of patients with intracranial hem-
orrhage were retrospectively reviewed according to their med-
ical files. Three hundred thirty patients diagnosed with cerebral 
hemorrhage by cranial computer tomography (CT) were 
admitted to our hospital from February 2008 to April 2009. 
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Their electrolyte levels, including serum sodium, potassium 
and chlorine, were tested within 24 h after admission by an 
automatic biochemical analyzer (model: M305593, USA). 
Patients with traumatic hemorrhage or without electrolyte 
records were excluded.

Groups

First, patients were divided into the TH group and NTH 
group. Our criteria for electrolyte imbalance were rooted in 
classical Chinese medical textbooks [17, 18]. The criteria 
were as follows: hypokalemia <3.5 mmol/L, hyperkalemia 
>5.5 mmol/L, hyponatremia <135 mmol/L, hypernatremia 
>145 mmol/L, hypochloremia <95 mmol/L and hyperchlor-
emia >105 mmol/L. Meanwhile, the N-TH group was further 
assigned into the basal ganglia area hemorrhage group and 
lobar hemorrhage group to investigate the relationship 
between them concerning the incidence of electrolyte imbal-
ance and the locations of hemorrhage.

Variables and Statistical Analysis

Variables consisted of serum potassium, sodium and chloride 
levels. Chi-square test was used to compare the incidence of 
electrolyte imbalance in TH and NTH. SPSS version 16.0 for 
Windows (SPSS Inc., Chicago, IL), a = 0.05 or 0.025, was 
used for calculations.

Results

Baseline Characteristics of Hemorrhage

Seventy-four patients were confirmed to have TH, but only 
67 medical files conformed to the inclusion criteria stan-
dards, accounting for 22.42%. Of these, 40 TH patients had 
electrolyte disturbances according to the criteria [17, 18]. 
Another 256 patients with non-thalamic hemorrhage were 
collected, including 116 persons with electrolyte imbalances 
within 24 h of admission. Their clinical characteristics of 
hemorrhage are provided in Table 1.

Incidence of Electrolyte Disturbance

The general incidence of electrolyte imbalance of thalamic 
hemorrhage (59.70%) and non-thalamic hemorrhage (45.31%) 

patients was different (p < 0.05) (Table 2). In detail, hypopo-
tassemia was found in 25 patients, but none of the patients in 
the TH group suffered from hyperkalemia. Compared to the 
TH group, 57 persons had hypopotassemia and 5 had hyper-
potassemia in the NTH group, and the difference was signifi-
cant for hypopotassemia (p < 0.05). Thirty-six patients 
suffered from hyponatremia and 12 patients experienced 
hypernatremia in the NTH group. Compared to the TH group, 
their difference was significant for hypernatremia (p < 0.01). 
A similar phenomenon also could be found for serum chlo-
ride (Table 3).

Electrolyte Disturbance in Different Locations

Serum Potassium

Twenty-seven patients experienced hypopotassamia (19.15%), 
but none with basal ganglia area hemorrhage suffered from 
hyperpotassemia. Another 83 patients experienced lobar 
hemorrhage, 18 of whom had hypopotassemia (21.68%);  
3 had hyperpotassemia (3.61%). The incidence of abnormal 
serum potassium in thalamic hemorrhage patients (37.31%) 
was higher than in those with basal ganglia area hemorrhage 
(20.75%, p < 0.025) (Table 4).

Table 1 Baseline characteristics of hemorrhage

Characteristics TH (n = 67)% NTH  
(n = 256)%

Means age (years) 66.77 ± 11.03 59.17 ± 15.70

Age stratification

£45 years 5 (7.47) 43 (16.80)

>45 years 62 (92.53) 213 (83.20)

Gender Male 40 (59.70 ) 174 (67.97)

Female 27 (40.30) 82 (32.03)

Hypertension 59 (88.60) 209 (81.64)

Blood pressure

Mean SBP (mmHg) 180.00 ± 37.36 162.97 ± 55.51

Mean DBP (mmHg) 106.46 ± 21.91 100.52 ± 45.33

Smoking 13 (19.40) 49 (19.14)

Alcohol  
consumption

12 (17.91) 52 (20.31)

GCS at hospital  
admissiona

<6 19 (28.36) 69 (26.95)

6–12 27 (40.30) 144 (56.25)

>12 21 (31.34) 75 (29.30)

Hypercholesterolemia 12 (17.91) 48 (18.75)
aThree levels of the Glasgow Coma Scale were grouped according to 
one previous article [19]



Clinical Analysis of Electrolyte Imbalance in Thalamic Hemorrhage Patients Within 24 H After Admission  345

Serum Sodium

The incidence of abnormal serum sodium levels in patients 
with thalamic hemorrhage (hyponatremia, 20.90%; hyperna-
tremia, 17.91% ) was higher than in basal ganglia hemor-
rhage patients (hyponatremia, 9.22%; hypernatremia, 2.13%; 
p < 0.025), but there was no difference when compared to 
those with lobar hemorrhage (hyponatremia, 24.09%; hyper-
natremia, 4.81%., p > 0.025) (Table 5).

Serum Chloride

The incidence of abnormal serum chloride levels among 
patients with thalamic, basal ganglia area and lobar hemor-
rhage was different (p < 0.05). Moreover, the incidence of elec-
trolyte imbalance in thalamic hemorrhage patients was higher 
than in those with basal ganglia area hemorrhage (Table 5).

Mortality of Thalamic Hemorrhage

We found that 17 persons (42.50%) with electrolyte distur-
bances died during hospitalization, more than in the normal 
electrolyte level group (14.81%). The difference was signifi-
cant (p < 0.05) (Table 6).

Discussion

The first 24 h after admission is the easiest time for electro-
lytes to deteriorate after hemorrhage [20]. Some drugs, such as 

Table 2 General incidence of electrolytes disturbance in TH and NTH

Group N of normal level N of abnormal level Total Incidence (%)

TH 27 (40.30%) 40 (59.70%) 67 59.70

NTH 140 (54.69%) 116 (45.31%) 256 45.31

Total 167 156 323 48.30

TH thalamic hemorrhage, NTH non-thalamic hemorrhage, N numbers
*P < 0.05

Table 3 Electrolyte imbalance between TH and NTH

Group Hypo- Normal Hyper- Total

K+ TH 25 (37.31%)a 42 0 (0%)b 67

NTH 57 (22.27%)a 194 5 (1.95%)b 256

Total 82 (25.39%) 236 5 (1.55%) 323

Na+ TH 14 (20.90%)b 41 12 (17.91%)c 67

NTH 36 (14.06%)b 208 12 (4.69%)c 256

Total 50 (15.78%) 249 24 (7.43%) 323

Cl− TH 12 (17.91%)b 44 11 (16.42%)c 67

NTH 29 (11.33%)b 214 13 (5.08%)c 256

Total 41 (12.69%) 258 24 (7.43%) 323

TH thalamic hemorrhage, N-TH non-thalamic hemorrhage
aFisher’s exact test, p < 0.05
bChi-square test, p > 0.05
cContinuity correction of chi-square test, p < 0.01

Table 4 Electrolytes imbalance among three locations of hemorrhage 
(K+)

Group Abnormal level Normal Total

K+ THa 25 (37.31%) 42 (62.69%) 67

BGAHb 27 (19.15%) 114 (80.85%) 141

LHc 21 (25.30%) 62 (74.70%) 83

Total 73 (25.08%) 218 (74.92%) 291

TH thalamic hemorrhage, BGAH basal ganglia area hemorrhage, LH 
lobar hemorrhage
aChi-square test, p < 0.05. A general comparison among TH, BGAH and 
LH
bp < 0.025, compared to TH group
cp > 0.025, compared to TH

Table 5 Electrolyte imbalance among three locations of hemorrhage 
(Na+, Cl−)

Group Hypo- Hyper- Normal Total

Na+ THa 14 (20.90%) 12 (17.91%) 41 (61.19%) 67

BGAHa,b 13 (9.22%) 3 (2.13%) 125 (88.65%) 141

LHa,c 20 (24.09%) 4 (4.81%) 59 (71.10%) 83

Total 47 (16.15%) 19 (6.52%) 225 (77.33%) 291

Cl− THd 12 (17.91%) 11 (16.42%) 44 (65.67%) 67

BGAHd,e 13 (9.22%) 6 (4.26%) 122 (86.52%) 141

LHd,f 15 (18.72%) 7 (8.43%) 61 (72.85%) 83

Total 40 (13.74%) 24 (8.24%) 227 (79.02%) 291

TH thalamic hemorrhage, BGAH basal ganglia area hemorrhage, LH 
lobar hemorrhage
aChi-square test, p < 0.05; a general comparison among TH, BGAH  
and LH
bp < 0.025, compared to TH group
cp > 0.025, compared to TH
dChi-square test, p < 0.05. A general comparison among TH, BGAH  
and LH
ep < 0.025, compared to TH group
fp > 0.025, compared to TH
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hypertonic mannitol, may lead to an electrolyte imbalance. 
To avoid this influence, we focused on the blood electrolyte 
changes within 24 h. These data indicated that a large 
proportion of thalamic hemorrhage patients had electro-
lyte problems within 24 h after admission; a previous study 
[21] collected data on electrolytes within 2 weeks after 
admission.

Our study showed that the incidence of hypopotassemia 
was higher in thalamic hemorrhage than in non-thalamic 
hemorrhage patients, but not of hyperpotassemia (Table 3). 
Recently, Gao [22] reported that some patients developed 
hypopotassemia after thalamic hemorrhage, but no cases of 
hyperpotassemia were reported in his study. The study 
showed that the incidence of hypernatremia was higher 
in thalamic hemorrhage (17.91%) than in NTH patients 
(4.69%), but this was not the case for hyponatremia. The 
incidence of hypernatremia or hyponatremia was not 
reported, but Kusuda et al. [21] have done research on hem-
orrhages. They found that about 44% of patients with hemor-
rhage suffered from hypernatremia. This is higher than our 
results (7.43%). The reason may be that their data were 
recorded 2 weeks after admission, whereas our data were 
recorded only in the first 24 h. Twelve patients with TH had 
hypernatremia, and half of them died during hospitalization. 
About half of the patients with hypernatremia (41.67%) had 
a history of diabetes mellitus (DM). Therefore, diabetes may 
be a risk factor for hypernatremia. The occurrence of acute 
hypernatremia can lead neurons to dehydrate. Na+ and K+ 
enter the intracellular state in the acute phase of neuron 
dehydration. Thus, the concentration of Na+,, K+ increases in 
neurons. It can have adverse effects on the neurons’ metabo-
lism and physiological functioning. The mortality of thal-
amic hemorrhage patients with hypernatremia was greatly 
augmented [23–25]. Intracranial pressure rises quickly after 
hemorrhage, so the body also comes into a high-stress state. 
Adrenocorticotropic hormone (ACTH) increases 10- to 
20-fold, and the kidney’s function of reabsorbing Na+ is aug-
mented. This causes patients to develop hypernatremia 
[19, 26, 27]. Therefore, DM and high intracranial pressure 
may be two of the causes of hypernatremia in patients with 
thalamic hemorrhage. Some patients developed only one 
type of electrolyte imbalance, but the others could suffer 
from two or three types of electrolyte disturbance. We defined 

the former as single electrolyte imbalance and the latter as 
multi-electrolyte disturbance. Finally, we found that 15 
patients had single electrolyte imbalance (22.39%) and 25 
multi-electrolyte disturbance (37.31%).

The reasons for electrolyte imbalance 24 h after admis-
sion for thalamic hemorrhage are not well known. The hypo-
thalamus is the center of the neuroendocrine system and 
regulates endocrine activity [28]. Once thalamic hemorrhage 
occurs, it may disturb the regulating function of the hypo-
thalamus. The body is in a stress state when cerebral hemor-
rhage takes place. The sympathetic nerve is excited, and 
epinephrine and adrenal cortical hormone secretion is greatly 
increased to activate the beta-2 receptor in the cytoplasmic 
membrane, which has a correlation with the activity of the 
Na+/K+ ATP enzyme. The receptor precipitates potassium 
ions into the cells [29]. This may be one of the causes of 
hypopotassemia. Some patients with cerebral hemorrhage 
suffer from arrhythmia. This augments catecholamine and 
also decreases serum potassium levels. We had 13 patients 
(52%) who suffered from vomiting. Vomiting is probably 
another cause of hypopotassemia.

This study indicated that the incidence of hyperchlore-
mia was higher in thalamic hemorrhage (16.42%) than in 
non-thalamic hemorrhage (5.08%) patients. Abnormal lev-
els of chlorine in TH patients were also not well described 
in the previous literature. When thalamic hemorrhage 
occurs, the hypothalamus is impaired directly or indirectly. 
Thus, the renin-angiotensin-aldosterone system and antidi-
uretic hormone (ADH) system cannot work well. It is likely 
the syndrome of inappropriate antidiuretic hormone secre-
tion (SIADH) is generated [29–31]. Previously, Oppenheimer 
and Hachinski [32] reported that 14% of patients of cerebral 
hemorrhage had SIADH, which may be a cause of hypona-
tremia. The clinical characteristics of cerebral salt-wasting 
syndrome (CSWS) are hyponatremia, and an increase in 
urinary sodium and hypovolemia. CSWS may be another 
cause of hyponatremia [31, 33]. The causes of hypochlore-
mia in thalamic hemorrhage patients have not been stated 
clearly. Vomiting may be an indicator of hypochloremia 
because half of the patients (50%) with hemorrhage 
suffered from it. But we found only a small proportion 
of patients (9.09%) with vomiting in the hyperchloremia 
group.

The incidence of abnormal levels of serum potassium in 
patients with thalamic hemorrhage (37.31%) was higher than 
in those with basal ganglia area hemorrhage (19.15%, 
p < 0.025; TH was excluded), but not in those with lobar 
hemorrhage (p > 0.025). A similar phenomenon also appeared 
in serum sodium and chloride levels. Thus, we came to the 
conclusion that the reason for electrolyte imbalance may be 
partly related to the hemorrhage location. The reason may be 
that thalamic hemorrhage impairs the center of the neuroen-
docrine system and hypothalamus, and causes hypothalamic 

Table 6 Mortality of TH in normal or abnormal level of electrolytes

Group Survival 
group

Death 
group

Total Mortality 
(%)

Abnormal level 23 (57.50%)a 17 (42.50%) 40 42.50

Normal level 23 (85.19%) 4 (14.81%) 27 14.81

Total 46 (68.66%) 21 (31.34%) 67 31.34
aChi-Square test, P < 0.05
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dysfunction, while other locations are not as easily injured as 
the hypothalamus during thalamic hemorrhage. Kusuda et al. 
[21] reported that the incidence of hypernatremia was the 
highest in brain stem hemorrhage patients, but our study 
indicated that the incidence of hypernatremia was highest in 
thalamic hemorrhage patients. The highest incidence of 
hyponatremia and hypochloremia was in lobar hemorrhage 
patients in this study.

The results showed that the mortality of thalamic hemor-
rhage patients with electrolyte disturbance (42.50%) was 
higher than in those with normal levels (14.81%) of electro-
lytes (Table 6). Therefore, electrolyte imbalance may have a 
relationship with the prognosis for thalamic hemorrhage 
patients. Other factors, such as initial consciousness, pyra-
mid sign [34, 35], size of the hematoma [34, 36], hydro-
cephalus [9, 37] and ventricular extension, could forecast 
the prognosis of thalamic hemorrhage patients. In these arti-
cles, none of the authors reported that electrolyte distur-
bance was related to the prognosis for thalamic hemorrhage. 
We found that an electrolyte imbalance 24 h after admission 
was possibly related to mortality during hospitalization. 
Hypernatremia [38] and hyponatremia [39] have a close rela-
tionship with mortality. Hypernatremia leads to higher mor-
tality, perhaps because of the higher rate of complications 
[38], such as pneumonia, upper gastrointestinal bleeding, 
secondary epilepsy and renal dysfunction. Our study showed 
that five patients (41.67%) experienced pneumonia, four suf-
fered from upper gastrointestinal bleeding (33.33%), and 
eight developed renal dysfunction (66.67%) in case of 
hypernatremia.

Conclusion

In summary, the incidence of electrolyte imbalance was 
higher in thalamic hemorrhage than in non-thalamic hemor-
rhage patients within 24 h after hospitalization, perhaps 
because of the location of the hemorrhage and SIADH or 
CSWS. Electrolyte disturbance could lead to a poor progno-
sis for thalamic hemorrhage patients during hospitalization. 
We need to pay attention to electrolyte imbalances in patients 
with TH in our clinical practice.
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Abstract We explored the features of changes in pulse pres-
sure (PP) in patients with intracerebral hemorrhage (ICH). 
Two hundred one patients with ICH were admitted to our 
hospital from January 2008 to August 2009. Meanwhile, 
another 201 people matching in age and gender with these 
patients were assigned as controls. Blood Pressures (BP) 
were collected within the first 24 h after admission. PP was 
calculated from the BP readings. The mean of PPs was com-
pared via T-test. The distributed frequency of the PP level 
was analyzed using the chi-square test. PPs in the ICH group 
were higher than those of the controls (P < 0.001). Chi-square 
test showed a significant difference in distribution ratios of 
PP (P < 0.01) between the ICH and control group. The largest 
PP range in the ICH group was from 80 to 99 mmHg, which 
accounted for 33.3%; PP of the control group was from 40 to 
49 mmHg (30.3%). The PP level in the 40–89-year-old case 
group was higher than that in the 40–89-year-old control 
group. PP increased with age. Our investigation indicates 
that higher PP is correlated with acute ICH and that PP is 
important in predicting the risk of ICH.

Keywords Acute intracerebral hemorrhage · Pulse pressure · 
Mean artery pressure · Blood pressure

Introduction

Intracerebral hemorrhage (ICH) is a disease with high rates 
of incidence, death and mutilation, accounting for 10–15% 
of all cerebrovascular accidents [1]. Hypertension, resulting 
in damage to blood vessel walls [2], is the most common 
cause of primary ICH. It is widely believed that different 
components of BP are important not only for the effect on 
the progress of cerebrovascular diseases, but also for the 
appropriate application of antihypertensive treatment. More 
recently, PP, an indicator of arterial stiffness (pulsatile load), 
has been shown to be useful in predicting cardiovascular dis-
ease (CVD) events in the elderly [3–5]; MAP serves as an 
indicator of peripheral resistance and cardiac output (steady 
flow load) [6]. However, there is still some uncertainty 
regarding the utility of PP for predicting ICH. Therefore, we 
sought to determine whether PP might be helpful for predict-
ing ICH risk in order to provide a reference for further devel-
oping the prevention and treatment of ICH.

Materials and Methods

Case Data

This was a retrospective study of 201 consecutive patients 
with acute ICH who were admitted to the Department of 
Neurology and Neurosurgery of the First Affiliated Hospital 
of Chongqing Medical University from January 2008 to 
August 2009. All of the patients had been diagnosed in the 
clinic, with CT confirmation, within 24 h after onset. Of 
these 201 patients (mean age, 61.6 ± 14.6 years), 135 were 
male and 66 were female. Hemorrhagic stroke patients 
were not included in our study if they had one of the fol-
lowing secondary causes: neoplasm, coagulation disorders, 
trauma and hemorrhagic transformation of an ischemic 
stroke. Another 201 people, 141 males and 60 females 
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(mean age, 57.2 ± 10.7 years), coming to our hospital for 
physical examination in the same period were selected as the 
normal control group. Their neurological examination results 
were normal, and CT examination showed no history of 
cerebrovascular diseases. No history of severe complications 
of the heart, lung, liver and kidney were found in their medi-
cal records. Between the two groups, no statistically signifi-
cant difference was found in age and gender.

Measurement of BP

The first BPs were measured by a trained nurse using a cali-
brated sphygmomanometer immediately after the patients’ 
arrival in the emergency room, under the condition that each 
patient had not taken anti-hypertensive drugs or other treat-
ments. The control group rested peacefully for at least 15 min 
before having BP measured. MAP and PP could be calcu-
lated with the following formulas: MAP (mmHg) = (systolic 
pressure + 2 diastolic pressure)/3; PP (mmHg) = systolic 
pressure-diastolic pressure.

Statistical Analysis

All data were analyzed with SPSS 16.0 software. Univariate 
analysis was performed using the X2 test in nominal and ordi-
nal data and the t test in continuous data; data were expressed 
as mean ± SD. Values of P = 0.05 were considered significant.

Results

General Data

Of 201 cases in the ICH group, 98 patients had hypertension 
(48.8%). In the control group, only 75 had hypertension 
(37.3%).

Comparison of Blood Pressure Parameters 
Between Subjects in the Two Groups

In the ICH group, mean SBP was 168.4 ± 36.7 mmHg, and in 
the control group it was 133.3 ± 19.6 mmHg (t = 49.89, 
p < 0.001). Mean DBP was 98.2 ± 20.8 mmHg in the ICH 
group and 79.6 ± 12.2 mmHg in the control group (t = 32.94, 
p < 0.001). Mean PP was 70.2 ± 25.6 mmHg in the ICH group 
and 54.2 ± 13.6 mmHg in the control group (t = 64.66, 
p < 0.001). Mean MAP was 121.3 ± 24.9 mmHg in the ICH 
group and 97.6.2 ± 13.7 mmHg in the control group (t = 44.87, 
p < 0.001). All parameters of BP had extremely significant 
differences between the ICH group and control group 
(Table 1).

Analysis of PP and MAP in Non-Hypertensive 
Subjects in the Two Groups

The mean MAP and PP of 103 non-hypertensive patients in 
the ICH group were 115.7 ± 22.6 mmHg and 64.9 ± 24.4 
mmHg, respectively, and of 126 non-hypertensive patients in 
the control group were 89.7 ± 7.9 mmHg and 48.6 ± 8.9 
mmHg, respectively. PP and MAP pressures were higher in 
the ICH group than in the control group, with a significant 
difference (t = 68.96, P < 0.001 ).

Distribution Variation of Different PP Levels in 
the Two Groups

Chi-square test demonstrated that there was a statistically 
significant difference in the proportion of PP distributed fre-
quency between the two groups (X2 = 63.28, p < 0.001) 
(Table 2). In the ICH group, PP was mostly distributed 
between 80 and 99 mmHg (33.3%), and for most subjects in 
the control group, PP was from 40 to 49 mmHg (30.3%). The 
analysis suggested that the incidence rate of intracranial 
hemorrhages in the ICH group was higher when the PP was 
above 80 mmHg.

Table 1 Variation of blood pressure parameters in the two groups

Variables (mmHg) ICH group Control group t P

SBP, mean ± SD 168.4 ± 36.7 133.3 ± 19.6 49.89 <0.001

DBP, mean ± SD 98.2 ± 20.8 79.6 ± 12.2 32.94 <0.001

MAP, mean ± SD 121.3 ± 24.9 97.6.2 ± 13.7 44.87 <0.001

PP, mean ± SD 70.2 ± 25.6 54.2 ± 13.6 64.66 <0.001

SBP indicates systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure, PP pulse pressure
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Analysis of the Relationship Between Age 
Distribution and PP

Mean PP was significantly higher in the ICH group than in 
the healthy group in the age range from 40 to 89 years 
(P < 0.001), and our investigation showed an increasing ten-
dency of PP with the development of age in both groups 
(Table 3). This suggested PP was increasing with age.

Discussion

Intracerebral hemorrhage is an important public health prob-
lem with an annual incidence of 10–30/100,000 population 
[7, 8], accounting for 2 million (10–15%) of about 15 million 
strokes worldwide each year [9]. The number of incidences 
of ICH has increased in the past 10 years [10], mostly because 
of the increase in the number of elderly people [7], most of 
whom lack monitoring of blood pressure. Systolic pressure, 
diastolic pressure, mean arterial pressure and pulse pressure 
are common parameters for arterial pressure. The positive 
association between either systolic blood pressure (SBP) or 
diastolic blood pressure (DBP) and the risk of cardiovascular 
disease (CVD) is well established [11]. We have traditionally 
considered DBP the most important component of blood 
pressure and the primary target of antihypertensive therapy. 
However, numerous epidemiological studies found the 

importance of SBP over 30 years ago, and elevated SBP is 
the most common form of hypertension in old people because 
SBP increases progressively with age. Recent research has 
suggested that the predictive value of SBP is superior to that 
of DBP. Therefore, active efforts to reduce SBP are of great 
importance in reducing the mortality rate and decreasing the 
incidence rate of cerebrovascular diseases. Morfis et al. [12] 
investigated the blood pressure of newly hospitalized patients 
with acute stroke and found significantly higher SBP and 
DBP, which were higher than those in the normal control 
group. Our analysis supports this view. As we know, the 
principal components of blood pressure consist of both a 
steady component (MAP) and a pulsatile component (PP). 
MAP is the result of the ventricle injection and peripheral 
vessel resistance, and PP reflects interaction between ventri-
cle injection and the viscoelastic properties of the large arter-
ies (direct) and wave reflection (indirect) [13, 14]. PP has 
been observed to be a significant and independent indicator 
of myocardial infarction, even among normotensive individ-
uals [15], whereas stroke is best predicted by MAP [16]. 
However, there has been increasing evidence that PP is an 
independent risk factor for the occurrence of death from car-
diovascular diseases and cerebrovascular diseases [17, 18]. 
Its predictive value is superior to that of SBP and DBP. Both 
SBP and DBP in young individuals increase proportionally 
as vascular resistance rises; however, SBP rises more than 
DBP after reaching middle age, resulting in elevation of PP 
[8, 19]. DBP rises with increased peripheral arterial resis-
tance and falls with increased central artery stiffness; the 
relative contributions of these two opposing forces determine 
DBP and ultimately PP [17]. An increased stiffness of large 
elastic arteries in middle-aged and elderly subjects is a well-
recognized mechanism of the increase in PP [8, 20]. There is 
abundant evidence that the increase in pulse pressure (PP) 
after the sixth decade of life is a surrogate risk marker for 
central artery stiffness [16]. Similarly, our data show that the 
PPs of patients with ICH are all higher than those of the 
healthy group, whether the patients had hypertension or not.

The pathophysiology and pathogenesis of high blood 
pressure in ICH patients are not absolutely clear, and it is not 
fully understood whether hypertension is caused by ICH or 
vice versa. Most researchers have considered that transient 

Table 2 The proportion of PP frequency distribution in the two  
groups (n/%)

PP (mmHg) ICH group Control group

<39 18/9.0 26/12.9

40 ~ 49 22/10.9 61/30.3

50 ~ 59 40/19.9 58/28.9

60 ~ 69 28/13.9 27/13.4

70 ~ 79 26/13.0 17/8.5

>80 67/33.3 12/6.0

ICH group compared with control group p < 0.001

Table 3 Relationship between age distribution and PP

Age (year) ICH group (n = 201) Control group (n = 201) t p

n PP (mmHg) n PP (mmHg)

<40 12 58.7 ± 25.2 12 46.2 ± 15.2 2.407 0.135

40 ~ 49 32 66.0 ± 28.2 39 45.5 ± 7.5 26.638 <0.001

50 ~ 59 50 65.0 ± 23.0 60 50.1 ± 11.7 13.981 <0.001

60 ~ 69 40 70.9 ± 28.9 57 58.7 ± 14.6 20.726 <0.001

>70 67 77.8 ± 22.7 33 63.8 ± 13.3 9.360 0.003
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post-ICH hypertension is caused by several different factors. 
The fact that the majority of patients with ICH have chronic 
hypertension and elevation at the time of admission is merely 
a reflection of the untreated hypertension [21]. It could also 
be a reaction to compression of the brain stem, also known as 
the Cushing-Kocher response, in order to maintain cerebral 
perfusion [22, 23]. The stress response leading to abnormal 
sympathetic activity, altered parasympathetic activity, raised 
levels of circulating catecholamines [24] and brain natri-
uretic peptide may also contribute to acute hypertension [25]. 
In our research, there was a significant difference of PP in the 
two groups. Moreover, PP increased with the development of 
age both in the ICH group and control group, and PP was 
especially higher in patients aged 40–89 years, which was 
strikingly higher in the ICH group than in the control group. 
All of these above factors indicate that the increase in PP can 
be a stable and reliable evaluation standard.

In summary, the mechanism of hypertension in acute ICH 
and its treatment are highly controversial. Decompression 
should be adopted carefully and adaptively. Our findings 
suggest that high PP is independently associated with an 
increased risk of ICH. PP provides an important predictive 
value for ICH events in normotensive and untreated hyper-
tensive middle-aged and elderly adults. There is a tendency 
for PP to be higher with increasing age. In the future, public 
health recommendations should focus on PP as the prime tar-
get for defining risk and goal therapy in middle-aged and 
elderly individuals.
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Abstract Background: Stroke is frequently followed by 
electrocardiographic changes. Although electrocardiographic 
abnormalities are well known in ischemic stroke and suba-
rachnoid hemorrhage, these changes have only rarely been 
investigated systematically in patients with intracerebral 
hemorrhage. The purpose of this study is to investigate the 
prevalence and characterization of ECG abnormalities in a 
consecutive series of ICH patients who had no history of 
heart disease. Methods: The study was retrospective, and 
304 intracerebral hemorrhage patients who met the study cri-
teria were entered in the study. The ECG changes of the 304 
acute hemorrhagic stroke patients without primary heart dis-
ease were analyzed. The relationship among the electrocar-
diographic abnormalities, the location of hematoma, and the 
clinical outcome were investigated to determine cardiac 
involvement in the cerebral hemorrhage in these patients.

Results: A total of 304 patients were included. Two hun-
dred and four patients (67.1%) had one or more ECG abnor-
malities. These changes included morphological waveform 
changes and arrhythmias, such as QTc prolongation, ST-T 
morphological changes, sinus bradycardia, inverted T wave, 
and conduction block. These ECG changes were not related 
to the level of the cerebral lesion, but were related to its loca-
tion and the outcome.

Conclusions: Electrocardiographic abnormalities fre-
quently occur after intracerebral hemorrhage, and these 
changes were not related to the level of the cerebral lesion, 
but were related to the location of the cerebral lesion and the 
outcome.

Keywords Intracerebral hemorrhage (ICH) · Electrocardio-
graphic (ECG) abnormalities · Cerebrocardiac syndrome 
(CCS)

Introduction

For many years, clinicians have known that ECG abnormali-
ties are seen frequently in patients with ICH [1]. The electro-
cardiographic abnormalities and cardiac dysfunction as a 
result of cerebrovascular diseases are collectively called cere-
bral-cardiac syndrome (CCS) [2]. Since these ECG changes 
are suggestive of myocardial ischemia, they can mislead phy-
sicians in the initial diagnosis of the patient. This misdiagno-
sis may result in adverse consequences, especially in patients 
with hemorrhagic stroke, because of the treatment of myocar-
dial ischemia [3]. The incidence of CCS in China has been 
increasing in recent years, and it may lead to diagnostic and 
therapeutic difficulties for cardiologists and neurologists.

ICH is a serious neurological disorder that is often com-
plicated by the occurrence of electrocardiographic abnor-
malities unexplained by preexisting cardiac conditions [4]. 
For further study of the cardiac dysfunction arising from the 
acute cerebral hemorrhage in these patients, we retrospec-
tively reviewed the medical records of patients diagnosed 
with intracerebral hemorrhage who visited the First Affiliated 
Hospital of Chongqing Medical University from 1 January 
1998 to 31 March 2009. Relevant variable information about 
these populations was analyzed and discussed.

Materials and Methods

Case Selection

The study population consisted of all consecutive patients 
with non-traumatic, intraparenchymal ICH admitted to the 
First Affiliated Hospital of Chongqing Medical University 
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between 1 January 1998 and 31 March 2009. Three hundred 
four patients were entered into the study: 203 male patients, 
accounting for 66.8%, and 101 female patients, accounting 
for 33.2%. The age range was 14 to 108 years, and the aver-
age age was 58.36 ± 16.39 years old.

All patients met the following inclusion criteria:

1.  “Completed” hemorrhagic stroke: in all cases, the diagno-
sis of intracerebral hemorrhage was made by relevant 
findings on cranial computed tomography and magnetic 
resonance imaging.

2.  At least one ECG within 3 days after admission.
3.  No conclusive history of heart disease prior to the initial 

intracerebral hemorrhage, including coronary disease, valve 
sickness, arrhythmia, etc., according to the prevous medical 
history record, and the patient or a family member.

4. Ruling out of the possibility or presence of brain trauma 
and subarachnoid hemorrhage.

Statistical Methods

Adapted SPSS software was used to analyze the data. The 
t-test was applied to compare the mean difference between 
two calculated data points, and a c2 examination was used to 
compare the differences between multiple groups of calcu-
lated data. SARS software was used to make the logistic 
regression analysis in view of the multi-factors. Statistical 
significance was set at p < 0.05.

Results

All 304 patients had ECG recordings available for review. 
Two hundred four patients (67.1%) had one or more ECG 
abnormalities, while normal ECG results were seen in 100 

patients (32.9%). These abnormalities included both mor-
phological waveform changes in the 12-lead ECG and 
arrhythmias, such as QTc prolongation, ST-T morphological 
changes, sinus bradycardia, inverted T wave, conduction 
block, and atrial fibrillation.

A wide variety of morphological waveform changes and 
arrhythmias have been observed following all types of intrac-
erebral hemorrhage. Hematoma location of patients accom-
panied with electrocardiographic abnormalities was distributed 
as follows: basal ganglia 77.3%; thalamus, 19 patients 
(14.84%); lobar, 15 patients (11.72%); pons, 5 patients (3.91%); 
cerebellum, 4 patients (3.13%); other, 7 patients (5.47%). This 
set of data showed that ECG changes correlated with the loca-
tion of ICH. The closer the hematoma location was to the 
center brain, such as the thalamus, basal ganglia, and brain 
stem, the higher the incidence of ECG abnormalities. In con-
trast, the closer the hematoma location was to the edge, such 
as the lobe, the lower the incidence of ECG abnormalities, 
according to the statistical analysis (P = 0.0022, c2 = 14.6194). 
The detailed relationship between ECG abnormalities and 
hematoma location is presented in Table 1.

We divided the patients into the coma group and con-
scious group; the incidences of ECG abnormalities between 
the two groups were compared, but we did not find a statisti-
cally significant difference (p = 0.1948, c2 = 1.6812). The 
details are presented in Table 2.

The possible relationship between ECG and prognosis 
was analyzed as shown in Table 3. ECG abnormalities are 
related to the prognosis of the patients.

Table 1 Electrocardiographic abnormalities and hematoma location

Hematoma location Cases (n) Rate of normal 
ECG (n%)

Rate of abnormal ECG(n%)

A B C D E

Thalamus and basal nucleus 174 27.6 20.1 4.6 12.6 7.5 27.6

Brainstem 22 22.7 40.9 0 4.5 4.5 27.3

Cerebral cortex 90 46.7 20.0 5.6 15.6 2.2 10.0

Cerebellum 18 27.8 16.7 16.7 16.7 11.1 11.1

Total 304 32.9 21.4 5.3 13.2 5.9 21.4

Allorhythmia (A) including sinus bradycardia, sinus tachycardia, atrial premature, ventricular premature beat, ventricular tachycardia, supraven-
tricular tachycardia, junctional rhythm; conduction defects (B) including ST-segment depression or elevation, QTc prolongation and abnormal  
T and U waves; repolarization abnormalities (C) including bundle branch block, I or II atrioventricular block; others (D) including left ventricular 
hypertrophy with strain, ventriculus sinister high tension, hyperpotassemia; combined abnormality (E) means those people with two or more 
abnormalities at the same time

Table 2 Level of consciousness and ECG abnormalities

Level of 
consciousness

Cases (n) Rate of abnormal 
ECG (n%)

Coma 25 80.0

Conscious 279 65.9

Total 304 67.1
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Discussion

The concept that the cerebral vascular system and cardiovas-
cular systems are closely linked was recognized as early as 
1900 by Cushing [1]. To date, the interrelationship between 
cerebrovascular disease and cardiovascular disease has been 
repeatedly emphasized. They have common risk factors, 
such as hypertension, diabetes, hyperlipidemia, and cigarette 
smoking, and frequently coexist [2]. Decompensation in one 
system may adversely affect the other, whether or not the 
patient has recognized disease of both systems. Cardiac dis-
ease may cause acute cerebral manifestations. On the other 
hand, it is well known that patients with acute cerebrovascu-
lar accidents have a high incidence of electrocardiographic 
changes and of arrhythmias [3, 4]. Through the neurotrans-
mitters released by the sympathetic nerve and parasympa-
thetic nerve, the cardiac function can be regulated by the 
cerebrum [2, 15]. Therefore, cerebral vascular accidents can 
cause previously normal functions of the heart to enter a 
series of physiological pathological changes.

A total of 304 ICH patients who had no history of heart 
disease were analyzed. Two hundred four patients had one or 
more ECG abnormalities. However, we found that there was 
no direct relationship between ECG abnormalities and entry 
consciousness, indicating entry ECG abnormalities may not 
correlate with the intensity of initial brain injury. This result 
conflicts with He [2], who suggested that there is a relation-
ship between ECG changes and the lesion intensity of the 
brain. In addition, the relationship between the hemorrhage 
location and the incidence of the ECG abnormality in our study 
is in agreement with the results of published papers [5–7]. 
The pathogenesis behind this relation is unclear. It was pre-
sumed that the deep brain lesion location may influence the 
autonomic nervous system located in the bottom of the thala-
mus, inducing the dysfunction of the cardiovascular autonomic 
system [8]. Besides the effects of catecholamine, the effect of 
NPY in the progress of CCS is an alternative explanation. The 
action of NPY in the cardiovascular system has been estab-
lished [9]. NPY levels were increased in CCS patients [3].

There are several studies using hemorrhagic and ischemic 
CCS models [10–13]. Xu et al. [10] found that there was a 
different level of necrosis of the cardiac muscle cell according 
to the timing of bleeding in a hemorrhagic CCS model. The 
characteristic pattern of myocardial lesions suggested that the 
damaging catecholamines are released from intramyocardial 

nerve endings rather than from the general circulation [4]. 
Elrifai et al. [11] found that the bleeding lesion increased 
intracranial pressure and enhanced catecholamine release, 
inducing the injuries in cardiac muscle in dogs. Xu et al. [14] 
found that once the cerebral hemorrhage has occurred, NPY 
levels in the brain stem of rats increased, so NPY may interact 
with catecholamine, acetylcholine, histamine, glucocorti-
coids, and vasopressin to regulate the cardiovascular system 
by affecting sympathetic and parasympathetic systems.

Of the 304 patients, the fatality rate of the normal ECG 
group was 7.5%, and of the abnormal ECG group 20.7%. 
This marked difference in mortality suggests that neurolo-
gists need to keep in mind the potential cardiac dysfunction 
of ICH patients, especially in unconscious patients or in 
patients with aphasia in whom the cardiovascular signs may 
be masked, and that the diagnosis of CCS depends almost 
entirely on ECG recordings.
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Abstract Objective: This study intends to investigate whether 
the entry electrocardiographic (ECG) abnormalities of patients 
with acute subarachnoid hemorrhage (SAH) are related to the 
prognosis. Methods: From 1998 to the present, 106 SAH 
patients who had no history of heart disease and were diag-
nosed with head CT were recruited. Results: Abnormal ECG 
changes of acute subarachnoid hemorrhage patients were 
observed, with a total incidence rate of 63.2% (67/106). The 
incidence rate of allorhythmia was 22.6% (24/106), the repo-
larization abnormality was 14.2% (15/106), the conduction 
abnormality was 1.9% (2/106), and the combined abnormal-
ity was 21.7% (23/106). However, dividing the patients into 
two groups according to their entry consciousness state, no 
difference was observed between coma and alert groups 
(P = 1.0000). In addition, the ECG changes had no rela-
tionship with the lesion degree and the outcome prognosis 
according to logistic regression analysis (P = 0.0844). 
Conclusions: In 106 SAH patients, we could not identify any 
relationship between the ECG and lesion degree and out-
come prognosis.

Keywords Cerebrocardiac syndrome (CCS) · Electrocardio-
graphic (ECG) · Subarachnoid hemorrhage (SAH)

Introduction

Since Levin’s first report regarding ECG change in acute 
subarachnoid hemorrhagic patients, more reports have 
appeared in the literature. This syndrome was named cere-
brocardiac syndrome (CCS) [1]. Several reports indicated 
that there are relationships between CCS and the outcome 

prognosis, but others failed to establish this relationship [1]. 
We made a retrospective analysis of 106 SAH patients 
from our hospital from 1998 to 2009 to examine a possible 
link between the ECG and prognosis; we excluded pati-
ents with traumatic SAH and those with combined heart 
disease.

Materials and Methods

A total of 106 subjects with acute SAH were prospectively 
evaluated. There were 53 men and 53 women, with an age 
range of 21 to 80, the average being 54.87 ± 14.99.

All the subjects were selected according to these stan-
dardizations:

1.  Diagnosed with a head CT.
2.  Had the ECG within 2 days of admission to the hospital.
3.  According to the medical history, no definite heart disease 

before admission to the hospital, excluding coronary artery 
disease, valvular heart disease, and arrhythmia.

4.  Excluded traumatic SAH.

We divided the subjects into two groups according to whether 
or not CCS was present: the negative group (group I), with 
39 subjects (36.8%) – 15 men and 24 women, average 
age 54.15 ± 14.52; positive group (group II), with a total of 
67 subjects (63.2%) – 38 men and 29 women, average age 
55.28 ± 12.11. There was no difference in the number of 
patients and the gender of patients between these two groups 
(t = –0.43, P = 0.6680).

Hypertension history: There were 13 subjects in group I 
and 21 in group II, and there was no patent difference between 
the two groups (c2 = 0.0448, P = 0.8324).

Statistical Analysis

Statistical analysis was carried out with SAS software, using 
a t-test between two group measurement data and c2 test for 
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numeration data. Logistic analysis was aimed at the factors 
affecting the prognosis, with significance at P < 0.05.

Results

ECG changes are shown in Table 1. Using the consciousness 
of the subjects upon admission to the hospital, we divided 
patients into the coma group and alertness group. Comparing 
the incidence of ECG abnormality between the two groups, 
we found no statistical difference (c2 = 0.0000, P = 1.0000). 
Therefore, we could not identify any relationship between 
ECG abnormality and the severity of the SAH. See Table 2.

ECG and prognosis: In group I, 38 subjects fully recov-
ered from SAH, and there was 1 death. In group II, there 
were 58 recoveries and 9 deaths. The prognosis of the two 
groups showed no significant difference (c2 = 2.2549, 
P = 0.1332), as shown in Table 3.

Discussion

There are many causes of SAH, such as cerebral aneurysm, 
cerebral arteriovenous malformations (AVM), hypertension, 
cerebral arteriosclerosis, and moyamoya disease. Though 
we had discharged the subjects with basic cardiac disease 
before admission to the hospital, most of the senile patients 
may have had risks such as hypertension, diabetes mellitus, 
hyperlipidemia, hyperviscosamia, smoking, and chronic 
alcoholic intoxication. During bleeding effluence, cerebral 
edema, electrolyte disturbances, and acid-base imbalance 
aggravate the anoxia of the cardiac and cerebral vascular 
system, thus strengthening the stress reaction and evoking 
cardiac disease [1].

Hematoceles in the skull base directly activate the 
autonomic nerves, inducing the gangliated nerve to stress 
and hyperadrenocorticism. Catecholamine increases in blood 
upon SAH, and coronarospasm can eventually lead to myo-
cardial ischemia [2]. Pathology research confirms that the 
abnormality of the ECG is very closely related to the hypo-
thalamus lesion [3]. During SAH, the hypothalamus and 
cerebral secondary edema, nucleus denaturation, infundibu-
lum, and mamillary body are covered by blood, inducing 
third ventricle extension, mamillary body displacement 
downward, bleeding, and infarction around the vessel. These 
may cause the intracranial pressure to rise, brain tissue isch-
emia and anoxia, autonomic nerve center dysfunction, gan-
gliated nerve and parasympathetic nerve loss of equilibrium, 
affecting the conducting system of the heart, and repolariza-
tion of the cardiac muscle. Elrifai [4] did experiments in dogs 
and found that the bleeding lesion made the intracranial pres-
sure increase and activated the center of autonomic nerve 
accommodation to deliver catecholamine, inducing injuries 
and increasing the oxygen consumption of the cardiac mus-
cle, increasing the burden of the heart and lungs. There are 
reports showing that the neurogenic ECG alteration may be 
caused by catecholamine, which is released by the nerve 
ending to the cardiac muscle, since there is no increase of 
catecholamine in blood [5].

In this study, the incidence of CCS in these 106 subjects 
was 63.2%. The potential relationship between CCS and 
consciousness has not been established. In addition, no direct 
correlation exists between the ECG with the incidence of 
CCS or prognosis. Catanzaro [6] found that there was a dif-
ferent electrocardiographic T-wave change between heart 
disease patients and SAH patients with CCS. Some of the 
SAH patients may have CCS, but the alteration of ECG 
has no effect on the prognosis of the patients, with allorhyth-
mia having the most effect, so we can consider the ECG 

Table 1 Classification of ECG

ECG Number %

Allorhythmia 24 22.6

Repolarization 
abnormality

15 14.2

Conduction 
abnormality

2 1.9

Combined 
abnormality

23 21.7

Others 3 2.8

Normal ECG 39 36.8

Allorhythmia includes sinus bradycardia, sinus tachycardia, atrial pre-
mature, ventricular premature beat, ventricular tachycardia, supraven-
tricular tachycardia, junctional rhythm; repolarization abnormality 
includes bundle branch block, atrioventricular block I or II; conduction 
abnormality includes ST-T alteration, QTc prolongation, and constitu-
tional T wave change; others include left ventricular hypertrophy with 
strain, ventriculus sinister high tension, hyperpotassemia; combined 
abnormality means those people with two or more abnormalities at the 
same time

Table 2 ECG and consciousness

Consciousness Cases (n) Abnormal ECG 
rate (%)

Coma group 8 62.5

Alertness group 98 63.3

All 106 63.2
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alteration of most parts to be convertible. Nonetheless, the 
clinician must consider the alteration of heart function of 
SAH patients in the routine examination. There are different 
degrees of consciousness and aphasia in these patients, and 
the signs of cardiovascular problems may be masked; there-
fore, the diagnosis of CCS depends on the ECG.
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Table 3 Logistic analysis of the SAH patients’ prognosis

Factor b SE Wald c2 P OR OR (95% CI)

Intercept –6.0907 2.6176 5.4143 0.0200

Age 0.0206 0.0361 0.3256 0.5682 1.021 0.951–1.096

Gender 0.7257 0.8179 0.7873 0.3749 2.066 0.416–10.265

BP –0.0725 0.8874 0.0067 0.9348 0.930 0.163–5.295

Consciousness 3.2677 1.0077 10.5149 0.0012 26.250 3.642–189.188

ECG 2.2252 1.2894 2.9781 0.0844 9.255 0.739–115.861
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Abstract We retrospectively analyzed the clinical manifes-
tations, imaging results, and surgical treatment conditions of 
72 patients who were diagnosed with hemorrhagic pituitary 
adenoma between January 2006 and May 2009 at our 
Department of Neurosurgery. We reached the conclusion that 
the CT-positive rate was 55.17% and the MRI-positive rate 
was 94.44%. Sixty-six patients underwent transsphenoidal 
operations; 6 patients, transfrontal operations; 52, total resec-
tions; 10, subtotal resections; and 10, partial resections. All 
procedures alleviated patients’ headaches and stopped vom-
iting; patients with impaired consciousness gradually became 
clear-headed after the operations; patients whose preopera-
tive eyesight had been impaired improved to different 
degrees, and ophthalmoplegia improved. Fifty-six patients 
were followed, 14 were cured, 32 had alleviated symptoms 
but 4 did not, and 6 relapsed. Our finding suggests that MRI 
scanning is superior to CT scanning in the diagnosis of hem-
orrhagic pituitary adenomas. Surgical decompression should 
be performed as soon as possible, and transsphenoidal micro-
surgery is the optimal treatment.

Keywords Pituitary adenoma · Hemorrhage · Pituitary apo-
plexy · Transsphenoidal microsurgery

Introduction

Pituitary adenoma is a common intracranial tumor, and the 
disease conditions develop slowly. However, the diseases of 
hemorrhagic pituitary adenomas start quickly, can cause 
severe visual impairment and consciousness disturbance, 
can lead to disability, and can even threaten the patients’ 

lives. Of 400 patients who were diagnosed with pituitary 
adenoma between January 2006 and May 2009 at our depart-
ment, 72 consecutive patients were diagnosed with hemor-
rhagic pituitary adenomas. This paper analyzes the 72 patients 
retrospectively, and the literature is reviewed for discussion.

Materials and Methods

General Information

The patients comprised 42 males and 30 female, with a 
male:female ratio of 1.4:1. The age range was 18–69 years, 
with an average age of 43.5 years. Sixteen patients (22.22%) 
had prolactin adenomas (PRL adenoma), 6 (8.33%) had 
adrenocorticotropic hormone adenomas (ACTH adenoma), 
4 (5.56%) had growth hormone adenomas (GH adenoma), 
4 (5.56%) had mixed-secreting adenomas, and 42 (58.33%) 
had non-secreting adenomas (Table 1). Non-secreting ade-
nomas accounted for 58.33%, while non-secreting pituitary 
adenomas in non-pituitary adenoma apoplexy in the same 
period accounted for 14.28%; both had a statistically signifi-
cant difference (P < 0.05, X2 test). Fifty patients had invasive 
pituitary adenomas, and 22 had non-invasive pituitary ade-
nomas. The tumor diameter of 64 patients was larger than 1 cm. 
Four patients with PRL adenomas had a history of taking 
bromocriptine; 2 with recurrent adenomas had histories of 
surgery and radiation therapy; 3 had a history of hyperten-
sion; 1 had accepted a CRH test; 1 had a history of liver cir-
rhosis; the others had unclear predisposing factors.

Clinical Manifestations

In addition to the original clinical symptoms of pituitary 
adenoma, 58 patients had symptoms of hemorrhagic pitu-
itary adenomas, which were mainly manifested as sudden 
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headache (54 patients, 75%), vomiting (48 patients, 66.67%), 
sudden deterioration in visual acuity (44 patients, 61.11%), 
ophthalmoplegia (38 patients, 52.78%), and consciousness dis-
turbance (16 patients, 22.22%) (Table 1). Another 14 patients 
did not have sudden deterioration of disease conditions, and 
only pituitary adenoma hemorrhage was discovered by CT 
imaging, MRI examination, or in operations. Of 72 patients, 
4 had outbreaks of pituitary adenoma apoplexy (type I), 24 
had acute pituitary adenoma apoplexy (type II), 30 had sub-
acute pituitary adenoma apoplexy (type III), and 14 had 
chronic pituitary adenoma apoplexy (type IV).

Imaging Examination

All 72 patients agreed to undergo MRI examinations, of 
whom 58 also agreed to CT examination at the same time. 
Tumor hemorrhage or infarction in saddle areas was discov-
ered in 68 patients by MRI examination (Fig. 1), and high 
density blood clots in the saddle areas were discovered in  
32 patients by CT examination.

Treatment

Seventy-two patients with hemorrhagic pituitary adenomas 
underwent surgical treatment, except for six who underwent 
transfrontal resection because of giant tumors or problematic 
sphenoid sinus. The other 66 patients underwent transsphe-
noidal microsurgery for cutting the tumors. Operation time 
after admission was 24 h for 18 patients (25%), 1–3 days for 
44 patients (61.11%), and in 4–7 days for 10 patients 
(13.89%) (Table 1).

Postoperative Follow-up Visit

Fifty-six patients had been followed up. Follow-up time was 
3 months to 6 years, with an average of 2.8 years. Efficacy 
evaluation criteria were as follows: cure: no abnormalities 
were seen on MRI review and/or no internal secretion symp-
toms and signs were found, and biochemical detection 
indexes were normal; alleviation: no abnormalities were seen 
on MRI review, endocrine hyperactivity performance was 

Table 1 Clinical features of 72 patients

Clinical features Cases (%) Clinical features Cases (%)

Pathological type Clinical manifestation

Prolactin adenoma 16 (22.22) Headache 54 (75.00)

Adrenocorticotropic hormone adenomas 6 (8.33) Vomiting 48 (66.67)

Growth hormone adenoma 4 (5.56) Visual deterioration 44 (61.11)

Mixed-secreting adenoma 4 (5.56) Ophthalmoplegia 38 (52.78)

Non-secreting adenoma 42 (58.33) Consciousness disturbance 16 (22.22)

Operation time after admission

<24 h 18 (25.00)

1–3 days 44 (61.11)

4–7 days 10 (13.89)

Fig. 1 MRI scan: sagittal zones are flat and show hemorrhage with high 
signals within the pituitary adenoma
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partially alleviated or biochemical detection indexes were 
not completely normal; no alleviation: no abnormalities were 
seen on MRI review, and visual damages and endocrine func-
tion abnormalities were not improved; however, there were 
no signs of clinical relapse; recurrence: MRI examination 
confirmed that tumors had recurred or that endocrine disor-
ders had recurred after having once been normal.

Result

Surgical Results

Fifty-two patients underwent surgical removal of the whole 
tumor (Fig. 2), 10 had subtotal resection, and 10 underwent 
partial removal of the tumor. Headaches were alleviated by 
the operation, vomiting was stopped, patients with impaired 
consciousness gradually became clear-headed, patients whose 
preoperative eyesight had been impaired improved to dif-
ferent degrees, and patients with ophthalmoplegia before 
admission improved. Thirty-two patients had concurrent 
postoperative diabetes insipidus after operations. The symp-
toms of one patient disappeared after 36 months by taking 

Minirin, and the symptoms of another 31 patients disappeared 
automatically within 2 weeks after the operations or after 
treatment. Four patients had cerebrospinal fluid rhinorrhea. 
This condition resolved on its own in two patients and in two 
others was cured by nasal endoscopic operations to promote 
healing. There were no operative deaths.

Prognosis

In the follow-up of 56 patients, 14 were cured (the cure rate 
was 25%), 32 had symptom alleviation (the alleviation rate was 
44.44%), 4 had no alleviation (the no alleviation rate was 
5.56%), and 6 had recurrences (8.33%) (Table 2). Two 
patients s with recurrence underwent transfrontal tumor 
resection again, two had r-knife treatment, and two refused 
further treatment. Thirty-eight of 56 patients had visual 
impairment before surgery: 10 of 76 eyes were fully blind 
before surgery, 4 eyes returned to eye front finger counting, 
another 6 eyes did not show improvement, and the visual 
ability of another 66 eyes was improved or returned to nor-
mal levels. Thirty patients needed to use prednisone for 
replacement therapy after surgery.

Discussion

Pituitary adenoma apoplexy is a group of syndromes caused 
by the infarction or bleeding of a pituitary adenoma and 
mainly manifests as a series of clinical symptoms [1], such 
as unexpected headache, vomiting, acute visual impairment, 
cranial nerve palsy, hypothalamic dysfunction, and even 
coma and the like. Although simple infarction can cause 
pituitary adenoma apoplexy, pituitary adenoma apoplexy 
caused by bleeding is the most common clinically. Some 
studies report that the possibility of pituitary tumor bleeding 
is about 5.4 times more than in other intracranial tumors [2]. 
Therefore, this chapter discusses the clinical features and 
the methods of diagnosis and treatment of 72 patients with 
hemorrhagic pituitary adenomas that were found during 
operations.

Fig. 2 MRI scans: sagittal zone is flat and shows that pituitary adenoma 
was totally removed in the second year after operation

Table 2 Prognosis conditions of 56 follow-up patients

Prognosis Cases (%)

Healing 14 (25.00)

Alleviation 32 (44.44)

Non-alleviation 4 (5.56)

Recurrence 6 (8.33)



364 G. Huo et al.

Pathogenesis and Predisposing Factors 

At present, the reasons for hemorrhage are unknown. Some 
scholars believe that it is related to the pituitary-specific 
blood supply. Increased tumor size compresses the vessels 
that supply blood, thereby causing ischemia and necrosis of 
the tumor and anterior pituitary [3]. The hemorrhagic pitu-
itary adenomas in this group were mainly observed in large 
adenomas and were also observed in invasive pituitary ade-
nomas simultaneously. There is support for this view. 
Whether the diseases are caused by tumor cells involving 
vessels needs to be clarified by pathological evidence. The 
majority of cases of pituitary adenoma apoplexy do not have 
known causes; known predisposing factors only account for 
25–30% of the patients. The main factors associated with the 
condition reported in the literature are the following: abnor-
mal blood coagulation status caused by anticoagulant ther-
apy or blood system diseases; low blood pressure and 
hypertension of any cause; radiation exposure; the use of 
dopamine receptor excitants such as bromocriptine or caber-
goline, etc.; and other predisposing factors such as pituitary 
function tests, heart surgery, closed craniocerebral injury, or 
inflammation and other factors that also may cause pituitary 
adenoma apoplexy [4]. A hypercoagulable state is a factor 
inducing ischemic apoplexy. In the group, 11 patients had 
predisposing factors: 6 took bromocriptine and underwent 
radiotherapy, 3 had a history of hypertension, 1 had under-
gone a CRH test, and 1 had a history of liver cirrhosis. The 
other predisposing factors were unclear.

Clinical Features

Pituitary adenoma apoplexy is mainly observed in middle-
aged men, and the tumors are mainly non-secreting adenomas 
and invasive pituitary adenomas. Studies show that more than 
70% of patients with pituitary apoplexy have non-functional 
pituitary adenomas [5]. The patients in this group lack typical 
clinical manifestations in the early stage, and symptoms can-
not be observed until the tumors grow to be large enough and 
cause hypopituitarism. Patients always have pituitary ade-
noma apoplexy as the first clinical manifestation. In this group, 
64 patients had large adenomas, accounting for 88.89%, and 
42 had non-secreting adenomas, accounting for 58.33%. Not 
all pituitary adenoma bleedings have clinical symptoms. This 
only occurs when a certain amount of blood has collected and 
compresses the surrounding structures or when bleeding 
enters the subarachnoid space to generate meningeal irritation 
symptoms and the symptoms of pituitary adenoma hemor-
rhage are generated. Common symptoms include: headache, 
vomiting, visual deterioration and visual field loss, ophthal-
moplegia, and consciousness disturbance [6].

Typical manifestations are unexpected pains in the fore-
head, eye socket, and suboccipital areas. This can be accom-
panied by nausea and vomiting simultaneously, and headache 
is the most common clinical symptom. After pituitary apo-
plexy, the increased intrasellar pressure leads to compression of 
the cavernous sinus on both sides and leads to symptoms caused 
by the compression of cranial nerves (III, IV, V, and VI). 
Approximately 70% of patients have diplopia and other cra-
nial nerve palsy symptoms in the clinic. Approximately 75% 
of patients have visual deterioration, blindness, and visual 
field loss. In patients with cranial nerve palsy, about 50% 
have oculomotor nerve palsy [7]. In this group, 54 patients 
(75%) had sudden headaches, 48 (66.67%) had vomiting, 44 
(61.11%) had sudden visual deterioration, 38 cases (52.78%) 
had ophthalmoplegia, and 16 cases (22.22%) had conscious-
ness disturbance (Table 1). This is basically consistent with 
the results reported in the literature. Relatively rare clinical 
symptoms comprise hemiplegia and anepia, mainly caused 
by necrotic tissue or bleeding into the cerebrospinal fluid, 
promoting intracranial arterial spasm, secondary ischemia 
[8], and Horner’s syndrome [3] because of sympathetic nerve 
fiber damage.

Diagnosis

Early diagnosis, timely hormone therapy, and surgical decom-
pression have great significance for improving prognosis. 
Patients with typical hemorrhagic symptoms of pituitary ade-
noma can be diagnosed easily. If patients are not aware of 
pituitary adenomas with the outbreak of diseases, the patients 
can be easily misdiagnosed, and the diseases should be strictly 
distinguished from aneurysmal subarachnoid hemorrhage, 
cavernous sinus thrombosis, Sheehan syndrome, and Rathke 
cyst hemorrhage [9]. Laboratory examinations should include 
electrolyte, glucose, and pituitary hormone measurements. 
CT examination is of certain help for confirming the diagnosis. 
CT scanning can show high-density or mixed-density lesions 
in saddle areas with unobvious enhancement. The density can 
be reduced after a few days, and the periphery is intensified 
after enhancement. However, about half of the patients have 
positive findings. MRI examination in the saddle areas is the 
best auxiliary examination method at present and can be used 
to detect bleeding that cannot be observed by CT. The posi-
tive rate is more than 90%. Hemorrhage or necrosis in 
tumors, the growth direction of tumors, and the relation 
between the tumors and surrounding structures can be clearly 
displayed [2].

In the study group, 72 patients underwent MRI examina-
tion, wherein tumor hemorrhage or infarction was discov-
ered in saddle zones of 68 patients, and the positive rate was 
94.44%. Conventional MRI cannot identify necrotic pituitary 



Diagnosis and Treatment of Hemorrhagic Pituitary Adenomas 365

large adenomas and craniopharyngioma (since they have 
peripheral enhancement). The adoption of restricted water 
diffusion-weighted MRI is conducive to achieving an early 
diagnosis of pituitary apoplexy. For patients with bleeding in 
saddle regions suspected to be caused by an aneurysm, cere-
bral angiography should be carried out for clarification. 
Cerebrospinal fluid examination has little significance for 
establishing the diagnosis. Analysis results of cerebrospinal 
fluid are often normal, unless the necrotic materials or bleed-
ing have reached the subarachnoid space.

Treatment

Once the diagnosis is made, hormone replacement therapy 
should be given at once. The necessity to relieve compres-
sion of the hypothalamus and visual pathway in time through 
surgical decompression, thereby saving eyesight and life, is 
indisputable for type I and II patients with rapid onset and 
rapid disease progression. Although some authors adopt con-
servative treatment for type III and IV patients with slow dis-
ease progression and relatively stable disease conditions, 
also with good efficacy, the recovery of the optic nerve and 
the dominant eye muscle’s cranial nerve function is worse 
compared with surgical decompression patients. The occur-
rence rate of hypopituitarism is higher, not to mention tumor 
tissues can be cut simultaneously. According to the improved 
vision of patients, we conclude that the operation effect 
within a week is better than the effect after a week, so patients 
should accept surgical decompression as soon as possible 
[10]. We agree with this view. A majority of patients in the 
group agreed to operations within 3 days after admission to 
the hospital. Patients with the sudden visual loss and con-
sciousness disturbance should accept emergency operations. 
The transsphenoidal microsurgical operation approach is the 
best. The texture is thin and soft after tumor hemorrhage and 
necrosis, and can be scratched and absorbed easily in opera-
tions. Simultaneously, the influence on the optic nerve and 
optic chiasm blood supply due to transfrontal approach tumor 
cutting is also avoided, which is conducive to visual recovery 
after operations. Only when the tumors are huge and growth 
to the area is beyond the saddle area, or there is bad sphenoi-
dal sinus gasification, should transfrontal or under wing point 

tumor resection be used. Patients with tumor hemorrhage 
cystic changes can easily develop cerebrospinal fluid rhinor-
rhea after transsphenoidal operation, as occurred in four 
patients in the study group. Muscles should be filled in the 
saddle zones for patients with cerebrospinal fluid leakage 
during operations. The bottom of the saddles should be 
repaired using artificial meninges, and postoperative cere-
brospinal fluid rhinorrhea can be reduced. The incidence rate 
of hypopituitarism for pituitary adenoma apoplexy after 
operations is high. Endocrinological examinations should be 
carried out after operations, and the patients should be fol-
lowed up. Long-term steroid hormone and hormone replace-
ment therapy is necessary [3].
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Abstract Objective: This study investigated the lipid metab-
olism and glycometabolism of patients with acute cerebral 
hemorrhage from 2006–2008 in order to find a possible asso-
ciation among lipid metabolism, glycometabolism and dif-
ferent age groups of adults in the Chinese Chongqing 
population. Methods: Data on levels of total cholesterol (TC), 
triglyceride (TG), high density lipoprotein (HDL-C), low 
density lipoprotein (LDL-C) and fasting serum glucose 
(GLU) were obtained from records of patients (548) from the 
Department of Neurology of the First Affiliated Hospital of 
Chongqing Medical University. Participants ranging in age 
from 21–94 years were divided into three groups; the first 
group was the young group in which all participants were 
21–44 years old; the second group was the middle-age group 
in which all participants were 45–59 years old, and the last 
group was the elderly group in which all participants were 
60–94 years old. Results: Levels of TC, TG, HDL-C, LDL-C 
and GLU were not significantly different among the three 
groups (P > 0.05). Proportions of hypercholesterolemia high 
LDL-C, low HDL-C, impaired fasting glucose and diabetes 
mellitus were not different among the three groups (P > 0.05). 

Only the proportion of hypertriglyceridemia patients was 
significantly different. The risk of being diagnosed with 
hypertriglyceridemia in the middle-age group was increased 
2.371 times (95% CI: 1.542–3.645) and in the young group 
increased 2.281 times (95% CI: 1.211 –4.296). Conclusion: 
Age and hypertriglyceridemia are risk factors associated 
with an increased incidence rate of acute cerebral hemor-
rhage in the Chongqing population in China.

Keywords Cerebral hemorrhage · Lipid Metabolism · 
Glycometabolism

Introduction

In the United States, stroke is the third most common cause 
of death. Stroke also causes substantial health-care expendi-
tures [1]. In 2005, stroke resulted in an estimated 5.7 million 
deaths, and 87% of these deaths were in low-income and 
middle-income countries. Without intervention, the number 
of global stroke deaths is projected to rise to 6.5 million in 
2015 and to 7.8 million in 2030, and the majority of these 
deaths will be in low-income and middle-income countries, 
especially in China [2].

The best way to prevent a first-time stroke is to identify 
at-risk patients and control as many risk factors as possible. 
Some risk factors, such as smoking, can be eliminated; oth-
ers, such as hypertension and carotid artery stenosis, can be 
controlled or treated to reduce the risk of stroke [3]. Therefore, 
in this study, in order to study lipid metabolism and glyco-
metabolism of acute cerebral hemorrhage and do our best to 
prevent stroke, we analyzed a possible association among 
lipid metabolism, glycometabolism and different age groups 
of adults with acute cerebral hemorrhage in the Chinese 
Chongqing population.

X. Wang and Y. Wang (*) 
The Medical Examination Center, The First Affiliated  
Hospital of Chongqing Medical University, Chongqing, China 
e-mail: wyh0231029@yahoo.com.cn

Y. Kong 
Department of Neurology, The First Affiliated Hospital of Chongqing 
Medical University, Chongqing, China

H. Chen 
Clinical Laboratories, The First Affiliated Hospital of Chongqing 
Medical University, Chongqing, China

J.H. Zhang 
Department of Neurosurgery, Loma Linda University,  
School of Medicine, Loma Linda, CA, USA

Characteristics of Acute Cerebral Hemorrhage with Regard to Lipid 
Metabolism and Glycometabolism Among Different Age Groups

Xiaolin Wang, Yuhan Kong, Hui Chen, John H. Zhang, and Yonghong Wang 



368 X. Wang et al.

Data and Methods

Data Source

The data were obtained from records of patients who suf-
fered from cerebral hemorrhage within 24 h (acute cerebral 
hemorrhage) in the Department of Neurology of the First 
Affiliated Hospital of Chongqing Medical University. The 
variables of participants selected for this study included age, 
gender, levels of total cholesterol (TC), triglycerides (TG), 
high density lipoprotein (HDL-C), low density lipoprotein 
(LDL-C) and fasting serum glucose (GLU).

All participants were Chongqing Chinese residents (n = 548). 
The age of participants ranged between 21–94 years. The 
participants were divided into three groups by age: (1) the 
young-age group in which all participants were 21–44 years 
old; (2) the middle-age group in which all participants were 
45–59 years old; (3) the elderly group in which all partici-
pants were 60–94 years old.

Measurements of Lipids and Serum Glucose

Blood samples were obtained from the antecubital vein in all 
participants after an overnight fasting period. The blood was 
transferred into glass tubes and allowed to clot at room tempera-
ture. Immediately following clotting, serum was separated by 
centrifugation for 15 min at 3,000 rpm. The levels of TC, TG, 
HDL-C and LDL-C in the different samples were determined 
enzymatically using commercially available kits. All determina-
tions were performed with an auto analyzer in our Clinical 
Science Experiment Center of the First Affiliated Hospital of 
Chongqing Medical University. The clinical laboratory (no. 
ML000036) passed the accreditation criteria for the quality and 
competence of medical laboratories (ISO15189, no. ML00036).

Diagnostic Criteria

The normal values of serum TC, TG, HDL-C and LDL-C in our 
Clinical Science Experiment Center were 3.10–5.72, 0.56–1.70, 
0.91–1.81 and 1.70–3.61 mmol/L, respectively. Individuals 
with TC >5.72 mmol/L and/or TG >1.70 mmol/L were defined 
as hyperlipidemic patients [4]. Individuals with GLU >7.0 mmol/L 
were defined as hyperglycemic patients [5].

Statistical Analysis

The analysis of variance was used to determine the differ-
ence in TC, TG, HDL-C, LDL-C and GLU values among the 

different groups. The prevalence of TC, TG, HDL-C, LDL-C 
and GLU in the three groups was calculated. The chi-square 
test method was used to calculate differences in TC, TG, 
HDL-C, LDL-C and GLU prevalence among the three 
groups. A logistic model was developed to determine the 
odds ratio of the impact of age on adult hyperlipidemia and 
hyperglycemia. The SAS 9.1 statistical program was used to 
analyze the data.

Results

Population Characteristics

For the whole group of 548 participants with acute cerebral 
hemorrhage for whom we had complete data for all compo-
nents of TC, TG, HDL-C, LDL-C and GLU, 356 participants 
(65%) were men and 162 (35%) were women. A total of 57 
participants (10.40%) were in the young-age group, 182 par-
ticipants (33.21%) were in the middle-age group, and 309 
participants (56.39%) were in the elderly group. The com-
parison of sex distribution among the three groups showed no 
significant difference (P > 0.05), as shown in Table 1. The 
characteristics of age in each group are shown in Fig. 1. We 
analyzed the four lipid metabolism indexes and fasting glu-
cose levels. The proportion of high TG (36.88%), high TC 
(23.49%), low HDL-C (10.58%) and hyperglycemia (31.02%) 
were higher. But high LDL-C (14.96%) was lower as com-
pared to the rate of high TG (26.3%), high TC (20.0%), high 
LDL-C (16.5%), low HDL-C (4.0%) and DM (2.7%) [20], 
respectively, in China, which is evident in the literature [4].

Acute Cerebral Hemorrhage Led to a High 
Proportion of High TG in the Young-Age Group

In Table 2 below, the various components included in this 
study are shown in the three groups. Participants exposed to 
acute cerebral hemorrhage in the young-age group had a high 
proportion of high TG (TG > 1.70 mmol/L) and had an OR of 

Table 1 Gender distribution among the three groups

Group Male  
n (%)

Female  
n (%)

Total  
n (%)

Young-age group 38 (66.67) 19 (33.33) 57 (10.40)

Middle-age group 114 (62.64) 68 (37.36) 182 (33.21)

Elderly group 204 (66.02) 105 (33.98) 309 (56.39)

c2 0.6567

F 0.7201
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2.28 (1.21, 4.30) as compared to those in the elderly group. 
The levels of TC, TG, LDL-C, HDL-C and GLU and the pro-
portion of high TC, high LDL-C, low HDL-C and hypergly-
cemia were not significantly higher in the young-age group as 
compared to the elderly group, as shown in Table 2.

Acute Cerebral Hemorrhage Led to a High 
Proportion of High TG in Middle-Age Group

In the middle-age group, there was a trend towards signifi-
cantly higher levels of TG, and the proportion of high TG 

(TG > 1.70 mmol/L) was more than in those who were in the 
elderly group. Participants who were affected by acute cere-
bral hemorrhage in the elderly age period had an OR of 2.37 
(1.54, 3.65, vs. elderly group) for high TG and had an OR of 
1.58 (1.06, 2.34, vs. elderly group). However, compared to 
the elderly group no trends towards significantly different 
levels of LDL-C, HDL-C, GLU and the proportion of high 
LDL-C, low HDL-C and hyperglycemia in the middle-age 
group were noted.

Discussion

Recurrent stroke is common, but whether young or mid-
dle-age patients have a discrepancy of serum lipid and glu-
cose compared to old-age patients is not fully understood. 
The results in this study demonstrate that participants who 
were acute cerebral hemorrhage patients had high propor-
tions of high TG, high TC, low HDL-C and hyperglyce-
mia. With increasing patient age, the level of TC, TG, 
LDL-C, HDL-C and GLU and the proportion of high TC, 
high LDL-C, low HDL-C and hyperglycemia did not 
become high, except for TG. This means that hypertriglyc-
eridemia of patients in the young- or middle-age period is 
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Fig. 1 Age distribution of the three groups

Table 2 Characteristics of TC, TG, LDL-C, HDL-C, and GLU according to different age groups of acute cerebral hemorrhage in adulthood

Young-age group Middle-age group Elderly group

TC (M ± SD) mmol/L 4.82 ± 1.05 4.92 ± 1.04 4.62 ± 1.10

Number of TCs >5.72 mmol/L 19 66 82

Proportion of high TC (%) 33.33 36.26 26.54

Odds ratio of high TC (95%CI) 1.384 (0.76–2.54) 1.58 (1.06 – 2.34)a –

TG(M(Q))mmol/L 1.16 (1.16) 1.33 (0.91)b 1.12 (0.69)

Number of TGs >1.70 mmol/L 18 59 52

Proportion of high TG (%) 31.58c 32.42c 16.83

Odds ratio of high TG (95%CI) 2.28 (1.21–4.30)d 2.37 (1.54 – 3.65)d –

HDL(M ± SD)mmol/L 1.42 ± 0.52 1.38 ± 0.47 1.35 ± 0.41

Number of HDL-C <0.90 mmol/L 5 22 31

Proportion of low HDL (%) 8.77 12.09 10.03

Odds ratio of low HDL (95% CI) 0.86 (0.32–2.32) 1.23 (0.69 – 2.20) –

LDL (mean ± SD) mmol/L 2.85 ± 0.85 2.73 ± 0.78 2.64 ± 0.87

Number of LDL-Cs >3.60 mmol/L 8 31 43

Proportion of high LDL (%) 14.04 17.03 13.92

Odds ratio of high LDL (95% CI) 1.10 (0.45–2.28) 1.27 (0.77–2.10) –

GLU (mean ± SD) mmol/L 6.56 ± 2.97 6.77 ± 2.21 6.79 ± 2.52

Number of DMs 13 63 94

Proportion of DMs (%) 22.81 34.62 30.42

Odds ratio of DMs (95% CI) 0.68 (0.35–1.31) 1.21 (0.82–1.79) –
a,dSignificantly different from participants in elderly group, P < 0.05 (linear regression analysis)
b,cIndicates P < 0.05 vs. elderly group
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a risk factor that shows an increase in the incidence rate of 
acute cerebral hemorrhage among the Chongqing popula-
tion in China.

Stroke is a largely preventable disease, but it also remains 
the second or third leading cause of death among the Chinese, 
even with dramatic economic development in recent years 
[6]. As the most populated country, China has the largest 
number of stroke victims in the world [7]. With the aging 
population and the change of Chinese traditional lifestyles in 
recent years, the prevalence and incidence of stroke have 
been increasing. The rank of stroke as a cause of death in the 
disease spectrum is shifting forward [8]; socioeconomic 
costs of stroke are climbing very rapidly [9–11], and there is 
no definite evidence that these trends will change in the near 
future.

There are two main subtypes of stroke; one is hemor-
rhagic stroke, and the other is ischemic. As shown in epide-
miological studies, cerebral hemorrhage occurs at younger 
ages than ischemic stroke. The incidence of cerebral hemor-
rhage reaches a peak at about 55–65 years of age [7]. In our 
study, we found that the proportion of cerebral hemorrhage 
was highest among Chongqing participants who were more 
than 60 years old. This discrepancy is largely due to the 
increasing age of people; the prevalence of hypertension and 
arteriosclerosis is also increasing. Thus, an increased propor-
tion of elderly people in a given population will increase the 
age at which hemorrhagic stroke occurs.

Epidemiological evidence suggests that there are many 
risk factors for hemorrhagic stroke, such as hypertension 
[12], arteriosclerosis, a high serum lipoprotein (a) concentra-
tion and low apolipoprotein A-I [13]. Another study showed 
that the most frequent vascular risk factors were hyperten-
sion, hyperlipidemia, and diabetes [14]. In this study, we 
found that participants who were acute cerebral hemorrhage 
patients had a higher proportion of high TG, high TC, low 
HDL-C, and hyperglycemia than normal people. Although 
dyslipidemia and hyperglycemia are not directly involved in 
the incidence of cerebral hemorrhage, they can lead to ath-
erosclerosis and indirectly lead to the occurrence of cerebral 
hemorrhage. Serum cholesterol and triglyceride levels are 
strong independent predictors of in-hospital mortality of 
patients with spontaneous supratentorial cerebral hemor-
rhage [15]. However, some studies suggest that there are no 
significant differences in blood lipid levels between the 
patients with cerebral hemorrhage and normal people [16].

Lipids metabolism has been extensively studied between 
the large number of patients with cerebral hemorrhage and 
normal people. However, the different ages of patients with 
cerebral hemorrhage were customarily excluded from most 
studies. Results of this study indicated that in subtypes of 
dyslipidemia, only hypertriglyceridemia is a risk factor 
for acute cerebral hemorrhage for patients in the young or 
middle-age periods. These results support the existence of a 

vicious cycle between ethanol and fat. Within this vicious 
cycle, ethanol and fat act synergistically to increase TG lev-
els, and these phenomena are reversed by gemfibrozil, which 
lowers TG levels [17]. We suggest that the high levels of TG 
were caused by ethanol consumption in the young and 
middle-age population.

There are some matters that need to be considered in 
interpreting our findings, such as BMI, socioeconomic sta-
tus, and health care. In addition, this study is a retrospective 
study, so we need an epidemiological investigation in order 
to further clarify the relationships among different ages of 
patients with acute cerebral hemorrhage and the lipid metab-
olism and glycometabolism.

Acknowledgments In this study, we thank all participants: the data 
collection team of the First Affiliated Hospital of Chongqing Medical 
University, Chongqing, China. Gopall Roshnee has provided great help 
in modifying the language of this article. The work was supported by 
the Foundation of the First Affiliated Hospital of Chongqing Medical 
University(YXJJ2009-14).

Conflict of interest statement The study is supported by a founda-
tion issued by the First Affiliated Hospital of Chongqing Medical 
University.

References

 1. Centers for Disease Control and Prevention (CDC) (2007) 
Prevalence of stroke–United States, 2005. MMWR Morb Mortal 
Wkly Rep 56:469–474

 2. Strong K, Mathers C, Bonita R (2007) Preventing stroke: saving 
lives around the world. Lancet Neurol 6:182–187

 3. Sauerbeck LR (2006) Primary stroke prevention. Am J Nurs 106: 
40–41, 43–45, 48–49; quiz 49–50

 4. Juan Z, Yonghong W, Jihong W (2007) Clinical research of lipid 
metabolism feature and lipid metabolism disorders of 9528 health 
examination people in Chongqiong. Chin J Health Lab Technol 
17:299–301

 5. Allende-Vigo M (2001) Diabetes mellitus: current concepts in diag-
nosis, classification and coding. P R Health Sci J 20:119–122

 6. He J, Gu D, Wu X, Reynolds K, Duan X, Yao C, Wang J, Chen CS, 
Chen J, Wildman RP, Klag MJ, Whelton PK (2005) Major causes  
of death among men and women in China. N Engl J Med 
353:1124–1134

 7. Xu G, Liu X (2008) Impacts of population aging on the subtypes of 
stroke. Stroke 39:e102–e103; author reply e104–105

 8. Kincannon CL, He W, West LA (2005) Demography of aging in 
China and the United States and the economic well-being of their 
older populations. J Cross Cult Gerontol 20:243–255

 9. Heeley E, Anderson CS, Huang Y, Jan S, Li Y, Liu M, Sun J, Xu E, 
Wu Y, Yang Q, Zhang J, Zhang S, Wang J (2009) Role of health 
insurance in averting economic hardship in families after acute 
stroke in China. Stroke 40:2149–2156

10. Lim SJ, Kim HJ, Nam CM, Chang HS, Jang YH, Kim S, Kang HY 
(2009) Socioeconomic costs of stroke in Korea: estimated from the 
Korea national health insurance claims database. J Prev Med Public 
Health 42:251–260

11. Wang YL, Wu D, Liao X, Zhang W, Zhao X, Wang YJ (2007) 
Burden of stroke in China. Int J Stroke 2:211–213



Characteristics of Acute Cerebral Hemorrhage with Regard to Lipid Metabolism and Glycometabolism 371

12. Zhang XF, Attia J, D’Este C, Yu XH (2004) Prevalence and magni-
tude of classical risk factors for stroke in a cohort of 5,092 Chinese 
steelworkers over 13.5 years of follow-up. Stroke 35:1052–1056

13. Woo J, Lau E, Lam CW, Kay R, Teoh R, Wong HY, Prall WY, Kreel 
L, Nicholls MG (1991) Hypertension, lipoprotein (a), and apolipo-
protein A-I as risk factors for stroke in the Chinese. Stroke 22: 
203–208

14. Leoo T, Lindgren A, Petersson J, Von Arbin M (2008) Risk factors 
and treatment at recurrent stroke onset: results from the Recurrent 
Stroke Quality and Epidemiology (RESQUE) Study. Cerebrovasc 
Dis 25:254–260

15. Roquer J, Rodriguez Campello A, Gomis M, Ois A, Munteis E, 
Bohm P (2005) Serum lipid levels and in-hospital mortality  
in patients with intracerebral hemorrhage. Neurology 65: 
1198–1202

16. Xu H, Yang Q, Tang B (1998) Studies on stroke and blood lipid 
level. Zhonghua Yu Fang Yi Xue Za Zhi 32:366–368

17. Barson JR, Karatayev O, Chang GQ, Johnson DF, Bocarsly ME, 
Hoebel BG, Leibowitz SF (2009) Positive relationship between 
dietary fat, ethanol intake, triglycerides, and hypothalamic peptides: 
counteraction by lipid-lowering drugs. Alcohol 43:433–441





Prognosis of Cerebral Hemorrhage





375J.H. Zhang and A. Colohan (eds.), Intracerebral Hemorrhage Research, Acta Neurochirurgica Supplementum, Vol. 111,  
DOI: 10.1007/978-3-7091-0693-8_63, © Springer-Verlag/Wien 2011

Abstract The aim of the study was to determine the prog-
nostic value of a high augmentation index, which was a sur-
rogate marker of arterial stiffness in patients with spontaneous 
intracerebral hemorrhage. The outcome was divided into two 
groups in which the following data were collected in a com-
puter running SphygmoCor CvMS software version 8.2. 
Logistic regression analysis was carried out among signifi-
cant variables to identify an independent predictor of 6-month 
outcome and mortality. Sixty patients were recruited into the 
study. Admission Glasgow Coma Scale score (OR, 0.7; 95% 
CI, 0.450–0.971; P = 0.035), total white cell count (OR, 1.2; 
95% CI, 1.028–1.453; P = 0.023) and hematoma volume 
(OR, 1.1; 95% CI, 1.024–1.204; P = 0.011) were found to be 
statistically significant for identifying poor 6-month outcome 
in multivariate analysis.

Factors independently associated with mortality were a 
high augmentation index (OR, 8.6; 95% CI, 1.794–40.940; 
P = 0.007) and midline shift (OR, 7.5; 95% CI, 1.809–31.004; 
P = 0.005). Admission Glasgow Coma Scale score, total 
white cell count and hematoma volume were significant pre-
dictors for poor 6-month outcome, and a high augmentation 
index and midline shift were predictors for 6-month mortal-
ity in this study.

Keywords Augmentation index · Intracerebral hemorrhage · 
Glasgow Coma Scale

Introduction

Intracerebral hemorrhage (ICH) accounts for 15–30% of all 
strokes and had an estimated incidence of 37,000 cases per 
year [1]. The 6-month morbidity and mortality of ICH 
reported in one recent study were 30–50%, and only 20% of 
patients regain functional independence at 6 months [2]. The 
aim of the study was to analyze whether a high augmentation 
index was associated with poor 6-month outcome (Modified 
Rankin Scale 5 and 6) or 6-month mortality in ICH patients.

Materials and Methods

This prospective study was conducted at Hospital University 
Sciences in Malaysia from May 2006 to May 2008. Patients 
were eligible for inclusion if they gave consent or if assent 
was obtained from the relatives, if aged between 18 and 
85 years, and if evidence of spontaneous supratentorial 
intracerebral hemorrhage was present on the initial CT brain 
scan. Other exclusion criteria were history of severe heart 
disease, previous history of stroke, end-stage renal failure 
and severe systemic diseases (like malignant disease and 
chronic lung diseases) that could interfere with the assess-
ment of the outcome, and severe preexisting physical or 
mental disability.

The diagnosis of spontaneous supratentorial intracerebral 
hemorrhage was based on a history of typical acute clinical 
onset and confirmed with the finding of a CT scan of the 
brain. Spontaneous intracerebral hematomas were those 
that occurred without an associated history of trauma, coag-
ulopathy or surgery. Demographic data such as age and sex 
were recorded initially. The risk factors for ICH, including 
hypertension (HPT), diabetes mellitus (DM), smoking status 
and hypercholesterolemia, were recorded. Glasgow Coma 
Scale score (GCS) at the emergency department was recorded. 
The height (Ht), weight (Wt), body mass index (BMI), sys-
tolic blood pressure (SBP), diastolic blood pressure (DBP), 
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mean arterial pressure (MAP), heart rate (HR), right carotid 
blood flow (right CBF), left carotid blood flow (left CBF) 
and augmentation index (AIx) were measured and recorded 
on admission. The bilateral internal carotid blood flow was 
measured using a DWL Embo-Dop Doppler machine with a 
2-MHz probe. The augmentation index was defined as the 
proportion of central pulse pressure due to late systolic peak, 
which was in turn attributed to the reflected pulse wave. The 
SphygmoCor System (AtCor Medical, Sydney, Australia) 
was used to record radial artery pressure waveform data by a 
small handheld tonometer. The acquired data were used to 
calculate central pressure through a generalized mathemati-
cal transfer function. Those with values of higher than nor-
mal range were labeled high augmentation index (high AIx), 
which was suggestive of arterial stiffness. The cardiothoracic 
ratio was measured from the chest X-ray to rule out cardio-
megaly (cardiothoracic ratio >0.5). The CT scan findings, 
such as the side of hematoma, site of hematoma, volume 
of hematoma, any evidence of midline shift (MLS), ven-
tricular extension (IVH) and hydrocephalus, were recorded. 
Supratentorial intracranial hematoma can be classified into 
lobar (frontal, parietal, temporal or occipital) or ganglionic 
(basal ganglia, thalamic).

Intracranial hematoma volume was measured with the 
ABC/2 method , in which A was the greatest diameter on the 
largest hemorrhage slice, B was the diameter perpendicular 
to A, and C was the appropriate number of axial slices with 
the hematoma multiplied by the slice thickness. Patients 
were followed up for a maximum period of 6 months from 
the onset of stroke. The outcome measure was the score on 
the modified Rankin scale at 6 months. The 6-month out-
comes were divided into two groups; good outcome was 
defined as a score of 0–4, and poor outcome was defined as a 
score of 5 and 6. Data entry and analysis were done using 
Statistical Package for Social Sciences (SPSS) version 12.0 
for Windows (SPSS Inc., Chicago, IL). A P value of less 
than 0.05 was considered statistically significant for univari-
ate analysis. The final model of factors was examined for 
fitness by using the Hosmer-Lemeshow goodness-of-fit test.

Result

The univariate analysis as shown in Table 1 revealed GCS 
(p = 0.003), TWC (p = 0.048), site of hematoma (p = 0.009), 
volume of hematoma (p = 0.21), MLS (p < 0.0001) and hydro-
cephalus (p = 0.007) were associated with poor 6-month out-
come. Parameters associated with 6-month mortality in 
univariate analysis were DM (p = 0.030), HR (p = 0.050), 
right CBF (p = 0.023), high AIx (p = 0.005), RBS (p = 0.029), 
urea (p = 0.004), creatinine (p = 0.001), midline shift 
(p = 0.003) and hydrocephalus (p = 0.006). The final variables 

predicting 6-month outcome and mortality in this study are 
shown in Table 2 and 3.

Discussion

This prospective study showed that a high augmentation 
index (OR, 8.6; 95% CI, 1.748–40.940; P = 0.007) was a sig-
nificant predictor for 6-month mortality in patients with ICH. 
Patients with a high augmentation index had 8.6 times the 
risk of mortality. The augmentation index as one of the sur-
rogate markers for arterial stiffness was proven to be useful 
in predicting cardiovascular event in end-stage renal failure 
[3], coronary artery disease [4] and patients undergoing per-
cutaneous coronary interventions [5]. Old age was an impor-
tant factor linked to poorer prognosis in ICH [6–8]. A recent 
study done by Smajlovic et al. to explore 30-day prognosis in 
352 patients with intracerebral hemorrhage concluded that 
age was an independent predictor for 30-day mortality [9]. 
Our study showed no significant association between age 
and outcome, which was probably due to the small sample 
size. On analyzing the risk factors (hypertension, diabetes 
mellitus, current smoker and hypercholesterolemia) for ICH 
in this study, none of these factors had an association with 
ICH outcome and mortality. Smajlovic et al. reported that 
hypertension, diabetes mellitus and smoking were not asso-
ciated with ICH outcome and mortality [9].

Togha et al. and Passero et al. had shown diabetes mellitus 
was associated with poor outcome and mortality in ICH [10, 
11]. With regard to various clinical parameters in this study, 
Glasgow Coma Scale score was the significant predictor of 
ICH 6-month outcome. Patients with high GCS scores had 
0.7 times the chance of being associated with poor outcome. 
These findings were in accordance with many other studies 
that found GCS to be the most important and consistent pre-
dictor of ICH outcome and mortality [11–16]. In our study, 
the hemoglobin and platelet levels were not associated with 
ICH outcome and mortality. Hematoma volume (OR, 1.1; 
95% CI, 1.024–1.204; P = 0.011) was the significant predic-
tor of a poor 6-month outcome, whereas MLS (OR, 7.5; 95% 
CI, 1.809–31.004; P = 0.005) was a significant predictor of 
ICH 6-month mortality.

Larger hematoma volume carried 1.1 times the risk of 
poor outcome. A study done by Delgado et al. involving 98 
ICH patients showed an ICH volume >30 mL was an inde-
pendent predictor for ICH mortality [17]. Associated intra-
ventricular hemorrhage and hydrocephalus were important 
predictors of poor outcome in ICH [18]. In this study, radio-
logical factors such as hydrocephalus and intraventricular 
hemorrhage did not significantly affect the ICH outcome and 
mortality. This could be because the type of in-patient treat-
ment (conservative or surgical) and surgical treatments 
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Table 1 Univariate analysis of various demographic, clinical, laboratory, radiographic and treatment parameters in relation to 6-month mortality

Continuous variables Survived (n = 38) mean ± SD Fatal (n = 22) mean ± SD p-value

Age 55.4 ± 10.8 59.0 ± 9.6 0.830

Height (m) 1.60 ± 0.07 1.60 ± 0.09 0.081

Weight (kg) 70.1 ± 9.9 68.2 ± 12.4 0.124

BMI (kg/m2) 27.7 ± 3.9 26.4 ± 3.2 0.369

SBP (mmHg) 193.2 ± 25.9 202.3 ± 28.0 0.427

DBP (mmHg) 112.0 ± 15.5 109.1 ± 14.5 0.749

MAP (mmHg) 139.1 ± 17.4 140.3 ± 17.7 0.549

HR (/min) 81.6 ± 18.4 80.4 ± 14.2 0.050

AIx 25.0 ± 10.1 29.6 ± 12.3 0.438

Right CBF (cm/s) 17.3 ± 4.5 18.9 ± 7.0 0.023

Left CBF (cm/s) 17.0 ± 5.2 18.2 ± 7.9 0.943

GCS 13.0 ± 2.4 8.7 ± 3.1 0.260

TWC (×103/mL) 11.1 ± 3.6 14.5 ± 7.1 0.162

HB (g/dL) 13.8 ± 2.0 13.5 ± 2.1 0.507

PLT (×103/mL) 245.8 ± 60.3 268.7 ± 75.9 0.103

RBS (mmol/L) 7.08 ± 2.46 8.66 ± 3.99 0.029

Na (mmol/L) 136.9 ± 4.8 136.6 ± 3.9 0.455

K (mmol/L) 3.32 ± 0.48 3.52 ± 0.54 0.362

Urea (mmol/L) 6.17 ± 1.99 6.93 ± 4.79 0.004

Creatinine (mmol/L) 116.5 ± 38.9 164.2 ± 151.2 0.001

INR 1.06 ± 0.10 1.05 ± 0.11 0.644

APTT (s) 31.2 ± 6.2 29.6 ± 7.0 0.402

LDL (mmol/L) 3.70 ± 1.31 3.92 ± 1.55 0.692

TG (mmol/L) 1.17 ± 0.51 1.60 ± 0.90 0.053

Total cholesterol (mmol/L) 5.48 ± 1.49 6.03 ± 1.78 0.858

HDL (mmol/L) 1.25 ± 0.31 1.35 ± 0.40 0.377

Volume of hematoma (mL) 14.6 ± 17.5 31.2 ± 16.7 0.924

Categorical variables Good outcome n (%) Poor outcome n (%) p value OR (95% CI)

Gender 0.662a 0.786 (0.266–2.317)

 Male 22 (61.1) 14 (38.9)

 Female 16 (66.7) 8 (33.3)

HPT 1.000b 1.167 (0.100–13.656)

 Yes 36 (63.2) 21 (36.8)

 No 2 (66.7) 1 (33.3)

DM 0.030a 3.692 (1.093–12.477)

 Yes 6 (40) 9 (60)

 No 32 (71.1) 13 (28.9)

smoking 0.705a 1.238 (0.410–3.740)

 Yes 12 (60) 8 (40)

 No 26 (65) 14 (35)

hypercholesterolemia 0.388a 1.603 (0.548–4.691)

 Yes 13 (56.5) 10 (43.5)

 No 25 (67.6) 12 (32.4)

high AIx 0.005a 5.500 (1.559–19.400)

 Yes 5 (33.3) 10 (66.7)

 No 33 (73.3) 12 (26.7)

(continued)



378 L.H. Keong et al.  

Table 3 Final model with significant variables predicting 6-month 
mortality

Variable B SE Wald OR  
(95% CI)

P value

High AIx 2.148 0.798 7.250 8.6 
(1.748–40.940)

0.007

MLS 2.014 0.725 7.718 7.5 
(1.809–31.004)

0.005

Adjusted for DM, HR, right CBF, high AIx, cardiomegaly, RBS, urea, 
creatinine, MLS and hydrocephalus
Constant = −2.280
Hosmer and Lemeshow test p-value = 0.141
Overall percentage correct = 78.3%

Table 2 Final model with significant variables predicting poor 6-month 
outcome

Variable B SE Wald OR  
(95% CI)

P 
value

GCS –0.414 0.196 4.458 0.7 
(0.450–0.971)

0.035

TWC 0.200 0.088 5.149 1.2 
(1.028–1.453)

0.023

Volume of 
hematoma

0.105 0.041 6.395 1.1 
(1.024–1.204)

0.011

Adjusted for GCS, TWC, site of hematoma, volume of hematoma, MLS 
and hydrocephalus
Constant = 1.881
Hosmer and Lemeshow test p-value = 0.188
Overall percentage correct = 85%

Categorical variables Good outcome n (%) Poor outcome n (%) p value OR (95% CI)

cardiomegaly 0.047a 0.320 (0.102–1.006)

 Yes 30 (71.4) 12 (28.6)

 No 8 (44.4) 10 (55.6)

site of hematoma 0.191a 0.254 (0.028–2.263)

 Lobar 6 (85.7) 1 (14.3)

 Ganglionic 32 (60.4) 21 (39.6)

side of hematoma 0.694a 1.235 (0.431–3.538)

 Right 21 (63.6) 11 (36.4)

 Left 17 (60.7) 11 (39.3)

MLS 0.003a 5.417 (1.709–17.167)

 Yes 8 (38.1) 13 (61.9)

 No 30 (76.9) 9 (23.1)

IVH 0.095a 2.476 (0.845–7.259)

 Yes 14 (51.9) 13 (48.1)

 No 24 (72.7) 9 (27.3)

hydrocephalus 0.006a 5.885 (1.541–22.474)

 Yes 4 (30.8) 9 (69.2)

 No 34 (72.3) 13 (27.7)

Treatment 0.958a 1.042 (0.224–4.854)

 Conservative 33 (63.5) 19 (36.5)

 Surgery 5 (62.5) 3 (37.5)

EVD 0.659b 1.842 (0.338–10.033)

 Yes 3 (50) 3 (50)

 No 35 (64.8) 19 (35.2)

craniotomy 0.528b 0

 Yes 2 (100) 0 (0)

 No 36 (62.1) 22 (37.9)
aChi-square test
bFisher’s exact test

Table 1 (continued)
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(EVD or craniotomy) were not associated with outcome and 
mortality in this study because of the small sample size.

Conclusions

This prospective study involving 60 ICH patients, the 
6-month mortality of 36.7% and 60% of them had poor 
6-month outcome (Modified Rankin Scale score 5 and 6). 
Glasgow Coma Scale score (OR, 0.7; 95% CI, 0.450–0.971; 
P = 0.035), total white cell count (OR, 1.2; 95% CI, 1.028–
1.453; P = 0.023) and volume of hematoma (OR, 1.1; 95% 
CI, 1.024–1.204; P = 0.011) were the independent predictors 
of 6-month outcome in multivariate analysis. The significant 
predictors for 6-month mortality in ICH patients were high 
augmentation index (OR, 8.6; 95% CI, 1.794–40.940; 
P = 0.007) and midline shift (OR, 7.5; 95% CI, 1.809–
31.004; P = 0.005). There was no difference between these 
results compared to a 3-month follow-up study published 
recently [19]
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Abstract Objective: To observe the effect of minimally 
invasive aspiration combined with medication in patients 
with massive spontaneous intracerebral hemorrhage.

Methods: Twenty-three patients with massive primary 
intracerebral hematoma (>50 mL), presenting with depressed 
consciousness, were recruited. Minimally invasive aspiration 
was applied within 72 h after onset, along with mannitol or 
furosemide to lower the intracranial pressure and symptom-
atic treatment.

Results: Within 1 month after hemorrhage, three patients 
recovered to normal activity; the consciousness level of eight 
had improved; three patients remained stable; three patients 
had aggravated conditions and were discharged automati-
cally (two with rehemorrhage and one with complications). 
Six patients died (hematoma volume of all patients was 
above 80 mL).

Conclusions: Minimally invasive aspiration may be effec-
tive in patients with massive intracerebral hemorrhage, but it 
had a poor prognosis for those patients whose hematoma 
volume was above 80 mL.

Keywords Intracerebral hemorrhage · Aspiration · Prognosis

Introduction

The role of minimally invasive surgery in the treatment of 
intracerebral hemorrhage (ICH) has gained attention over the 
past decade. This can be attributed to the lack of validated 
therapeutic options for this form of stroke as well as to the 
high morbidity and mortality associated with it. Massive 

spontaneous ICH is associated with poor response either to 
medications or to craniotomy operations [1]. Traditional 
medical and surgical approaches, proposed mainly based on 
clinical experience, have been unable to favorably modify 
the neurological outcome of these patients. This study aims 
to examine whether minimally invasive aspiration in patients 
with massive intracerebral hemorrhage associated with 
depressed consciousness improves the ultimate outcome.

Materials and Methods

Patient Selection

Twenty-three patients admitted for massive primary intrace-
rebral hematoma (hematoma > 50 mL), confirmed by CT, 
were recruited from 2007 to 2009. The exclusion criteria 
were: a hemorrhage due to tumor, trauma, aneurysm, arterio-
venous malformation, or coagulopathy. Eighteen patients 
were male and five female, and the age range was 31–84. 
Eighteen patients had hypertension, two had hypertension 
and diabetes, and three had had ICH in the past.

Aspiration Time

Minimally invasive aspiration was applied between 6 and 
72 h after onset (17 patients) or within 6 h after the hema-
toma enlarged (6 patients).

Procedure of Aspiration

CT scans were performed on the patients to locate the hema-
toma before aspiration. Under local anesthesia, a burr hole 
was drilled ipsilaterally by a YL-1 type metal needle, and a 
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tube was used for drainage. The volume of the first aspiration 
was less than half of the total volume of the hematoma. 
Urokinase (40,000 IU/day) was administered through a nee-
dle. The needle was removed when repeat CT scanning 
revealed the volume of the residual hematoma was below 
one third of the hematoma before aspiration. The patients 
were also given mannitol or furosemide to decrease the 
intracranial pressure and symptomatic treatment.

Results

Six patients (26%) were 31–50 years old, nine (39%) were 
51–70, and eight (35%) were over 70. Twelve patients (52%) 
were in a coma, eight (35%) in a stupor, and three (13%)  
in somnolent state before aspiration. The hematoma of  
18 patients (78%) was in the basal ganglia, for only 5 patients 
(22%) in the cerebral lobe. The hematoma volume of  
14 patients (61%) was 50–80 mL and of 9 patients (39%) 
was above 80 mL.

Within 1 month after hemorrhage, three (13%) patients 
recovered to normal activity levels; eight (35%) patients had 
improved conscious levels; three (13%) remained stable; 
three (13%) had aggravated conditions and were discharged 
automatically (two because of rehemorrhage and one because 
of complications). Six (26%) patients died (hematoma vol-
ume of all cases was above 80 mL): two died within 24 h 
after aspiration because of cerebral herniation, the other four 
had pulmonary infections (two had multiple organ failure).

Discussion

Intracerebral hemorrhage (ICH) has high mortality and mor-
bility, especially massive ICH. Thirty-day mortality after ICH 
approaches 50%. Evacuation of the hematoma via craniotomy 
is controversial. Minimally invasive aspiration is as effective 
as conventional craniotomy for reducing the volume of brain 
edema caused by hematomas, and has the shortest operative 
time and the least amount of blood loss, especially endoscopic 
surgery [2]. However, the effect of minimally invasive aspira-
tion on massive ICH has not been extensively reported.

In this study, 23 patients with massive ICH whose hema-
toma volume was above 50 mL and associated with depressed 
consciousness were given minimally invasive aspiration. 
Eleven patients (48%) had ameliorated conditions, and six 
patients (26%) died. Most of the patients had a good out-
come. Chen et al. [3] reported a newly developed endo-
scopic sheath for the removal of large putaminal 
hematomas (the volume >40 mL) within 5 h after onset; the 

mean Glasgow Outcome Scale (GCS) score increased from 8 
preoperatively to 12 postoperatively; the 1-month mortality 
rate was 16%; 1 year postoperatively, the mean GCS score 
was 2.7. Thus, endoscopic removal of large putaminal hema-
tomas is safe and effective.

According to the literature, most hematoma enlargment 
occurs within 6 h after ictus. If performed during an unstable 
period, acute decompression (<2 h from onset) can provoke 
rebleeding. Thus, many authors agreed that the waiting time 
for the removal of a hematoma should be more than 6 h after 
onset. In this study, the waiting time for aspiration was there-
fore set for at least 6 h after onset or within 6 h after the 
hematoma enlarged. The hematomas of six patients enlarged 
in our study. However, recently some authors reported that 
the removal of hematomas within 6 h after onset is safe and 
effective [3].

If the amount of hematoma first removed is too much, it 
will provoke rebleeding because of the decreased pressure. 
Therefore, the amount of first removal was less than 1/2 of 
the hematoma, and urokinase was injected into the hema-
toma daily to facilitate drainage [4]. In this study, the hema-
toma volume of all the patients was more than 50 mL. The 
patients whose hematoma volume was more than 80 mL had 
a poor prognosis and very high mortality.

Conclusion

This study suggested that minimally invasive aspiration may 
be effective for patients with massive intracerebral hemor-
rhage, and therefore, it may be a promising method. However, 
it had a poor prognosis for those patients whose hematoma 
volume was above 80 mL.
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Abstract Objective: To determine the effective index of 
coagulogram after acute intracerebral hemorrhage (ICH) for 
predicting the outcome of ICH.

Methods: A total of 641 patients with ICH were divided 
into two groups: the effective treatment group (healing 
well and improving) and ineffective treatment group 
(non-improving and dying). The coagulogram results of the 
two groups were analyzed with SPSS software 13.0, includ-
ing PT, APTT, TT, and Fbg. The differences in these param-
eters were found by independent samples T test and 
Kruskal-Wallis test between the two groups. Then, the differ-
ent parameters were obtained by logistic regression, which 
were significantly associated with the prognosis of acute 
cerebral hemorrhage patients. In addition, the odds ratio for 
the special indicators was calculated by chi-square test.

Results: Only PT had a significant difference between the 
groups (p < 0.05) among the four parameters. The binary 
logistic regression analysis indicated that PT (p = 0.003) and 
APTT (p = 0.043) were related to the outcome of ICH 
patients. According to the chi-square test, the OR (odds ratio) 
of prolonged PT is 2.40 (1.34–4.29 with 95% CI) and that of 
prolonged APTT is 1.57 (1.01–2.42 with 95% CI).

Conclusion: Prolonged PT and APTT are risk factors 
affecting the prognosis of ICH patients. Monitoring and con-
trolling PT and APTT are advisable for improving the prog-
nosis of ICH patients.

Keywords Intracerebral hemorrhage · Coagulogram · 
Prognosis

Introduction

With the increasing of aging population and the changing of 
dietary habbit, the incidence of cerebrovascular diseases has 
been increasing yearly. Among these, acute intracerebral 
hemorrhage (ICH) is one of the important leading causes of 
death. Many debates are ongoing about how to treat ICH 
patients, including the use of coagulants to enhance the func-
tion of clotting or the use of anticoagulants to minimize 
thrombin damage of the nerve cells. In order to provide 
more evidence for the treatment of ICH in practice, the 
relationship between changes of coagulation function and 
prognosis of ICH deserves to be investigated further. In this 
study, we analyzed the association between coagulogram 
and the prognosis of 641 ICH patients retrospectively in 
order to find an effective index for predicting the turnover of 
ICH, and to provide reference for clinical treatment.

Materials and Methods

From May 2005 to September 2009, 641 ICH patients were 
included in our research group. These patients were primar-
ily admitted to the Department of Neurology of The First 
Affiliated Hospital of Chongqing Medical University. All 
patients underwent either a CT scan or MRI of the brain, and 
met the diagnostic criteria of cerebrovascular disease estab-
lished in the All-China Conference of Cerebrovascular 
Disease in 1995.

These patients were divided into three groups: (1) effec-
tive treatment group (healing well and improving, n = 473); 
(2) ineffective treatment group (non-improving and dying, 
n = 131); (3) follow-up failure group (n = 37, did not partici-
pate in follow-up research).

All venous blood samples were collected after admis-
sion before drug administration; 0.9% sodium citrate was 
used as an anticoagulant for the sample (0.2 ml 0.9% 
sodium citrate vs. 1.8 ml venous blood). The coagulogram 
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was tested by a Sysmex CA1500 coagulation analyzer 
with Dade Behring’s reagent. The following parameters 
were analyzed: prothrombin time (PT), activated partial 
thromboplastin time (APTT), thrombin time (TT), and 
fibrinogen (Fbg).

SPSS13.0 statistical package was used to synthesize the 
relevant data. The T test and Kruskal-Wallis test were used to 
compare the four parameters between two groups, depending 
on whether or not there were homogeneous variances. The 
logistic regression model was used to identify the parameters 
directly associated with the outcome of acute ICH. Chi-square 
test was used to calculate the odds ratio for the predictors.

Results

The Basic Situation of Patients  
with Acute Cerebral Hemorrhage

There were a total of 604 patients, including the effective 
treatment group (n = 473) and ineffective treatment group 
(n = 131). Of the 604 enrolled patients, 412 (68%) were male 
and 192 (32%) female. The results of the statistical analysis 
are shown in Table 1.

The chi-square test showed that there was no significant 
difference regarding genders between the two groups 
(p = 0.85). As for age, significant differences existed between 
groups (p < 0.001), as shown by T test. It seems that the older 
the patient is, the poorer the outcome is.

The Difference of Coagulogram  
Between the Two Groups

In our hospital, the coagulogram profile included PT, APTT, 
TT, and Fbg. The differences in APTT, TT, and Fbg were 
compared with the T test, and PT with the Kruskal-Wallis test 
because of their unequal variances (Levene’s test, p < 0.05). 
The results of statistical analysis are shown in Table 2.

The PT of the ineffective group was significantly higher 
than that of the effective group (p < 0.001), and there were no 
significant differences in APTT, TT, and Fbg between the 
two groups (p > 0.05).

Estimation of the Prognosis of ICH  
with Coagulogram

The binary logistic regression analysis was done with the 
forward LR procedure. The elimination criterion is p > 0.05, 
while for p < 0.05, the parameter was identified as signifi-
cantly related to the outcome of acute ICH. Chi-square test 
was used to calculate the odds ratio. The results of statistical 
analysis are shown in Table 3.

The binary logistic regression analysis indicates that PT 
and APTT are associated with the turnover of ICH (p < 0.05). 
According to the chi-square test, the OR (odds ratio) of 
 elongated PT is 2.40 (1.34–4.29 with a 95% confidence 
interval (CI) and that of elongated APTT is 1.57 (1.01–2.42 
with 95% CI).

Table 1 The basic situation of the two groups

Mean ± s Gender Age (years old)

Male (n) Female (n)

Effective treatment group 325 158 57.0 ± 15.7

Ineffective treatment group 87 44 63.4 ± 15.2*

*p <0.001

Table 2 The difference of coagulogram between the two groups

Group N Mean ± s

PT* APTT (s) TT (s) Fbg (g/L)

Effective treatment group 473 286.6** 25.7 ± 10.8 18.9 ± 8.1 3.0 ± 1.0

Ineffective treatment group 131 360.0** 26.15 ± 7.4 19.0 ± 4.1 3.1±.1.1

*Mean rank **p < 0.001

Table 3 The odds ratio of PT and APTT

Parameters B estimate Standard error P OR(95%CI)

Age 0.400 0.128 0.002

PT 0.876 0.297 0.003 2.40 (1.34 ~ 4.29)

APTT 0.449 0.222 0.043 1.57 (1.01 ~ 2.42)
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Discussion

In recent years, the incidence of acute ICH has shown a rising 
trend, especially in the elderly, with a high disability rate and 
mortality. The balance among coagulation, anticoagulation 
and fibrinolysis profile is disrupted after ICH. The body 
responds to the imbalance, which eventually has an impact on 
the prognosis of ICH. Therefore, we retrospectively analyzed 
the relationship between the change of the coagulogram 
and the prognosis of ICH in order to find some useful data 
from the coagulogram (including PT, APTT, TT, and Fbg) 
and to provide help in the treatment and prognosis of ICH.

After acute ICH, the body’s coagulation system is activated. 
A large number of thrombin is converted from thrombogen 
[1], which is a key enzyme in the process of coagulation. The 
body is in a hypercoagulable status with decreasing fibrinolytic 
activity [2], and a large number of clotting factors are con-
sumed, resulting in prolonged PT, APTT, and TT, and reduced 
Fbg. PT and APTT are the main indicators of exogenous and 
endogenous coagulation systems, respectively. In this study, 
the results of 604 patients with ICH showed that PT had a sig-
nificant difference between the two groups. In the ineffective 
treatment group, PT was higher than that in the effective treat-
ment group (P < 0.001). This hinted that prolonged PT may be 
a risk factor for ICH. Furthermore, the binary logistic regres-
sion analysis indicated that PT was a significant risk factor for 
the prognosis of ICH (p = 0.003). The OR was 2.40 (1.34–4.29 
with 95% CI) with statistical significance. The logistic regres-
sion analysis indicated that APTT was also a significant factor 
for the prognosis of ICH (p = 0.043), although there was no 
significant difference between the two groups (p = 0.71). The 
OR was 1.57 (1.01–2.42 with 95% CI), which was smaller 
than that of PT. We supposed that the possible mechanism in 
the acute phase of ICH (within 24 h) is that a large number of 
clotting factors are consumed, such as prothrombin and other 
coagulation factors. This results in the decrease of the coagula-
tion function and leads to an increased risk of secondary brain 
hemorrhage. Hence, the prolonged PT may indicate a bad 
prognosis to a certain extent. However, Zhang and Antovic 
reported that after acute ICH, the values of PT and APTT were 
significantly lower than those of control group (P < 0.01). This 
hinted that the patients of ICH were in a hypercoagulable 
 status, and coagulation was hyperfunctioning [3, 4]. It seems 
that there was a difference in our results compared to theirs. 
However, this was not the case as we compared the parameters 
between the effective treatment group and ineffective treat-
ment group, while Zhang and Antovic investigated between 
patients with ICH and had healthy patients as control.

As for TT and Fbg, our data showed that there was no 
significant difference between the two groups (p > 0.05). 
Furthermore, logistic regression analysis indicated TT and 

Fbg were not significantly associated with the prognosis of 
ICH (p > 0.05). Liang [5] reported that Fbg of patients with 
ICH was lower than that of the control group. The possible 
reason is that a large amount of Fbg is consumed after acute 
ICH, but Zhang [1] reached the opposite conclusion that Fbg 
of the ICH patients was markedly increased, while TT showed 
no significant change. Chen [6] reported that there was no 
significant difference in TT and Fbg between the ICH group 
and control groups. In general, there has not been any con-
clusive relationship determined between the patients with 
ICH and control group. Our goal is to place emphasis on the 
coagulogram difference between the effective treatment and 
ineffective treatment groups. This mandates further research 
in the future.

Conclusion

In summary, via retrospective analysis of the relationship 
between the coagulogram and the prognosis of 604 patients 
with ICH, we found that prolonged PT and APTT may be 
risk factors for the prognosis of ICH. Monitoring and con-
trolling the coagulation function may be advisable for 
improving the prognosis of ICH.
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Abstract Hypertensive intracerebral hemorrhage (ICH) is 
the deadliest, most disabling and least treatable form of acute 
cerebral accident. A large number of patients die in a short 
time after the hemorrhage. However, the risk factors of early 
death in this pattern are still in debate. A case control study 
of 273 patients with hypertensive ICH admitted to our hospi-
tal was carried out. The patients were divided into the death 
group and survival group according to clinical outcome dur-
ing hospitalization. Any possible risk factors were assessed 
using univariate and multivariate analysis. The logistic regres-
sion analysis revealed that the following four factors were 
independently associated with early death: age [odds ratio 
(OR), 0.966; 95% confidence interval (CI), 0.936–0.997; 
P = 0.0327], GCS score (OR, 1.192; 95% CI, 1.090–1.303; 
P < 0.001) and systolic pressure (OR, 0.939; 95% CI, 0.772–
1.142; P < 0.001) at admission, and hematoma volume (OR, 
0.8000; 95% CI, 0.807–0.959; P = 0.0037). Cranial computed 
tomography imaging is an important examination method to 
evaluate the clinical outcome. Effective prevention of hyper-
tension and adequate reduction of blood pressure at admis-
sion are recommended as the major measures to improve the 
prognosis of hypertensive ICH.

Keywords Early death · Factors · Hypertensive intracerebral 
hemorrhage (ICH) · Logistic regression analysis

Introduction

Hypertensive intracerebral hemorrhage (ICH) is a serious 
acute cerebral accident. Despite the improvement of medical 
treatment and surgical therapy, the mortality and the incidence 
of hypertensive ICH are still high. The average mortality rate 
for the patients with hypertensive ICH ranges from 25% to 
58% [1], and about half of them will die within 30 days from 
onset. Most survivors will have sequelaes with different 
degrees. Hence, the assessment of risk factors of early death 
is of important clinical significance and of necessity so as to 
predict the prognosis of hypertensive ICH. Although some 
predictors of poor prognosis of hypertensive ICH have been 
verified clinically in many countries [2–5] in recent years, 
there may also be possible bias concerning the predictors 
among different countries because of the differences in race, 
individual financial conditions, personal educational level and 
medical care in different regions. Here, we reviewed 273 
cases with hypertensive ICH admitted at our hospital and tried 
our best to assess the risk factors of early death in order to 
provide neurologists with evidence for proper medical man-
agement of patients with hypertensive ICH.

Materials and Methods

Patient Population

We reviewed 273 patients with hypertensive ICH retrospec-
tively (182 males and 91 females), with an average age of 
65.82 ± 12.39 years, diagnosed at the Department of Neuro-
logy and Neurosurgery of the People’s Hospital of Guizhou 
province from January 2005 to June 2009. All patients were 
admitted to our hospital within 72 h of onset or at the time of 
the manifestation of symptoms. Clinicians made a definite 
diagnosis of each patient according to the diagnostic criteria 
from the Fourth National Cerebrovascular Disease Congress 
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of China in 1995. Unenhanced computed tomographic (CT) 
scan or magnetic resonance imaging (MRI) was routinely 
performed for each patient within 24 h of admission. 
Angiography was performed if aneurysmal bleeding was 
suspected. Patients with ICH were excluded from this study 
for definite intracranial disease such as cerebral aneurysm, 
vascular malformation, amyloid angiopathy, moyamoya dis-
ease, and trauma-induced ICH. In addition, patients in need 
of immediate surgery and lacking in complete information 
were also excluded. All patients underwent standardized 
medical treatment at the unit according to the institutional 
protocol for acute cerebrovascular diseases.

The Definition of Early Death After 
Hypertensive ICH 

The patients with hypertensive ICH died within 30 days from 
onset [6].

Groups

All patients with hypertensive ICH were divided into two 
groups: Patients who died within 30 days from onset at the 
hospital were designated as the death group (n = 59), and 
the others who did not die served as the survival group 
(n = 214).

Data Collection

The patients’ neurological findings were assessed, and blood 
pressure was measured immediately at admission. The previ-
ous diseases and ICH onset time (defined by acute onset of 
headache or neurological deficit) were obtained by inter-
viewing the patients and/or their relatives. The medications, 
laboratory parameters, and death time were also recorded. 
CT brain scans were performed with 5-mm-thick slices in all 
patients to define the volume, shape and locations of the 
hematoma. Hematoma volume (in cubic centimeters) was 
calculated according to Tian’s formula: V/mL = p/6 × A×B×C, 
also (A × B×C)/2; A was the maximum hematoma diameter 
within the maximum hemorrhage area according to CT; B 
was the vertical diameter to A; C was the multiplication of 
the involved slice number and slice thickness. Variables 
related to the hematoma locations included the subcortex, 
basal ganglia, thalamus, and cerebellum and pons. The shape 
of the hematoma was recorded as regular or irregular. 

Intraventricular hemorrhage was recorded if present, but was 
not included in the hematoma volume. The second CT scan 
was usually obtained when the patient demonstrated neuro-
logical deterioration. Hematoma volume in the initial and the 
second CT scans was measured to confirm the presence or 
absence of hematoma growth. Hematoma enlargement was 
evaluated based on the study by Kazui et al. [7]. All records 
of the 273 patients were completed, with no missing data.

Variables

Discrete variables were gender, diabetes history, intraven-
tricular hemorrhage, the volume, location, and shape of the 
hematoma, cerebral herniation, and hematoma enlarge-
ment during hospitalization. Continuous variables were age, 
Glasgow Coma Scale* (GCS) score, and systolic and dia-
stolic blood pressure at admission, and white blood cell and 
platelet count. 

Statistical Analysis

Univariate analysis of discrete variables was carried out by 
using the chi-square test and continuous variables by using 
the T test to detect the risk factors significantly related to 
early death after hypertensive ICH onset. P < 0.05 was of sta-
tistical significance. Then, among all the risk factors, the 
variables independently associated with early death were 
determined by using logistic regression analysis. Dependent 
variables were coded as zero for survival and one for early 
deceased patients. All statistical analyses were processed by 
SPSS 13.0 for Windows software.

Results

Univariate Analysis of Predictors  
of Early Death

Fifty-nine patients (21.6% of all 273 patients) died within 
30 days, and the average time of death was 8.7118 ± 9.2644 
days from onset; 49.15% of the deaths occurred in the first 
3 days. The univariate analysis results of discrete data and 

* The GCS [8] is a scoring system that aims to provide reliable and 
objective way of recording the state of the state of consciousness 
following hypertensive ICH.
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continuous data are shown in Table 1 and in Table 2 
 respectively. The incidence of early death increased sig-
nificantly with increasing age, systolic blood pressure at 
admission, white blood cell and hematoma volume, and 
decreased with the increase of GCS score at admission. 
Patients with intraventricular hemorrhage, cerebral hernia-
tion, or hematoma enlargement had a higher incidence of 
early death. Patients with irregularly shaped hematomas 
had a higher incidence of early death than patients with 
regularly shaped hematomas.

Multivariate Analysis of Risk  
Factors of Early Death

The multivariate analysis (Table 3) revealed that hematoma 
volume (OR, 0.8000; 95% CI, 0.807–0.959; P = 0.0037) 
was negatively associated with early death. Poor GCS score 
(OR, 1.192; 95% CI, 1.090–1.303; P < 0.001) and high sys-
tolic blood pressure (OR, 0.939; 95% CI, 0.772–1.142; 
P < 0.001) at admission were factors independently associ-
ated with early deaths. In addition, a significant increase in 

the incidence of early death was observed in older patients 
(OR, 0.966; 95% CI, 0.936–0.997; P = 0.0327).

Discussion

Hypertensive ICH is a major clinical problem worldwide, and 
its mortality rate is comparatively high. The exploration of the 
risk factors of early death after hypertensive ICH onset might 
improve the prognosis and enhance life quality in patients. In 
this study, the deceased and the survivors were reported as 
outcome predictors of hypertensive ICH. We retrospectively 
reviewed 273 hospital patients with hypertensive ICH. Fifty-
nine of the subjects died within 30 days from onset; 49.15% 
of the deaths occurred in the first 3 days. Previous studies also 
reported a higher mortality rate in the first 2–4 days after 
onset. Our study demonstrated early mortality with a higher 
rate of death in men (62.71%) than in women (37.29%), 
which is consistent with previously reported studies [9].

Univariate analysis showed that the factors associated 
with early death included large hemorrhagic volume, irreg-
ularly shaped hematomas, the presence of intraventricular 

Table 1 Univariate analysis of discrete data

Factors Death group n (%) Survival group n (%) c2 P value

Gender Female 22 (37.29) 69 (32.24) 0.530 0.467

Male 37 (62.71) 145 (67.76)

Diabetes history Yes 9 (15.25) 21 (9.81) 1.400 0.237

No 50 (84.75) 193 (90.19)

Hematoma shapea Regular 46 (77.97) 202 (94.39) 15.001 0.001

Irregular 13 (12.03) 12 (5.61)

Hematoma location Subcortex 8 (13.56) 50 (23.36) 3.852 0.278

Basal ganglia 30 (50.85) 102 (47.66)

Thalamus 8 (13.56) 31 (14.49)

Cerebellum and pons 13 (22.03) 31 (14.49)

Intraventricular hematomaa Yes 30 (50.85) 40 (18.69) 25.082 0.001

No 29 (49.15) 174 (81.31)

Cerebral herniationa Yes 8 (11.86) 1 (0.47) 24.865 0.001

No 51 (88.14) 213 (99.53)

Hematoma enlargementa Yes 10 (16.95) 8 (3.77) 15.466 0.001

No 49 (83.05) 206 (96.23)

Hematoma volumea <20 mL 9 (15.25) 141 (65.88) 66.052 0.001

20 ~ 50 mL 21 (5.59) 54 (25.23)

>50 mL 29 (49.15) 19 (8.88)

n indicates number of cases.
aThere was a significant (P < 0.05) difference between patients with and those without early death after hypertensive ICH
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hemorrhage, cerebral herniation, and hematoma enlarge-
ment, poor GCS score and high systolic blood pressure 
at admission, old age, and increased white blood cell count. 
However, univariate statistical analysis was deficient in eval-
uating the interrelations among variables. Therefore, a logis-
tic regression analysis for predicting early death was 
constructed by using the factors with statistical significance 
(p < 0.05) in univariate analysis in order to preclude the inter-
action between the independent variables and the dependent 
variable in our study.

The multivariate analysis revealed that only old age, poor 
GCS score, and high systolic pressure at admission, and 
large hemorrhagic volume were independent predictors of 
early death after hypertensive ICH onset. To begin with, a 
poor GCS score was significantly associated with an 
increased incidence of early death [10, 11] and a GCS score 
between 3 and 15 (13 or higher correlates with a mild cere-
bral injury, 9–12 with a moderate injury, and 8 or less with 
severe cerebral injury). In this study, the GCS score of 67.80% 
death cases was eight or less, but the GCS score of only 
28.04% of the survival cases was eight or less. Accordingly, 
consciousness disturbance after hypertensive ICH is the pre-
dictor of worsening ICH, and it directly shows the degree of 
intracerebral injury, and serious consciousness disturbances, 
such as coma, are a prelude to death and also the inevitable 
result of serious hypertensive ICH. Then, exorbitant blood 
pressure in the acute period of hypertensive ICH often indi-
cates a bad prognosis [5, 12]. Except original hypertension, 
elevated blood pressure means autoregulation induced by 
acute cerebral edema and intracranial hypertension after 
intracerebral impairment. After onset, the increase of blood 

pressure may induce cerebral herniation and hematoma 
enlargement, and further result in serious intracranial hyper-
tension. In this study, we found that systolic blood pressure 
at admission is mainly attributable to early death of hyper-
tensive ICH, and the increase of systolic blood pressure 
might be associated with hematoma enlargement in the early 
period. Furthermore, the mortality rate enhances with age 
[13, 14]. The high mortality rate among older patients with 
hypertensive ICH may be related to their weak immunotoler-
ance and multiple complications. Finally, the hematoma vol-
ume is independently related to the prognosis of hypertensive 
ICH [15]. Franke et al. [16] found that the mortality rate 
increased significantly with hematomas >40 mL. In this 
study, 57.63% death cases showed hematomas >40 mL, but 
only 9.81% of survival cases showed hematomas >40 mL. 
For patients with hypertensive ICH, less hemorrhagic vol-
ume means a small degree of pressure on cerebral tissue and 
relatively minor secondary brain injury, which could be com-
pensated for by autoregulation. However, large hemorrhagic 
volume may induce evident cerebral edema and damage 
brain tissue seriously so that death occurs easily by cerebral 
herniation.

Preventing these risk factors is an important issue in 
patients with hypertensive ICH. Hence, careful observation 
and treatment of patients with a high likelihood of early death 
are advisable. Clinicians should pay attention to patients’ 
states of consciousness and be adept at GCS application. For 
old patients with hypertensive ICH, clinicians should take a 
positive and prudent attitude, and select the optimum therapy 
program based on comprehensive assessment of each patient’s 
health status. Meanwhile, education about risk factors of 

Table 2 Univariate analysis of continuous data

Factors Death group  
(÷ ± s)

Survival group  
(÷ ± s)

t P value

Age (years)a 68.05 ± 13.21 63.59 ± 11.57 2.5403 0.0116

Glasgow Coma Scale scorea 6.34 ± 4.55 11.05 ± 3.94 7.2333 <0.001

Systolic blood pressure (mmHg)a 174.32 ± 33.18 162.56 ± 25.09 2.9593 0.0034

Diastolic blood pressure (mmHg) 99.19 ± 18.40 95.91 ± 14.51 1.4461 0.1493

White blood cell count (×109/L)a 11.75 ± 5.18 8.87 ± 3.47 5.0286 <0.001

Platelet count (×109/L) 153.66 ± 73.71 169.57 ± 58.11 1.7514 0.0810
aThere was a significant (P < 0.05) difference between patients with and those without early death after hypertensive ICH

Table 3 Evaluation of independent factors associated with early death in 273 patients with hypertensive ICH by multiple logistic regression 
analysis

Factors B coefficient Odds ratio 95% Confidence interval P value

Age –0.035 0.966 0.936–0.997 0.0327

Glasgow Coma score 0.175 1.192 1.090–1.303 <0.001

Hematoma volume –0.128 0.800 0.807–0.959 0.0037

Systolic blood pressure –0.063 0.939 0.772–1.142 <0.001
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hypertensive ICH and incentives among high-risk popula-
tions should be strengthened and the strategy of early diag-
nosis and early treatment advocated. Adequate reduction of 
blood pressure at admission is of important significance. In 
the acute period of hypertensive ICH, lowering blood pres-
sure quickly is not recommended clinically; the decreased 
range of blood pressure within 2 h should be less than 25%, 
and blood pressure should be dropped gradually within 2–10 
h, usually down to 150–160/90-100 mmHg. Clinicians 
should also pay more attention to the problems demonstrated 
by CT. Compared with the clinical features, CT is an impor-
tant examination measure to predict the prognosis of hyper-
tensive ICH because CT features of hypertensive ICH 
could objectively reflect the pathological changes of acute 
ICH and the severity of ICH. Clinically, clinicians should 
select proper therapy and evaluate the prognosis through 
comprehensive analysis of patients’ status and patients’ CT 
outcome. For patients with hypertensive ICH, surgical 
removal of hematoma at the proper time on the basis of 
conventional medical treatment could recover compressed 
nerve cells, save patients’ lives, and reduce disability in 
survivors. Moreover, it could keep cerebral dysfunction to a 
minimum.
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Abstract Studies have indicated that hyperglycemia might 
cause cerebral damage to patients after acute intracerebral 
hemorrhage (ICH). But systematic studies on the effects of 
diabetes, stress hyperglycemia and normal serum glucose 
level on the prognosis of ICH patients are insufficient. It is 
essential to explore the prognosis among them. According to 
their serum glucose level within 24 h, 189 patients with ICH 
were divided into three groups: diabetes (group A), stress 
hyperglycemia (group B) and normal serum glucose (group C). 
The activity of daily living ability of patients was evaluated 
by Barthel index at 30 days after admission. The data analy-
sis was done using cumulative logit model and rank sum test. 
Significant differences were observed in prognosis between 
group A and group C (OR: 0.056; CI: 0.022–0.143; p < 0.0001), 
B and C (OR: 0.081; CI: 0.039–0.167; p < 0.0001), respec-
tively; there was no significant difference between A and B 
(p > 0.05). No difference was found between A and B in the 
early serum glucose level, but significant differences were 
observed between A and C, and between B and C. Early 
hyperglycemia may worsen the prognosis of ICH patients, 
though patients with diabetes or stress hyperglycemia after 
ICH may have similar outcomes when early serum glucose 
levels fluctuate within the same range.

Keywords Acute intracerebral hemorrhage · Clinical analysis · 
Prognosis · Serum glucose

Introduction

ICH accounts for 10–15% of all strokes and is associated 
with a higher mortality rate [1–3]; some scholars believe that 
hyperglycemia could have damaging effects on brain tissue, 
worsen the condition of patients and hinder the recovery of 
neurological functional defects [4]. A high proportion of 
patients suffering an acute stress such as stroke may develop 
hyperglycemia, even in the absence of a preexisting diagno-
sis of diabetes [5]. More than 3 decades ago, many studies 
demonstrated the risk for ICH was dramatically higher 
among patients with diabetes and among those without dia-
betes [6–8]. The following factors have been identified as 
predictors of ICH: male sex, age, hypertension, alcohol 
intake, smoking and diabetes mellitus [9, 10]. But systematic 
studies on the effects of diabetes, stress hyperglycemia and 
normal serum glucose level on the prognosis of ICH patients 
are lacking. The authors studied and compared 189 patients 
with ICH treated in the Department of Neurology, the First 
Affiliated Hospital of Chongqing Medical University, from 
January 2008 to August 2009, and probed the influence of 
early serum glucose on the prognosis of these patients. The 
results were reported as follows.

Materials and Methods

Clinical Materials

All 189 patients were proven to have cerebral hemorrhage with 
CT or MRI scanning. The patients were divided into three 
groups: the diabetes with ICH group (group A) had 31 patients. 
Among them, 15 were males, and 16 were females, with ages 
ranging from 45 to 88 years old (63.71 ± 9.99 years old). 
The diagnostic criterion of diabetes was from the World 
Health Organization (WHO) in 1999. The stress hypergly-
cemia group (group B) had 70 patients; 45 were males, 
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and 25 were females, with ages ranging from 17 to 87 years 
old (58.51 ± 16.42 years old). The normal serum glucose 
level group (group C) had 88 patients; 56 were males, and 32 
were females, with ages ranging from 14 to 95 years old 
(58.75 ± 16.53 years old). The patients with serum glucose 
levels from 6.1 mmol/l to 6.8 mmol/l were excluded.

The fasting serum glucose values of all patients were 
tested in the first 24 h after hospitalization, and the various 
interference factors that increased serum glucose were elimi-
nated before drawing blood. Except for cases of diabetes, 
early serum glucose levels higher than 6.8 mmol/l were con-
sidered to be stress hyperglycemia. All patients received 
conservative internal medicine treatment by reducing intrac-
ranial hypertension, cerebral nerve nutrition agents and anti-
biotics, and were supported by symptomatic treatment and 
rehabilitation training. The patients with hyperglycemia 
were simultaneously treated with anti-diabetic drugs.

The ABC/2 [11] formula was used for measuring the vol-
ume of hemorrhage, where A and B are the greatest hemor-
rhage diameter by MRI or CT scanning. C represents the 
thickness of the ICH. The daily living ability of surviving 
patients was measured by the Barthel index at 30 days 
after admission. The evaluation contents included that 
independently taking a bath scored 5 points, beautifying 
their outward appearance 5, dining 10, dressing 10, going 
to the lavatory 10, controlling their bowel movement and 
urination 10, respectively, walking up and down the stairs 10, 
moving the bed and chairs 15, and walking on flat land 
45 m 15. The score of 100 was independence, 75–95 slight 
dependence, 50–70 moderate dependence, 25–45 severe 
dependence, and 0–25 complete dependence. The death cases 
were classified into complete dependence during the treat-
ment and prognosis judged as ineffective treatment cases.

Statistical Methods

Statistics analysis was done using the SAS8.2 analysis sys-
tem. Table 1 shows the frequency distribution of prognosis 
among the three groups. Considering the impact of con-
founding factors on prognosis, such as age, gender, hemor-
rhage volume, hemorrhage sites and complications (Table 2), 

a cumulative logit model was made to determine those fac-
tors that could be considered as independent predictors of 
prognosis and remove the confounding factors to compare 
the prognosis among the three groups. Five confounding fac-
tors and inter-group factors (early serum glucose level) were 
all involved in thd cumulative logit model (hemorrhage sites 
with six dummies, complications with five dummies and 
inter-group factors with two dummies). Significance for 
inter-group differences in early serum level was assessed by 
the rank sum test.

Results

It was revealed by cumulative logit model that the following 
three factors were associated with the prognosis ICH: hem-
orrhage volume (OR: 0.012; 95% CI: 0.004–0.032; 
p < 0.0001), hemorrhage sites (OR: 0.463; CI: 0.243–0.882; 
p = 0.0192), complications (OR: 0.058; CI: 0.004–0.775; 
p = 0.0313). After removing these confounding factors, sig-
nificant differences were observed in prognosis between 
group A and group C (OR: 0.056; CI: 0.022–0.143; p < 0.0001), 
and between groups B and C (OR: 0.081; CI: 0.039–0.167; 
p < 0.0001), respectively. However, the difference between A 
and B in prognosis, owing to the variable, did not enter the 
logistic regression equation; there was no significant differ-
ence between A and B (p > 0.05). Table 3 demonstrates that 
significant differences were found among the three groups in 
the early serum glucose levels (X2 = 141.2, p < 0.001); early 
serum glucose levels in group A and group B were signifi-
cantly higher than those in group C. However, there was no 
difference between A and B.

Discussion

The scholars have paid close attention to the relationship 
between early serum glucose level and ICH. As early as 
1973, the Framingham Study demonstrated an increased 
morbidity and mortality from cerebrovascular disease in 
patients with diabetes [12]. Similar conclusions have been 
drawn from subsequent studies of patients with diabetes 
[13, 14]. Diabetes increases the risk for disorders that pre-
dispose individuals to hospitalization, including coronary 
artery, cerebrovascular and peripheral vascular disease, 
nephropathy, infection and lower extremity amputations 
[15]. The level of Advanced Glycation End Products (AGEs) 
in diabetes patients was significantly elevated [16]. The 
increased AGEs caused dysfunctional endothelial cells [17], 
stimulated smooth muscle cell proliferation, and acceler-
ated atherosclerosis and thrombosis [18].

Table 1 Frequency distribution of prognosis among the three groups

Prognosis 
groups

Mild  
dependence

Moderate 
dependence

Severe 
dependence

Complete 
dependence 
(death)

Group A 2 6 14 4 (5)

Group B 12 13 21 9 (15)

Group C 55 14 13 3 (3)
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Hyperglycemia can damage cerebral tissue. The patho-
logical basis was that hyperglycemia increased anaerobic 
glycolysis and caused a further increase of lactic acid in 
cerebral tissue under the circumstances of cerebral ischemia 
and anoxia. These cause intracellular acidosis [19], causing 
the thalamic barrier to open by interfering with the process 
of mitochondrial oxidative phosphorylation and aggravat-
ing cerebral edema [4] to worsen the prognosis. In one study 
brain edema after ICH with hyperglycemia increased in 
both lesioned and nonlesioned hemispheres, and this may 
be more attributable to vasogenic edema [20]. Relative 
insulin deficiency liberates circulating free fatty acids, 

which, together with hyperglycemia, reportedly diminish 
vascular reactivity [21]. Hyperglycemia may disrupt the 
blood-brain barrier [22] and promote hemorrhagic infarct 
conversion [23].

The mechanism of hyperglycemia after ICH was that 
elevated intracranial pressure could directly or indirectly 
influence the structure and function of the hypothalamus-
pituitary-thyroid axis; the midline shifting, which was caused 
by the hemorrhage, excited the hypothalamus-pituitary sys-
tem after ICH, which led to the increase of hydrocortisone, 
growth hormone and glucagon, and the reduction of tri-
iodothyronine (T

3
). The combined effect of these hormones 

increased serum glucose [24]. Second, catecholamine excess 
occurs as a component of the stress response, resulting in 
glycogenolysis and increased hepatic glucose production. 
Catecholamines are the initial mediators of hyperglycemia 
via this mechanism. [25] Third, insulin resistance occurs in 
the setting of stress, which evaluates the serum glucose level 
[26]. Last, patients without diabetes who develop stress 
hyperglycemia are likely to have dysglycemia or undiag-
nosed diabetes when not stressed. Patients with dysglycemia 
or undiagnosed diabetes have a higher risk of vascular dis-
ease than patients with normal blood glucose levels [27].

Table 2 Frequency distribution of confounding factors among the three groups

Group A Group B Group C

Gender
 Male 15 45 56

 Female 16 25 32

Age (years) 63.71 ± 9.99 58.51 ± 16.42 58.75 ± 16.53

Hemorrhage sites n (%)

 Basal ganglia 13 (41.94) 33 (47.14) 46 (52.27)

 Lobe brain 6 (19.35) 12 (17.14) 19 (21.59)

 Thalamencephalon 4 (12.90) 9 (12.86) 7 (7.95)

 Cerebellum 3 (9.68) 6 (8.57) 4 (4.55)

 Brain stem 2 (6.45) 4 (5.71) 7 (7.95)

 Subarachnoidcavity 1 (3.23) 3 (4.29) 2 (2.27)

 Others 2 (6.45) 3 (4.29) 3 (3.41)

Hemorrhage volume n (%)

 £30 mL 20 (64.52) 46 (65.71) 72 (81.82)

 >30 mL 11 (35.48) 24 (34.29) 16 (18.18)

Complications n (%)

 Pulmonary infection 4 (12.90) 20 (28.57) 13 (14.77)

 Electrolyte disturbance 4 (12.90) 8 (11.43) 6 (6.82)

 Cerebral hernia 1 (3.23) 5 (7.14) 2 (2.27)

 Arrhythmia 1 (3.23) 4 (5.71) 2 (2.27)

Hemorrhage of

 Digestive tract 1 (3.23) 4 (5.71) 2 (2.27)

 No complications 20 (64.52) 29 (41.43) 63 (71.59)

Table 3 Comparisons of the early serum level among the three groups

Groups Cases (n) x s±
Group A 31 9.47 ± 1.86a

Group B 70 9.19 ± 2.54b

Group C 88 5.29 ± 0.47
aMeans there were significant differences between group A and group C
bMeans there were significant differences between group B and group C
There were no significant differences between group A and group B
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The principles should be grasped to treat hyperglycemia 
with ICH patients as follows: (1) actively treat the primary 
disease and eliminate stressors as soon as possible, control 
complications in time, and correct water electrolyte and acid-
base equilibrium disorders; (2) iatrogenic hyperglycemia 
will also aggravate the damage of brain tissue [28], so rea-
sonable intravenous infusions should be adopted to control 
exogenous glucose, and a high-fat low-sugar diet should be 
given to reduce glucose intake, with dietary fiber to delay 
gastric emptying, thereby inhibiting the production of glu-
cose. (3) Using insulin should follow the principles of effi-
ciency, safety, stability and adjustability to control the serum 
glucose level. The dose of insulin is difficult to control by 
intravenous transfusion because of the large fluctuations 
often observed in serum glucose. An insulin pump is recom-
mended to control serum glucose more accurately. The dose 
of insulin must be individualized. The multivariate logistic 
regression analysis revealed that daily insulin dosage and 
serum glucose level both were the independent positive pre-
dictors of patients’ mortality rates; namely, the higher the 
daily dose of insulin was, the higher the serum glucose level 
was, and the higher mortality was [29]. (4) Regularly moni-
toring their serum glucose levels is important, as is regularly 
adjusting the dose of anti-diabetic drugs and avoiding hypo-
glycemic reactions.

To sum up, the authors consider that admission hypergly-
cemia may lead to a poor prognosis of ICH patients, although 
patients with diabetes or stress hyperglycemia after ICH may 
have similar outcomes under the circumstance that early 
serum glucose levels fluctuate within the same range. The 
authors remind clinicians that they must monitor serum glu-
cose levels of patients in a timely manner and effectively 
control hyperglycemia to improve the prognosis of ICH 
patients and raise survival rates.
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Abstract We aimed to investigate the clinical characteris-
tics of intracerebral hemorrhage (ICH) in Chongqing City, 
China, and evaluate some factors predicting the prognosis of 
ICH. We collected 324 cases with spontaneous intracerebral 
hemorrhage in our hospital from January 2008 to November 
2009. Univariate variance analyses were used for compari-
son of characteristics. Odds ratios (ORs) were calculated 
by logistic regression. Potential confounders were adjusted, 
including gender, age, smoking, and drinking status. Hyper-
tension was the major cause of the spontaneous intracerebral 
hemorrhage, accounting for 75% of all patients in this study. 
Hemorrhages were located in lobes (22.5%), basal ganglia 
(65.3%), cerebral ventricles (2.6%), cerebellum (4.2%), and 
brain stem (7.4%). Serum glucose and conscious status were 
independently associated with in-hospital mortality after 
ICH. Comparing subjects who died in the hospital to those 
who survived, the adjusted ORs of serum glucose were 1.248 
(95% CI 1.013–1.537, p = 0.037), and the adjusted ORs of 
consciousness status were 1.995 (95% CI 1.519–2.621, 
p < 0.001). In China, spontaneous intracerebral hemorrhage 
is mostly caused by hypertension and is usually located in 
the basal ganglia. Serum glucose and consciousness status 
independently predict the prognosis of ICH.

Keywords ICH · Serum glucose · In-hospital mortality · 
Prognosis

Introduction

Spontaneous (non-traumatic) intracerebral hemorrhage (ICH) 
can be defined as an acute and spontaneous bleeding into the 
brain parenchyma [1], which is distinct from subarachnoid 
hemorrhage (SAH) and isolated intraventricular hemorrhage 
(IVH). It is an important public health problem leading to 
high morbidity and mortality. ICH accounts for 2 million 
(10–15%) [2] of about 15 million strokes worldwide each 
year [3]. The annual incidence of ICH is 10–30 cases per 
100,000 people [1, 4]. In more than two-thirds of cases, ICH 
is classified as primary ICH, as it occurs from spontaneous 
rupture of small vessels damaged by hypertension (60%–70% 
of cases) [5] or cerebral amyloid angiopathy (CAA) (15% of 
cases) [6]. Secondary ICH, in a minority of patients, results 
from vascular abnormalities (arteriovenous malformations 
and aneurysm) or other causes (e.g., ischemic stroke or tumor). 
Other important etiologies of both primary and secondary 
ICH include coagulopathy, sympathomimetic drugs of abuse, 
vasculitides, and moyamoya disease [7].

In previous studies, ethnicity has been reported to contrib-
ute to ICH risk. Non-white races have been consistently 
associated with higher rates of ICH [8, 9]. Hispanic and 
Asian patients have higher rates of ICH, which may be par-
tially explained by higher rates of cerebral vascular anoma-
lies such as cavernous malformations and moyamoya disease 
[10, 11]. Because of ethnicity and socioeconomic factors, 
ICHs in Chinese patients may have different characteristics. 
This study was designed to investigate the clinical character-
istics of ICH in Chongqing City, China, and evaluate the fac-
tors that can predict the prognosis of ICH.

Materials and Methods

A medical records review of patients with ICH treated in the 
First Affiliated Hospital of Chongqing Medical University 
from January 2008 to November 2009 was undertaken  
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for elementary data collection. In total, 324 subjects  
(34% women) aged from 14 to 105 years were recruited in 
this study.

All variables used for the model were extracted from data 
available at the time of initial ICH evaluation. The Glasgow 
Coma Scale (GCS) score at admission was used. The systolic 
blood pressure (SBP), diastolic blood pressure (DBP), and 
heart rate (HR), measured after hospital admission, were 
recorded. Other information including sex, age, smoking 
habit, alcohol intake, and medical history were obtained 
from medical files. Only the first laboratory tests by our hos-
pital staff were recorded. Outcome was assessed by mortality 
in the hospital after ICH.

Comparison for baseline characteristics between two sets 
of patients (dead and alive) was performed with ANOVA for 
continuous parameters and c2 test for categorical parameters. 
Continuous data were expressed as mean ± standard devia-
tion (SD). Multivariate logistic regression analyses were 
used to assess the contribution of baseline characteristics to 
mortality in hospital after ICH. Adjusted variables were 
gender, age, smoking, and drinking status. Statistical analy-
ses were performed using SPSS software version 15.0 
(SPSS Inc., Chicago, IL).

Results

Location of ICH

Hypertension is the major cause of spontaneous intracerebral 
hemorrhage, accounting for 75% of all ICHs in this study. 
Hemorrhages were located in lobes (22.5%), basal ganglia 
(65.3%), cerebral ventricles (2.6%), cerebellum (4.2%), and 
brain stem (7.4%) (Fig. 1).

Independent Predictor for Prognosis of ICH

Overall hospital mortality was 26.5% (n = 86), with no sex dif-
ference (24.8% in males and 30.0% in females, p = 0.190). 
Significant differences were found between the dead and surviv-
ing patients in the hospital for the following variables: age 
(62.71 ± 16.43 years, 58.30 ± 15.60 years, p = 0.046), GCS score 
(7.83 ± 4.14, 13.36 ± 2.41, p < 0.001), SBP (176.77 ± 41.57 mmHg, 
158.53 ± 29.44 mmHg, p < 0.001), DBP (100.28 ± 23.73 mmHg, 
94.81 ± 16.62 mmHg, p = 0.018), HR (87.25 ± 21.18 beats/min, 
79.56 ± 15.42 beats/min, p = 0.001), and levels of serum 
glucose (8.59 ± 3.15 mmol/L, 6.34 ± 1.49 mmol/L, p < 0.001), 
urea nitrogen (urea) (7.37 ± 5.36 mmol/L, 5.90 ± 2.70 mmol/L, 
p = 0.004), and serum creatinine (Scr) (128.23 ± 141.67 mmol/L, 
84.17 ± 85.59 mmol/L, p = 0.003). The comparison of baseline 
characteristics between two sets of patients is shown in Table 1.

Eight factors may contribute to the prognosis of ICH and 
were selected for further investigation. Multivariate logistic 
regression analyses showed that only serum glucose levels 
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Fig. 1 Locations of intracerebral hemorrhages

Table 1 Characteristics of study subjects dead or alive in hospital

Characteristics Dead in hospital 
(n = 86)

Alive in 
hospital 
(n = 238)

p

% (n)
Male 61.6 (53) 67.6 (161) 0.190

Current smoking 29.1 (25) 28.6 (68) 0.530

Current drinking 27.9 (24) 29.0 (69) 0.470

Mean ± SD

Age (years) 62.71 ± 16.43 58.30 ± 15.60 0.046

GCS score 7.83 ± 4.14 13.36 ± 2.41 <0.001

SBP (mmHg) 176.77 ± 41.57 158.53 ± 29.44 <0.001

DBP (mmHg) 100.28 ± 23.73 94.81 ± 16.62 0.018

HR (beats/min) 87.25 ± 21.18 79.56 ± 15.42 0.001

Glu (mmol/L) 8.59 ± 3.15 6.34 ± 1.49 <0.001

Na (mmol/L) 140.13 ± 6.53 139.48 ± 4.57 0.364

K (mmol/L) 3.93 ± 0.81 3.87 ± 0.53 0.475

Urea (mmol/L) 7.37 ± 5.36 5.90 ± 2.70 0.004

Scr (mmol/L) 128.23 ± 141.67 84.17 ± 85.59 0.003

LDL-C (mmol/L) 2.70 ± 0.81 2.75 ± 0.88 0.774

HDL-C (mmol/L) 1.50 ± 0.47 1.32 ± 0.63 0.149

TC (mmol/L) 5.05 ± 1.19 4.77 ± 1.01 0.184

TG (mmol/L) 1.28 ± 0.85 1.45 ± 0.84 0.319

GCS Glasgow Coma Scale, SBP systolic blood pressure, DBP diastolic 
blood pressure, HR heart rate, Glu serum glucose, TP total protein, ALB 
albumin, Na serum sodium, K potassium, Urea urea nitrogen, Scr serum 
creatinine, LDL-C low-density lipoprotein cholesterol, HDL-C high-
density lipoprotein cholesterol, TC total cholesterol, TG triglycerides
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and consciousness status were significantly associated with 
prognosis of ICH (dead in hospital versus alive in hospital: 
OR for serum glucose, 1.248; 95% CI, 1.013–1.537; 
p = 0.037; OR for consciousness status, 1.995; 95% CI, 
1.519–2.621; p < 0.001) (Table 2).

Discussion

Intracerebral hemorrhage commonly affects cerebral lobes, 
the basal ganglia, the thalamus, the brain stem (predomi-
nantly the pons), and the cerebellum as a result of ruptured 
vessels affected by hypertension-related degenerative 
changes or cerebral amyloid angiopathy [1]. In our study, 
spontaneous intracerebral hemorrhage was mostly caused by 
hypertension (75%). The proportion was slightly higher than 
that reported before (60–70%). This could be due to the 
poorly controlled hypertension in our country. Intracerebral 
hemorrhage commonly affects cerebral lobes, the basal gan-
glia, the thalamus, the brain stem (predominantly the pons), 
and the cerebellum as a result of ruptured vessels affected by 
hypertension-related degenerative changes or cerebral amy-
loid angiopathy [1]. In the present study, ICH was mostly 
located in the basal ganglia (65.3%).

The GCS score, which is a reproducible and reliable neu-
rological assessment tool [12], has been used in many pre-
dictive models [13–16]. Recently, it has been proven that 
hyperglycemia may worsen the prognosis of ICH [17, 18]. In 
our study, consciousness status and serum glucose indepen-
dently predicted the in-hospital mortality of ICH.

This study is subject to certain limitations. Firstly, hospital 
mortality may not be as effective in assessing the outcome of 
ICH as 30-day mortality. Some patients who were alive in the 
hospital could have died soon after being discharged. The hos-
pital mortality (26.5%) of ICH patients in our study was smaller 

than 30-day mortality in other studies (45%) [19]. Secondly, 
the sample size of this study limited the conclusion.
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Abstract Objective: To find the effective biochemical fac-
tors for predicting the outcome of acute intracerebral hemor-
rhage (ICH). Methods: According to the outcome, 497 ICH 
patients were divided into two groups (effective treatment 
group, ineffective treatment group). The routine biochemical 
results were analyzed between groups with SPSS software 
13.0, including TC, TG, HDL-c, LDL-c, UA, and Glu. The 
differences of these items were found by independent sample 
T test and Kruskal-Wallis test between groups. Then the 
items, which were significantly associated with the progno-
sis of ICH patients, were obtained by the logistic regression. 
In addition, we calculated the odds ratio (OR) for the special 
indicators by chi-square test. Results: Only UA, Glu, and 
HDL-c had significant differences between groups (P < 0.05) 
among the six biochemical items. The binary logistic regres-
sion analysis indicated that high Glu and UA were related to 
the outcome of ICH (P < 0.01). By chi-square test, the OR of 
high Glu was 3.95 (2.27–6.87 with 95% CI) and that of high 
UA was 2.19 (1.16–4.11with 95% CI), but HDL-c’s OR was 
only 0.90 (0.41–1.98 with 95% CI) without statistical signifi-
cance. Conclusion: High Glu and UA were risk factors for 
the prognosis of ICH; monitoring and controlling the Glu 
and UA may be advisable improving the prognosis of ICH.

Keywords Intracerebral hemorrhage · Glucose · Uric acid · 
Prognosis

Introduction

With the sociodemographic changes in aging and changes in 
diet structure, the incidence of cerebrovascular disease has 
been increasing yearly. Acute intracerebral hemorrhage 
(ICH) is one of the important leading causes of death. In 
China, there are great disparities in technical facilities and 
medical techniques among hospitals of different grades. For 
the primary and community hospitals, it is important to judge 
the prognosis of ICH using simple and effective laboratory 
equipment and to take pertinent measures for the risk factors, 
which may be a better way to reduce medical disputes and 
the incidence and mortality of ICH. In this study, for finding 
the effective index to predict the outcome of ICH, we ana-
lyzed the association between routine biochemical results 
and the prognosis of ICH retrospectively.

Material and Methods

From May 2005 to September 2009, 507 ICH patients were 
admitted to the Department of Neurology of the First Affiliated 
Hospital, Chongqing Medical University, Chongqing, China. 
All those examined had brain CT- or MRI-based diagnoses, 
and met with the diagnostic criteria of cerebrovascular 
disease established at the 1995 All-China Conference on 
Cerebrovascular Disease. These patients were divided into 
three groups: effective treatment group (healing well and 
improving, n = 420), ineffective treatment group (non-improv-
ing and dying, n = 77), and follow-up failure group (n = 10, did 
not participate in follow-up research). The venous blood sam-
ples were collected on the status of empty stomachs the next 
morning after admission. All the routine biochemical items 
were tested by an automatic biochemical analyzer, Olympus 
Au640, including serum total cholesterol (TC), triglycerides 
(TG), high density lipoprotein cholesterol (HDL-c), low 
density lipoprotein cholesterol (LDL-c), uric acid (UA), and 
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glucose (Glu). Our laboratory passed the accreditation crite-
ria for the quality and competence of medical laboratories 
(ISO15189).

SPSS13.0 statistical package was used to deal with the 
data. The T test or Kruskal-Wallis test was used to compare 
the two groups, depending on whether or not they were vari-
ance homogenous. The logistic regression model was used to 
identify the items associated with the outcome of acute ICH. 
Chi-square test was used to calculate the odds ratio for the 
prediction.

Results

The Basic Situation of Patients  
with Acute Intracerebral Hemorrhage

Among the total 497 patients, including 179 (36%) males 
and 318 (64%) females, the chi-square test showed that there 
were no significant gender differences between the two 
groups (P = 0.56). The ages of the effective treatment group 
(n = 420) and ineffective treatment group (n = 77) were 
61.2 ± 13.0 years and 67.6 ± 13.2 years (mean ± SD), respec-
tively; significant differences existed between them 
(P < 0.001) with the T-test. It seems the older the patient is, 
the poorer the outcome is.

Differences Between the Lipid Levels  
of the Two Groups

The four lipid items included TC, TG, HDL-c, and LDL-c. 
The difference in TC and HDL-c levels was compared 
with the T test, and in TG and LDL-c with the Kruskal-
Wallis test because of its unequal variances (Levene’s test, 
P < 0.05). The statistical results are shown in Table 1.

The HDL-c levels of the ineffective treatment group was 
significantly higher than that of effective treatment group 
(P < 0.05). There were no significant differences in TC, TG, 
and LDL-c levels between the two groups (P > 0.05).

Differences in Plasma Glucose and Serum  
Uric Acid Between the Two Groups

The difference in plasma glucose (Glu) levels was compared 
with the Kruskal-Wallis test because of its unequal variances 
(Levene’s test, P < 0.05). The difference in serum uric acid 
(UA) was compared with T test. The results are shown in 
Table 2.

Both Glu and (UA) exhibited significant differences 
between the two groups (P < 0.001). Both Glu and UA levels 
of the ineffective treatment group were significantly higher 
than those of the effective treatment group.

Estimates of the Prognosis of ICH Patients  
by Biochemical Items

The binary logistic regression analysis was done by the for-
ward LR procedure; the eliminated criterion was P > 0.05, 
while if P < 0.05, the item was identified as significant related 
to the outcome of acute ICH. Chi-square test was used to 
calculate the OR, the statistical analysis results of which are 
shown in Table 3.

The binary logistic regression analysis indicated the 
Glu, UA, and HDL-c levels were associated with the  
outcome of ICH (P < 0.05). By chi-square test, the OR of 
high Glu was 3.2 (1.5–6.7 with 95% CI), and that of high 
UA was 3.8 (1.7–8.7 with 95% CI). However, the OR of 
low HDL-c was 0.90 (0.41 ~ 1.98 with 95% CI) without 
 statistical difference.

Table 2 The differences in Glu and UA between the two groups

Group n Glu (mean 
rank)

UA (mean ± SD, 
mmmol/L)

Effective  
treatment group

420 231.18a 305.47 ± 110.84**

Ineffective  
treatment group

77 346.23a 348.35 ± 139.23**

**P < 0.01
aMean rank, P < 0.01

Table 3 The odds ratio of HDL-c, Glu, and UA

Parameter B estimate Standard 
error

P OR  
(95% CI)

Age − 0.041 0.011 <0.001

HDL-c − 0.724 0.298 0.015 0.90 (0.41–1.98)

Glu − 0.271 0.049 <0.001 3.95 (2.27–6.87)

UA 1.24 0.44 0.008 2.19 (1.16–4.11)

Table 1 The differences of lipids between the two groups

Group n TC 
(Mean±SD, 
mmol/L)

TGa 
(Mean 
rank)

HDL–c  
(Mean±SD, 
mmol/L)

LDL–ca 
(Mean 
rank)

Effective group 420 4.74±1.02 250.46 1.34±0.41 249.85

Ineffective group 77 4.82±1.22 241.05 1.48±0.50 244.36*

P 0.523 0.597 0.020* 0.758

Note: * P<0.05
aMean Rank
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Discussion

In recent years, the incidence of acute intracerebral hemor-
rhage (ICH) has been increasing, with high disability and 
mortality rates, especially in elderly people. Among the 
causes of ICH, hypertension and atherosclerosis are consid-
ered the main ones. However, there is no general consensus 
on the prognosis of ICH. In order to offer guidance to basic 
hospitals and community hospitals, we analyzed the relation-
ship between routine biochemical factors and the prognosis 
of ICH retrospectively; this might help them judge the prog-
nosis correctly and decrease the mortality and disability rates 
of ICH.

Effects of Abnormal Lipid Metabolism  
on Prognosis of ICH

Lipid metabolic disorders, including increased TC, TG, 
LDL-c and/or decreased HDL-c levels, play an important 
role in pathophysiological processes of atherosclerosis. 
Among many risk factors of intracerebral hemorrhage, hyper-
tension and atherosclerosis, especially the joint action, are 
considered the main causes [1]. In our study, among 
497 patients with ICH, serum lipid results had no significant 
differences between the effective treatment group and inef-
fective treatment group, except for HDL-c levels (P < 0.05). 
However, the OR of HDL-c was only 0.90 (0.41–1.98, 95% 
CI) without statistical significance. Recently, related studies 
have reported that low levels of serum TC, TG, HDL-c [2], 
and LDL-c [3] were considered strong predictors for poor 
outcome in patients with ICH, which is different from our 
data. The possible reason for the difference may be that we 
compared the lipids only and did not take hypertension into 
consideration. So, it is necessary for us to study the joint 
action of lipids and hypertension on ICH further.

Effects of Hyperglycemia on the Prognosis  
of ICH

Hyperglycemia is a common condition after ICH as a stress 
response to the severity of the bleeding [4]. But does hyperg-
lycemia affect the prognosis of ICH? Our data showed that 
hyperglycemia may be a risk factor for poor outcome after 
ICH. The possible pathogenesis may be as follows: hypergly-
cemia aggravates the intracellular acidosis after ICH, dam-
ages nerve cells, and dilates blood vessels; all this will 
aggravate brain edema, increase intracranial pressure, and 
intensify brain damage. Schlenk reported that blood glucose 

levels >7.8 mmol/L (140 mg/dl), but not levels >6.1 mmol/L 
(110 mg/dl), independently predicted unfavorable outcomes, 
and cerebral glucose increased only at blood levels >7.8 
mmol/L (140 mg/dl). He suggested that the acceptable blood 
glucose level was up to 7.8 mmol/L (140 mg/dl) after SAH 
[5]. Godoy’s results supported ours; he states that a 1.0 
mmol/L (18 mg/dl) increase in the Glu concentration at 
admission was associated with a 33% mortality increase (OR: 
1.33; 95%CI: 1.22–1.46; P < 0.0001) [6]. Ho reported main-
tenance of lower normoglycemia (4–8 mmol/L) with con-
tinuous titrated insulin therapy is associated with improved 
cerebral hemodynamics (P < 0.001), especially in the first 
12 h [7].

Effects of Hyperuricemia on Prognosis of ICH

Hyperuricemia is a part of metabolic disease and occurs com-
monly in patients with type 2 diabetes; it has interactions with 
hypertension, so in our study, we analyzed the relationship 
between uric acid level and prognosis of ICH. We showed that 
UA of the ineffective treatment group was significantly higher 
than that of the effective treatment group, and hyperuricemia 
was a predictor of poor prognosis with OR 2.19 (1.16–4.11, 
95% CI). Our results were consistent with Karagiannis’s 
conclusions (P = 0.001;OR = 1.37; 95% CI = 1.13–1.67) [8]. 
Newman reported that urate levels of greater than 0.42 
mmol/L predicted increased likelihood of suffering an inde-
pendent event, including myocardial infarction, recurrent 
stroke, or vascular death [9]. The possible reason is as fol-
lows: Because of cerebral vasospasm and hematoma after 
ICH, focal cerebral ischemia causes the body to release more 
adenosine for regulating vascular relaxation; however, the 
adenosine is metabolized into uric acid in the vascular 
endothelial cell, which results in elevated blood UA. Thus, 
the UA level may reflect the severity of ICH to a certain 
extent, and hyperuricemia was considered a poor predictor of 
ICH.

In summary, by retrospectively analyzing relationships 
between the routine biochemical items and the prognosis of 
497 patients with ICH, we found that both high Glu and high 
UA levels were risk factors for the prognosis of ICH; moni-
toring and controlling the Glu and UA may be advisable for 
improving the prognosis of ICH.
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Abstract Intraventricular hemorrhage (IVH) subsequent to 
intracerebral hemorrhage (ICH) or subarachnoid hemorrhage 
(SAH) is associated with high mortality and morbidity. The 
use of fibrinolytic agents to treat this condition has previously 
been reported in small clinical trials with limited numbers of 
patients. Variability regarding inclusion criteria, method of 
administration and outcome have made it difficult to draw 
firm conclusions regarding the efficacy of antifibrinolytic 
therapy. Nine patients with CT-diagnosed IVH were treated 
with Alteplase intrathecally for 3 to 5 days according to the 
CT-verified clearance of IVH. After the treatment period, a 
repeat CT scan was performed to evaluate treatment effect.

In this safety study, we achieved rapid removal of IVH 
compared to retrospective controls, without incidents of re-
bleeding, with only 33% permanent shunt placements and a 
neurological outcome of GOS of 4–5 in 44% of the patients. 
Based on the above results, the treatment protocol was con-
sidered safe and highly effective. A prospective randomized 
national multicenter trial has been initiated in order to evalu-
ate the efficacy of this novel method also in terms of out-
come and shunt dependency.

Keywords Intraventricular hemorrhage (IVH) · Intracerebral 
hemorrhage (ICH) · Subarachnoidal hemorrhage (SAH) · 

Extraventricular drainage (EVD) · Intraventricular throm-
bolysis · Recombinant tissue plasminogen activator (rt-PA) · 
Hydrocephalus

Introduction

Intraventricular hemorrhage (IVH) is observed in approxi-
mately 40% of all patients with spontaneous hypertensive 
intracerebral hemorrhage (ICH) and in 30% of all patients 
with SAH [1, 2]. A significant IVH component is associated 
with both poorer outcome and a mortality rate of up to 90% 
[2–8]. The reason why IVH in itself carries a poor prognosis 
is not understood. It has been suggested that poorer ICP con-
trol [9], ischemic encephalopathy due to direct compression 
of central structures adjacent to the ventricles [2, 10], and 
brain edema [5] may be contributing factors.

In the case of ICH, surgical removal is an option in the 
current management of these patients, with the added risk of 
surgery usually not being significant. However, in the case of 
IVH, surgical removal is a challenge and has been shown to 
pose significant surgical risk to the patient and is generally 
not thought of as a therapeutical option [3]. With the advent 
of fibrinolytic agents, the goal of blood removal may be pur-
sued with minimal surgical risk as it is administered via an 
external ventricular drain (EVD). The use of fibrinolytic 
agents to treat IVH has previously been reported in smaller 
clinical trials [9–17]. Due to differences in protocol and 
inclusion criteria, the results reported are by far equivocal.

The primary purpose of the present study was to devise a 
clinically feasible protocol for intrathecal administration of 
Alteplase and to demonstrate the safety of this treatment. 
Secondary endpoints were the assessment of incidence of 
ventriculitis, frequency of drain clotting, the need for VP 
shunt placement and preliminary clinical outcome as mea-
sured by the Glasgow Outcome Scale (GOS) score 6 months 
after admission at the hospital.
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Materials and Methods

The regional science ethics committee in Copenhagen 
approved the study.

Over a period of 2 years (January 2008 to January 2010) 
nine patients were included in the study. The mean age of the 
included patients was 58 (range 39–78), and the median GCS 
score upon admission was eight (range 6–15). Treatment 
with EVD was according to routine clinical practice and cri-
teria. A CT scan was performed to verify catheter position. 
In cases where the IVH had occurred secondary to aneurys-
mal hemorrhage, the offending aneurysm had been secured. 
Routine blood workup was performed with emphasis on the 
clotting parameters.

Pregnancy, lactation, being less than 18 or greater than 
85 years of age, and presence of coagulopathy (either sponta-
neous or iatrogenic through treatment with acetylsalicylic acid 
or vitamin K antagonist) led to exclusion from the study. 
Alteplase was used as fibrinolytic agent. The dose regimen 
was based on the experience of previously reported clinical 
trials [9–17] (Table 1). The following protocol was employed:

1.  After aspiration of 4 mL of CSF from the EVD, 4 mg 
(1 mg/mL) of Alteplase was administered through the 
EVD every 24 h. Two milliliters of NaCl was used to flush 
the EVD after the Alteplase administration.

2.  Following administration of Alteplase, the EVD was 
closed for up to 6 h, during which the intracerebral pres-
sure (ICP) was monitored. However, if ICP rose above 
25 mmHg for a period of more than 20 min prior to the 
6 h limit, the EVD was re-opened against a 20-cm water 
pressure gradient.

3.  The EVD was re-opened after 6 h to a pressure gradient of 
20 cm water.

4.  Prior to the administration of Alteplase the next day, the 
EVD was lowered to 0 cm water resistance for 1 h in order 
to evacuate blood components.

5.  After the third dose was administered, a CT scan was per-
formed the following day to visualize the treatment effect. 
If the CT scan revealed significant amounts of residual 
IVH, a further 1–2 days of treatment was initialized. 
Another control CT was performed 2 days after termina-
tion of the Alteplase treatment to evaluate the full effect 
of the treatment.

The observed IVH was graded according to the system 
devised by LeRoux et al. ([6]; see Table 2). In brief, each of 
the four ventricles are scored on a scale ranging from 1 to 4, 
1 representing traces of blood, and 4 representing a ventricle 
filled entirely with blood. Thus, the total score of an IVH 
ranges between 1 and 16. CT scans were scored at the time 
before and after the Alteplase treatment. To compare the 
effect of Alteplase treatment in terms of blood clearance five 
random historical controls with IVH and treated with EVD 
were identified. The CT scans obtained were analyzed at time 
of presentation and at day 7. Treating the LeRoux scale as 
semiquantitative, differences were analyzed using Student’s 
t-test. P values lower than 0.05 were considered significant.

The patients were followed-up 6 months after discharge, 
at which time they were clinically scored according to the 
Glasgow Outcome Scale (GOS) score. The possible inser-
tion of a shunt system was registered, and the case notes 
were reviewed to ascertain any sign of a rebleed, incidents of 
catheter clotting and incidence of possible ventriculitis.

Table 1 Demographic data and treatment outcome

Patient Age Sex Diagnosis Comorbidity GCS 
admitting 
score

LeRoux 
before 
treatment

LeRoux 
after 
treatment

Alteplase 
(rt-PA) 
total dose 
(mg)

VP shunt 
insertion

GOS after 
6 months

1. 50 M ICH None 6 11 3 20 Y GOS 4

2. 39 M SAH None 15 15 3 20 N GOS 5

3. 78 W ICH Hypertension 7 12 4 20 N GOS 1a

4. 62 M ICH Hypertension 7 14 4 12 N GOS 5

5. 49 M ICH None 8 14 4 12 Y GOS 3

6. 58 W ICH Hypertension 6 15 2 20 N GOS 1b

7. 70 W ICH Hypertension 10 15 8 12 N GOS 1c

8. 50 W SAH None 8 10 0 20 N GOS 4

9. 65 M SAH None 9 15 2 20 Y N/Ad

aDied during admission due to pneumonia
bDied because of poor cerebral status
cDied during admission because of pneumonia
dN/A since the patient was first included in the study in January 2010
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Results

Nine patients were included in the study, five males and 
four females. Mean age was 58 years (range: 39–78), and 
mean GCS upon admission was eight (range: 6–15). Patients 
were admitted to the neurointensive care unit (NICU) for 
19 days on average (range 7–30 days). Three patients were 
treated with Alteplase for 3 days, the remainder 5 days. The 
average treatment dose of Alteplase was 17.3 mg, either as 
a 3-day treatment of 12 mg or a 5-day treatment of 20 mg 
totally. Substantial removal of intraventricular hematoma 
size was achieved in 3–5 days (Fig. 1). Upon admission the 
average LeRoux grade of IVH was 13.4. After treatment, 
the mean LeRoux grade was 3.3. The average fall in LeRoux 
grading was 10.1 (P < 0.0001; see Fig. 1).

In the control group patients were admitted with an aver-
age IVH grade of 11.6 and had an IVH grade of 7.8 at 7 days 
after admission. All patients in the control group were treated 
with EVD solely, and the average hematoma reduction 
according to LeRoux grade was 3.8.

No new hemorrhagic events in the nine patients receiving 
Alteplase were recorded. None of the treated patients 

experienced clotting of the ventricular drain or the need for 
drain replacement, and there was no occurrence of ventriculi-
tis observed during the Alteplase treatment period. Three out 
of the nine treated patients (33%) had a ventriculoperitoneal 
shunt placed. Three out of eight patients (38%) died before 
reaching the 6-month follow-up, with one patient not being 
eligible for 6-month follow-up because of recent treatment.

Three patients died before reaching follow-up. A cerebral 
cause of death could be identified in one case, whereas the 
other two patients died of septicemia.

Six months after IVH, four patients (44%) had a good 
clinical outcome (GOS 4–5).

Discussion

Spontaneous or secondary IVH carries a poor prognosis as 
an isolated primary event in itself, but also conditions sec-
ondary to the IVH, such as hydrocephalus, often require 
long-term treatment with EVD and subsequent VP shunts. In 
many cases, treatment with EVD is accompanied by compli-
cations, most notably reduced patency of CSF drainage due 
to blood clots obstructing the intraventricular catheter. Long-
term EVD treatment often involves an increased risk of ven-
triculitis/CSF infection.

In addition, the blood clot in itself can exert a mass effect 
on the ventricular walls compromising local cerebral blood 
circulation [2, 8, 18]. It has also been described that blood 
clots can produce secondary neuronal degeneration because 
of an inflammatory reaction in the subependymal tissue [5], 
which is especially important if such a blood clot is located 
in relation to the third (hypothalamus) and fourth (brainstem) 
ventricles, which is often seen in patients with IVH.

Therefore, fibrinolytic agents injected into the ventricular 
system should rapidly dissolve blood clots and thereby 
reduce any mass effect on the ventricular walls as well as 
removing any substrates for deleterious breakdown products 
that could challenge the integrity of adjacent neural tissue 
and, potentially, patient recovery.

This study demonstrates that intrathecal Alteplase treat-
ment over a 3–5-day period was efficient and safe in remov-
ing either totally or considerably the intraventricular blood 
present at the time of presentation. Among other interesting 
observations worth mentioning, we found a low VP shunt 
placement percentage of 33%, compared to 40–60% in the 
literature [1, 3, 6, 19], a good (GOS 4–5) neurological out-
come 6 months post bleeding in 44% of our patients, and 
finally a low mortality rate of 22% compared to historic data 
in the range of 40–90% [1, 3, 6, 19] (Fig. 2).

There is a paucity of randomized clinical trials aimed at 
determining the risk/benefit ratio of intrathecal fibrinolytic 
therapy for IVH. To evaluate whether fibrinolytic treatment 

Table 2 Grading system for severity of IVH (LeRoux scale). Each 
ventricle (n = 4) is graded separately. The scores are added to a total 
range of 1–16

Grade

1 Trace of blood

2 Less than half of the ventricle is filled with blood

3 More than half of the ventricle is filled with blood

4 The ventricle is filled with blood and expanded

According to LeRoux et al. [6]

2
Actilyse

Reduction of IVH using the LeRoux grading system (p<0.0001)
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Fig. 1 Reduction of IVH, actilyse vs. control, using the LeRoux grad-
ing system (P < 0.0001)
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carries a benefit to the patient, a Danish prospective random-
ized placebo-controlled multicenter study is currently being 
conducted to assess the effect on clinical outcome and shunt 
dependency. Also, this multicenter study will evaluate whether 
fibrinolytic therapy leads to shortened intensive care stay.
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Abstract Objective: A consensus on decompressive surgery 
for hypertensive intracranial hemorrhage (ICH) has not been 
reached. We retrospectively analyzed our single-center expe-
rience with ICH. Material and Methods: From January 2004 
to August 2009, 65 consecutive supratentorial ICH patients 
underwent surgery in our institute. Supratentorial ICHs that 
exhibited a hematoma volume of over 50 mL according to 
the xyz/2 method were included in this study. We compared 
a hematoma removal plus decompressive craniectomy group 
(DC) and a hematoma removal group (HR) with regard to 
GCS, preoperative hematoma volume, shift from the mid-
line, time from the ictus to surgery, post-surgical hematoma 
volume, brain swelling, hospitalization periods, and m-RS 
after 3 months. Statistical analysis was done using the t-test 
or c2 test, and the odds ratio was calculated. Results: Twenty-
five patients participated in this study. The DC group included 
5 male patients, and the HR group 20 patients (F/M = 8/12). 
Mean DC group age was 44.2 years, and 56.8 years for the 
HR group (p < 0.05). GCS, preoperative hematoma volume, 
shift from the midline, time from the ictus to surgery, and 
postoperative hematoma volume were similar between both 
groups. Brain swelling on post-opeerative CT was demon-
strated to be mild and delimited within the cranium in the DC 
group, similar to the HR group. Hospitalization periods 
increased in the DC group (p < 0.05). The m-RS after 
3 months was similar for both groups. The factors relevant 
for m-RS were age, postoperative hematoma volume, and 
GCS at 24 h after surgery. Conclusion: Decompressive 
craniectomy is not necessary for rescue in ICH if the hema-
toma can be removed completely.

Keywords Decompressive craniectomy · Hypertension · 
Intracerebral hemorrhage · Supratentorial

Introduction

In light of the randomized, prospective trial pertaining to 
hypertensive intracranial hemorrhage (ICH), the role of 
decompressive craniectomy has become controversial [1–4]. 
A consensus on decompressive surgery for ICH has also not 
been reached. We retrospectively analyzed our single-center 
consecutive experience with large ICHs and investigated the 
effect of decompressive hemi-craniectomy.

Material and Methods

From January 2004 to August 2009, 65 consecutive ICH 
patients underwent surgery in our institute. Supratentorial 
ICHs that exhibited a hematoma volume of over 50 mL 
according to the xyz/2 method were included in this study 
[5, 6]. We divided patients into two groups according to 
treatment methods: a hematoma removal plus decompressive 
hemi-craniectomy group (DC) and a simple hematoma 
removal by osteoplastic craniotomy group (HR). We com-
pared the two groups with regard to GCS score, preoperative 
hematoma volume, shift from the midline, time from the 
ictus to surgery, post-surgical hematoma volume, brain 
swelling away from the normal inner layer of cranium 
(Fig. 1b), hospitalization periods, and modified Rankin Scale 
(m-RS) after 3 months. Statistical analysis was done using 
the t-test or c2 test, and the odds ratio was calculated (JMP 
8.01, SAS institute Inc., Cary, NC). A p-value below 0.05 
was accepted as statistically significant.

Perioperative treatment of patients was the same in both 
groups according to the AHA guideline [1]. Decompressive 
hemi-craniectomies were done in patients with a prospect of 
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brain swelling or inadequate brain decompression after 
hematoma removal.

Illustrative Cases

Case 1. A 60-year-old male suffering with right putaminal 
hemorrhage was transferred to our department. He was 
administered warfarin because of an aortic mechanical valve. 
GCS score was 4, hematoma volume was 151 mL, and mid-
line shift was 16 mm (Fig. 1a1). Removal of the hematoma 
and decompressive hemi-craniectomy were done on the same 

day. A 5 mm brain swelling was recognized on the day after 
surgery (Fig. 1a2). Postoperative rebleeding did not occur 
(Fig. 1a3). His m-RS was five at 3 months after the ictus.

Case 2. A 69-year-old female suffering with right putami-
nal hemorrhage was transferred to our department (Fig. 1b1). 
She was administered warfarin because of arterial fibrilla-
tion. The GCS score was 10, hematoma volume was 118 mL, 
and midline shift was 12 mm. Simple removal of the hema-
toma by osteoplastic craniotomy was done on the same day. 
On the day after surgery, no remarkable brain swelling was 
recognized (Fig. 1b2). The postoperative course was unevent-
ful (Fig.1b2). Her m-RS was four at 3 months after the 
ictus.

Fig. 1 Computed tomography of illustrative cases. (a) A 60-year-old 
male with right putaminal hemorrhage. (a1) Preoperative CT. Hematoma 
volume 151 mL and midline shift 16 mm. (a2) Postoperative CT at day 
1. Brain swelling is at 5 mm beyond the normal inner bone (dashed 
line). (a3) Postoperative CT at day 8. No rebleeding experienced. (b) A 

69-year-old female with putaminal hemorrhage. (b1) Preoperative CT. 
Hematoma volume 118 mL and midline shift 12 mm. (b2) Postoperative 
CT at day 1. No remarkable brain swelling was apparent. (b3) 
Postoperative CT at day 8. Her m-RS was four at 3 months after the 
ictus

a1

b1

a3a2

b2 b3
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Results

Twenty-five patients participated in this study (Table 1). The 
DC group included 5 male patients and the HR group 20 
patients (F/M = 8/12). Mean DC group age was 44.2 years 
and in the HR group 56.8 years (p < 0.05). GCS, preoperative 
hematoma volume, shift from the midline, time from the 
ictus to surgery, and postoperative hematoma volume were 
similar between both groups. Brain swelling on postopera-
tive day 1 CT was demonstrated to be mild and delimited 
within the cranium in the DC group (Fig.1a2), similar to the 
HR group. Hospitalization periods increased in the DC group 
(p < 0.05). The m-RS after 3 months was similar for both 
groups. The m-RS significantly correlated with patient age, 
preoperative hematoma volume, postoperative hematoma 
volume, and postoperative GCS at 24 h (Fig. 2). The relevant 
factors for m-RS were age (60), postoperative hematoma 
volume (2 mL), and GCS(10) at 24 h after surgery 
(Fig. 3).

Discussion

According to our results, decompressive hemi-craniectomy 
does not influence m-RS at 3 months after the ictus. The effec-
tiveness of decompressive hemi-craniectomy has been demon-
strated in malignant middle cerebral artery infarction and 
traumatic brain injury [7–11]. But there is no established evi-
dence of the effectiveness of decompressive hemi-craniectomy 
for ICH. Efficient hematoma removal can reduce the need 
for decompressive hemi-craniectomy, while a reduction in 

decompressive hemi-craniectomies reduces medical costs and 
hospitalization periods. We need to select candidates for 
decompressive hemi-craniectomy appropriately.

Pantazis et al. prospectively showed that surgical removal 
of large subcortical or putaminal hematomas greater than 
30 mL yields better functional results than conservative ther-
apy [12]. But they also pointed out that patients’ GCS scores 
of under 8 or ICH volumes over 80 mL did not achieve a 
favorable outcome [12]. We report here for the first time that 
GCS scores at 24 h and hematoma volumes after surgery are 
predictive of patient outcome.

Our study group included five cases (20%) at GCS 3 or 4, 
and we treated more severe cases than previous reports 
[2, 12]. Cho et al. reported that surgical treatment is recom-
mended at a GCS score of less than 12 with an ICH volume 
of at least 30 mL in order to save lives, and hematoma vol-
ume is more important than GCS to determine the treatment 
strategy [13]. Our results partially confirm their report; both 
preoperative hematoma volume and poor GCS are predictive 
of patient outcome.

Our median time from the ictus to surgery was 10 h and 
IQR was 6.25–20 h. In the STICH report, early surgery group 
median time between ictus and surgery was 30 h, and IQR 
was 16–46 h [2]. In the rat experimental model, inflamma-
tion and cell death start 4 h after the ICH [14]. At the same 
time, perihematomal increases in glucose metabolism occur 
after several days in human cases [15]. Early hematoma 
removal and reduction of intracranial pressure are beneficial 
for ICH.

The limitations of our study are that we did not make a 
comparison to conservative therapy, and this study is not ran-
domized, nor is it a multicenter trial.

Table 1 Parameters for the two treatment groups

Hematoma removal plus decompressive 
craniectomy

Simple hematoma removal

No. of patients 5 20

Gender (m/f) 5/0 12/8

Age (median, IQR)* 43 (36–53) 59 (50.3–66.5)

Side (right/left) 3/2 13/7

GCS (median, IQR) 7 (3.5–11) 8.5 (5.25–10.75)

Preop hematoma volume (mean, 95% CI) 97.8 mL (55.3–140) 80.4 mL (70.5–90.2)

Shift from the midline (mean, 95% CI) 10 mm (5.7–14.3) 8.2 mm (6.5–9.9)

Time from the ictus to surgery (mean, 95% CI) 15.7 h (8.2–18.4) 14.2 h (9.0–19.4)

Postoperative hematoma volume (mean, 95% CI) 7.55 mL (−12.2 to 27.3) 6.5 mL (1.0–12.1)

GCS at 24 h later (median, IQR) 9 (6.5–12) 10 (6–13)

Hospitalization periods (median, IQR)* 54 days (47–154) 20.5 days (15–30.5)

m-RS (median, IQR) 5 (3.5–5) 4 (4–4.75)

*p < 0.05
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Conclusions

Decompressive craniectomy is not necessary for rescue in 
hypertensive ICH if the hematoma can be removed com-
pletely. Age, postoperative hematoma volume, and GCS at 
24 h after surgery determine patient prognosis.
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Abstract The use of intravascular hypothermia in the treat-
ment of hemorrhagic stroke is currently still being researched. 
The exact therapeutic properties and effect of hypothermia 
on the natural progression of the disease are not known, and 
a only small number of papers has been published with 
results from these studies.

Mild hypothermia at 34°C was induced in six patients with 
hemorrhagic stroke in the first 48 h after presentation, using 
an intravascular catheter placed in the inferior vena cava. The 
hypothermia was induced and maintained for 24 h followed 
by gradual rewarming. Another 18 patients with hemorrhagic 
stroke but not receiving hypothermia were then taken as the 
control group, and all patients were treated with standard 
stroke management. The patients were then followed up using 
the modified Rankin Scale (mRS) for 6 months and 1 year.

There was a statistically significant improvement at 
6 months and 1 year follow-up using the mRS score in the 
hypothermia group, indicating a possible beneficial effect of 
early therapeutic hypothermia in the management of acute 
hemorrhagic stroke. However, a larger study is needed in 
order to confirm our finding.

Keywords Adjunct treatment · Hypothermia · Intracerebral 
hemorrhage · mRS score

Introduction

The use of hypothermia in acute stroke has been gaining 
renewed interest in the last few years. However, a very lim-
ited number of papers have been published regarding the use 

of hypothermia in the treatment of hemorrhagic stroke [1–4]. 
These papers are mostly pilot or feasibility studies, or studies 
on animal models.

Materials and Methods

Subjects

Twenty-four patients with confirmed hemorrhagic stroke on 
CT scan were recruited after fulfilling our inclusion and 
exclusion criteria. Only six patients consented to having 
intravascular hypothermia. Eighteen others who agreed were 
recruited as controls. All patients received standard manage-
ment for stroke, including antihypertensive medication, 
physiotherapy and supportive care.

Our inclusion criteria were patients whose ages were 
between 18 and 80 years, intracerebral hemorrhage on con-
firmed radiological imaging and those who presented within 
48 h of onset of the first symptoms. Exclusion criteria for our 
study included pregnancy or having uncontrolled severe and 
chronic medical problems including cardiac, renal or liver 
failure, AIDS, previously diagnosed vascular malformations, 
cancer, hemorrhage secondary to other causes such as warfa-
rin, congenital abnormalities, presence of intraventricular 
hemorrhage, posterior fossa hemorrhage, hematological con-
ditions such as Sickle cell disease, cryoglobulinemia and 
vasospastic disorder as well as any surgical intervention that 
was planned for the patient.

Study Protocol and Design

The study was a nonrandomized, prospective, controlled 
clinical trial. The study protocol and design were reviewed 
and accepted by the Ethics Committee of the School of 
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Medical Sciences, Universiti Sains Malaysia, in 2005. 
The study duration was January 2005 and June 2008, and 
the study population was made up of patients presenting 
to Universiti Sains Malaysia Hospital, Kubang Kerian, 
Kelantan, Malaysia (HUSM), with confirmed hemorrhagic 
stroke. We recruited patients with confirmed intracerebral 
hemorrhage on CT scan that presented to our hospital 
within 24 h of stroke symptom onset. After fulfilling our 
inclusion and exclusion criteria as outlined above, the 
patients were either selected for induction of hypothermia 
or observation depending on the consent given. The rea-
son for nonrandomization of the study was that consent 
for the procedure was integral to our study. This was not 
achieved in many instances since in this 2-year period, 
refusal to be in the study was high because of the numer-
ous possible complications of hypothermia, including 
death, were high.

The patients that were selected for hypothermia were then 
transferred to our High Dependency Unit and an intravascular 
catheter (ICY Catheter by Alsius, Irvine, CA) was inserted in 
the right femoral vein. The catheter was then connected to the 
mobile temperature management system, the CoolGard 3000 
(Alsius, Irvine, CA). This system is basically a heat exchange 
system whereby a heat exchange balloon is built into the 
catheter that is placed in the inferior vena cava. Cold sterile 
saline then is circulated by a pump through the balloon, thus 
cooling the blood in the inferior vena cava. The target tem-
perature and the rate of cooling could be adjusted between 
0.5°C and 42°C. In all patients that underwent hypothermia, 
the highest rate of cooling was used and the target tempera-
ture set at 34°C. The temperature probe was placed in the 
rectum as per the instructions of the CoolGard 3000 system. 
This intravascular system has the advantage of better tem-
perature control and a faster cooling rate compared to the sur-
face cooling method, at least according to Steinberg et al. in 
2004. Once the target temperature of 34°C was achieved, this 
was maintained for at least 24 h, after which gradual rewarm-
ing of about 1°C/h was initiated. It was imperative that the 
rewarming phase was gradual as it has been shown that fast 
rewarming can cause a rebound increase in intracranial pres-
sure and influence outcome as described by Bloch in 1964 
[5]. Once normothermia had been achieved, the catheter was 
removed, and the patient was then transferred to a normal 
ward. The control group, which did not receive hypothermia, 
was managed in a standard manner for hemorrhagic stroke, 
which included antihypertensive medications as needed.

Follow-Up Assessment

Modified Rankin Scale [6] was used in the follow-up phase 
to assess the outcome in these patients. The patients were 

reviewed in our neurosurgery out-patient clinic and assessed 
by a single non-blinded observer.

Adverse Event

The first two patients in the hypothermia group met with 
early death within the first week of admission. The first 
patient died after 5 days of completing the hypothermia 
 therapy, while the second patient died 24 h after completing 
the therapy. In both in patients the causes of death were not 
determined as autopsy was refused, but both deaths occurred 
suddenly in otherwise stable patients, leading to possible car-
diorespiratory events causing the death. By day 90 of follow-
up, two patients in the control group had died of unknown 
causes, both of whom had died at home and had no autopsy 
done. No neurological deterioration was recorded during 
admission for the rest of the hypothermia and control group.

Results

The baseline characteristics for both groups are shown in 
Table 1. The most obvious difference between the interven-
tional group and control group were the mean age of patients 
and GCS score on admission.

We recorded the modified Rankin Scale score in all 
patients at 7 days, 3 months, 6 months and 1 year of follow-
up (Table 2, Fig. 1). Those patients who were unable to 
attend the out-patient clinic were given a phone call, and the 
best description of the patient or carrier was taken as the 
 current condition.

Discussion

The underlying neuroprotective mechanism of hypothermia 
involves several pathophysiological steps. The cerebral pro-
tection accorded by hypothermia may be in part due to 
decreased metabolic requirements according to the Q10 
principle, representing the factor by which the rate of bio-
chemical reaction increases for a 10°C rise in temperature 
[7].Our inclusion criteria for the study were based on a pre-
vious review of therapeutic hypothermia [8]. We however 
focused on subjects with basically stable, supratentorial, 
spontaneous intracerebral hemorrhage that did not undergo 
any surgical intervention. In such a high morbidity and 
mortality condition, we felt that our early study needed to 
focus on a more stable subgroup of the hemorrhagic 
stroke.
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The use of an intravascular cooling method was chosen 
because of the superiority of this method in comparison to 
other methods available with regard to rate of cooling and 

maintenance of target temperature [2–4, 9]. The target 
temperature of 34°C (mild hypothermia) was chosen as tem-
peratures lower than this have been shown to be associated 
with more complications. The duration of therapeutic hypo-
thermia at target temperature was chosen to be 24 h and then 
followed by gradual rewarming to prevent a rebound increase 
in intracranial pressure. The use of the CoolGard 3000 system 
made the control of temperature precise with the placement of 
the exchange catheter in the inferior vena cava. We however 
felt that the effect of cooling the blood via the inferior vena 
cava resulted in cooling of the heart and lungs, causing some 
of the side effects of hypothermia, such as cardiac arrthymias 
and increased risk of lung infection.

The baseline characteristics of both groups showed a sta-
tistically significant difference of mean age 49.8 years in the 
hypothermia group compared to 60.7 years for control group. 
This might be a reflection of the small number of patients in 
the intervention group. The presenting GCS was 14.7 in the 
hypothermia group and 11.8 in the control group, a differ-
ence of about three points in the GCS score. Thus, the hypo-
thermia group was younger and three points better on the 
GCS on admission.

Table 1 Baseline clinical characteristics of patients recruited in the study on admission. P-value less than or equal to 0.05 taken as significant

Characteristic Intervention group (n = 6) Control group (n = 18) P-value (independent t test)

Age (years)
 Mean 49.8 60.7 0.03

 Range (42–59) (45–70)

Male (%) percentage GCS score 33.3 33.3 0.04

 Mean 14.7 11.8 0.01

 Range (14–15) (9–15)

SBP (mmHg)

 Mean 162 154.3 0.13

 Range (150–178) (138–170)

DBP (mmHg)

 Mean 98.3 98.3 1

 Range (89–118) (989–110)

Temperature (°C)

Mean 37.3 37.3 0.95

Range (37–37.5) (37–37.8)

Table 2 mRS score at follow-up day 0, 7, 30 and 90. P values were obtained using Mann-Whitney test. The difference is significant at 6 months 
and 1 year of follow-up

Intervention group (n = 6) Control group (n = 18) P-value

mRS day 0 Median; Mean; Range 4 3.75 (3–4) 4 4.13 (4–5) 0.090

mRS day 7 Median; Mean; Range 4 3.75 (3–4) 4 4.2 (4–5) 0.080

mRS 6 months Median; Mean; Range 3 3.0 (2–4) 4 3.87 (3–4) 0.009*

mRS 12 months Median; Mean; Range 2 2.25 (2–3) 4 3.4 (2–4) 0.016*

*P value <0.05 taken as significant
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Fig. 1 Graphical representation of the mRS score between the two 
groups. The data obtained from the follow-up were analyzed using 
SPSS 12, and the Mann-Whitney test was used because of the non-
normal distribution of the samples
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The results of the mRS score showed a difference of one 
point at 6-month follow-up and two points at 1-year follow-
up (P < 0.05).

Conclusion

There was a statistically significant difference between the 
mRS score of the hypothermia group and the control group. 
This shows that mild hypothermia may have a beneficial 
effect in the treatment of acute hemorrhagic stroke. We sug-
gest starting a larger multicenter study to analyze the effects 
of hypothermia on hemorrhagic stroke in the near future.
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Abstract Introduction: Neurosurgical treatment of sponta-
neous intracerebral hemorrhage (ICH) is controversial, with 
a lack of evidence-based guidelines contributing to the high 
variety of treatments. In our study we examine the outcome 
and complication from use of intralesional tissue plasmino-
gen activator (IL tPA).

Method: Patients who have been treated with IL tPA for 
spontaneous ICH were reviewed retrospectively. We com-
pared clot sizes before and after tPA infusion, and outcome 
based on the modified Rankin score.

Results: Nine patients received IL tPA during the period 
1999–2009. No immediate complications with use of IL tPA 
were found. There was a statistically significant volume 
reduction in clot sizes on computed tomography. Four 
patients recovered to independent functional status. Three 
patients were discharged to SNF, and two patients died as a 
result of ICH. Our results appear to demonstrate superior 
outcome to supportive management and no worse result than 
surgical management.

Conclusion: It appears a subset of ICH patients benefits 
from use of IL tPA. This study demonstrates that IL tPA use 
is safe and has the potential to improve outcome compared 
to conservative management without the risk of surgical 
complications. Our patient size is small, and larger prospec-
tive studies are needed to provide solid guidelines for man-
agement of ICH.

Keywords Tissue plasminogen activator · tPA · Intracerebral 
hemorrhage · Intralesional · ICH

Introduction

According to available statistics each year, approximately 
37,000–52,400 people in the United States have an intracere-
bral hemorrhage [1]. Of these patients less than one-third 
will make a functional recovery, and 35–52% are likely to 
die [2–4]. Even worse prognosis has been reported with a 
component of intraventricular hemorrhage (IVH) [1, 2, 5].

Treatment of spontaneous ICH continues to be controver-
sial. Multiple studies have been conducted in the past with 
goals of establishing guidelines for treatment of spontaneous 
ICH. Despite the prevalence of the condition, to date, no 
class I ICH-specific treatment recommendation exists [1]. 
Currently there are several ongoing studies looking into the 
benefit of intralesional tPA use with promising preliminary 
results.

Patients and Methods

An institutional review board-approved retrospective review 
of the patients who received IL tPA from the period 1999–
2009. We included all patients who received bedside place-
ment of an intralesional catheter within 24–48 h from 
presentation and subsequently received the IL tPA. The eti-
ology of ICH was presumed to be hypertensive in all of the 
cases; aneurysmal and vascular malformation hemorrhages 
were excluded in all patients prior to beginning tPA treat-
ment. After diagnosis of ICH with or without ICH compo-
nent, based on non-contrast head computed tomography, the 
intralesional drain was placed. A Codman external ventricu-
lar drain (EVD) catheter was used in all these cases. 
Following the placement of the catheter, the appropriate 
position was confirmed using CT scan. Adjustments were 
made if necessary to insure a good position of the catheter 
prior to the administration of tPA. Using an established pro-
tocol, 2 mg/2 mL of tPA was administered once daily with 
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periodic evaluation utilizing computed tomography. The 
drain was clamped for 30 min following the administration 
of tPA, then opened to drain. In all cases administration of IL 
tPA was done in the ICU setting. Blood pressure was strictly 
controlled as per standard post-ICH stroke protocol. We 
reviewed and compared the exam and functional status of all 
patients at the presentation as well as at the time of discharge 
(Fig. 1).

Results

In our study we included nine patients that received bedside 
intralesional catheter placement and administration of IL 
tPA. Average age of patients was 60 years old, ranging from 
49 to 80 years old. Average clot size on presentation was 
97 cc, ranging from 38 cc to 190 cc. Duration of tPA infusion 
varied depending on the size of the ICH and clinical 

Fig. 1 Examples of single-slice CT cuts of selected patients included in the study

Ref to the 

Table 1 

CT image on 

presentation 

CT image after the 

completion of tPA 

therapy 

Patient #6 Day 8 

Patient #5 Day 3 

Day 0 

Day 0 
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symptoms. The end point of IL tPA therapy termination was 
chosen based on clinical status or when acceptable clot 
reduction had been achieved. To analyze and compare the 
outcome, we used the Modified Rankin Scale. The majority 
of patients had a Modified Rankin Score of 5 on presenta-
tion. Table 1 summarizes the profile and the outcome of the 
patients.

The hematoma volume was determined using the ABC/2 
equation (height, depth, and width over 2). A p value £ 0.05 
was considered statistically significant. Using t-score analy-
sis, we report statistically significant clot resolution with a p 
value <0.05.

We did not observe hematoma expansion in any of the 
patients who received IL tPA. The majority of patients 
showed improvement based on the Modified Rankin Scale. 
Mortality within 30 days associated with ICH was 28%. 

Functional recovery (Modified Rankin score 2 or better) was 
45%. Both parameters appeared to be better than previously 
reported. IVH was the most significant factor associated with 
poor outcome. Both mortalities in our study had a significant 
IVH component upon presentation. Other factors influencing 
the outcome were co-morbidities prior to injury, location of 
clot, size of the clot and catheter position.

Discussion

It has been reported that extent of ICH-mediated brain injury 
relates directly to clot volume and duration of blood expo-
sure to brain [6, 7]. To date, there is no evidence suggesting 
that surgical intervention is superior to medical management, 

Patient #4 Day 4 Day 0

Fig. 1 (continued)

Table 1 Clinical, radiological and outcome data

Patient Age Modified Rankin 
score on presentation

Modified 
Rankin score on 
discharge

Days of tPA 
infusion

Clot size on 
presentation

Clot size on 
termination of tPA

IVH +/−

1 67 5 5 6 38 18 +

2 53 5 6 7 146 0 +

3 60 5 3 7 38 0 −

4 54 4 1 4 68 15 −

5 49 4 2 3 60 10 −

6 80 4 2 8 152 0 −

7 52 5 6 4 190 50 +

8 51 5 2 5 86 20 −

9 79 5 3 4 100 39 −
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especially given patients’ frequently severe comorbidities. 
The medical management of acute ICH revolves around the 
concept of hematoma stabilization and supportive measures, 
generally including strict BP control and normalizing of 
coagulation profiles. Several surgical strategies are currently 
being tested against medical management: craniotomy and 
evacuation of the hematoma, endoscopic aspiration of the 
hematoma, stereotactic placement of the catheter and infu-
sion of tPA, and bedside drain placement with subsequent 
infusion of tPA. A large, multicenter prospective randomized 
surgical trial in intracerebral hemorrhage (STICH) evaluated 
patients with intracerebral hemorrhage. The study compared 
early surgery versus conservative treatment for patients with 
ICH. It was concluded that patients with spontaneous 
supratentorial intracerebral hemorrhage in neurosurgical 
units showed no overall benefit from early surgery [8]. 
SICHPA (Stereotactic treatment of Intracerebral Hemorrhage 
by means of a Plasminogen Activator) was another multi-
center randomized controlled trial that attempted to prove 
clinical benefit of using IL tPA. Even though the study was 
stopped prematurely because of slow patient accrual, they 
were able to demonstrate that stereotactic aspiration can be 
performed safely, leading to a reduction of 18 mL of hema-
toma over 7 days; comparatively the control group had a 
7-mL reduction over the same period. Thus, the assumption 
was made that use of IL tPA may improve prognosis [9]. 
MISTIE (Minimally Invasive Surgery plus tPA for Intra-
cerebral hemorrhage Evacuation) is an ongoing clinical trial. 
Subjects were randomized to surgery undergoing stereotac-
tic catheter placement and clot aspiration. Following the sur-
gical procedure, tPA is being administered as per the instituted 
protocol. Preliminary findings demonstrate greater clot reso-
lution than traditional medical management [7]. With all 
available studies, the Cochrane Database of Systematic 
Review 2009 concluded that there is a need for further trials 
of surgery versus no surgery to identify those patients most 
likely to benefit, and to find effective but less invasive meth-
ods of removing the hematoma [10].

In summary, the results of our study lend support to the 
usefulness of IL tPA in the patient population with spontane-
ous ICH. There are several limitations in this study that must 
be mentioned. Being a retrospective study with a small num-
ber of patients, no definitive statement can be made on the 
long-term outcome. Our outcome measurements were made 
based on the single point of hospital discharge.

Conclusion

Thrombolytic therapy is a reasonable option that has the 
potential to modify the natural outcome of ICH. Nevertheless, 
questions with regard to the initiation of the therapy, duration 
of the therapy and drug dosing still need to be answered. 
Forms of treatment, cost-benefit ratio, and relative efficacies 
of various mechanisms of clot aspiration and drainage also 
need to be established.

Conflict of interest statement We declare that we have no conflict of 
interest.

References

 1. Broderick JP, Connolly S, Feldmann E et al (2007) Guidelines for 
the management of spontaneous intracerebral hemorrhage in adults. 
2007 Update. Stroke 38:2001–2023

 2. Broderick JP, Adams HP, Barsan W et al (1999) Guidelines for the 
management of spontaneous intracerebral hemorrhage: a statement 
for healthcare professionals from a special writing group of the 
Stroke Council, American Heart Association. Stroke 30:905–915

 3. Broderick JP, Brott T, Tomsick T et al (1993) Intracerebral hemor-
rhage more than twice as common as subarachnoid hemorrhage.  
J Neurosurg 78:188–191

 4. Mayer SA, Brun NC, Begtrup K, Broderick J, Davis S, Diringer 
MN et al (2005) Recombinant activated factor VII for acute intrac-
erebral hemorrhage. N Engl J Med 352:777–785

 5. Tuhrim S, Horowitz DR, Sacher M, Godbold JH (1999) Volume of 
ventricular blood is an important determinant of outcome in supraten-
torial intracerebral hemorrhage. Crit Care Med 27:617–621

 6. Lapointe M, Haines S (2002) Fibrinolytic therapy for intraventricular 
hemorrhage in adults. Cochrane Database Syst Rev (3):CD003692

 7. Morgan T, Zuzccarello M, Naravan R, Kevl P, Lane K, Hanley D 
(2008) Preliminary findings of the minimally-invasive surgery plus 
rtPA for intracerebral hemorrhage evacuation (MISTIE) clinical 
trial. Acta Neurochir Suppl 105:147–151

 8. Mendelow AD, Gregson BA, Fernandes HM et al (2005) Early sur-
gery versus initial conservative treatment in patients with spontane-
ous supratentorial intracerebral haematomas in the International 
Surgical Trial in Intracerebral Haemorrhage (STICH): a randomised 
trial. Lancet 365(9457):387–397

 9. Teernstra OP, Evers SM, Lodder J et al (2003) Stereotactic treat-
ment of intracerebral hematoma by means of a plasminogen activa-
tor: a multicenter randomized controlled trial (SICHPA). Stroke 
34:968–974

10. Prasad K, Mendelow AD, Gregson B (2008) Surgery for primary 
supratentorial intracerebral hemorrhage. Cochrane Database Syst 
Rev (4):CD000200



429J.H. Zhang and A. Colohan (eds.), Intracerebral Hemorrhage Research, Acta Neurochirurgica Supplementum, Vol. 111,  
DOI: 10.1007/978-3-7091-0693-8_74, © Springer-Verlag/Wien 2011

Abstract Objectives: As the population continues to live 
longer, the diagnosis of pituitary adenoma-induced apoplexy 
becomes more common in the elderly. The standard treat-
ment options for pituitary apoplexy are debatable. Although 
there is little information regarding the treatment of pituitary 
apoplexy in elderly patients, the optimal treatment needs to 
be determined for this age group. The current study exam-
ined the surgical treatment of pituitary apoplexy in three 
patients over the age of 80.

Case Description: Three patients over the age of 80 with 
pituitary apoplexy were admitted to our hospital. Some 
symptoms caused by pituitary apoplexy, including decreased 
visual acuity, double vision and oculomotor paresis, had 
persisted for more than 14 days. Magnetic resonance imag-
ing revealed suprasellar mass lesions extending into the 
cavernous sinus. The general condition of the patients was 
good, and we performed endoscopic transsphenoidal surgery 

in each of these cases. The masses were removed, and the 
histological findings were diagnosed as non-functioning 
pituitary adenoma with presence of hemorrhagic or ischemic 
necrosis. Perioperative courses and general conditions were 
good, and the neurological deficits of each patient improved 
immediately.

Conclusions: Endoscopic transsphenoidal surgery has the 
advantage of visualization of the structures surrounding the 
pituitary gland. Moreover, the complication rate is relatively 
low because stress on the pituitary gland can be reduced by 
using this procedure. Even in patients over 80 years of age 
during the subacute phase, endoscopic surgical management 
is a good treatment candidate for pituitary apoplexy with 
mass lesion extension into the cavernous sinus.

Keywords Pituitary apoplexy · Elderly · Cavernous sinus · 
Endoscopic surgery

Introduction

Pituitary apoplexy is one of the most serious, life-threatening 
complications of pituitary adenoma. The clinical features of 
pituitary apoplexy usually involve the abrupt onset of typical 
symptoms including headache, vomiting, visual disturbances, 
oculomotor paresis, hemianopsia and loss of consciousness 
[1]. Although this disease often requires emergency treat-
ment, the standard treatment for pituitary apoplexy remains 
controversial. Some have advocated routine early neurologi-
cal decompression, while others have recommended a more 
conservative approach, especially in the absence of signifi-
cant progression of neuro-opthalmological compromise. This 
study demonstrates the surgical treatment of pituitary apo-
plexy in three patients over the age of 80 with good periop-
erative courses.
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Case Reports

Case 1

This 82-year-old man noticed headache and appetite loss on 
May 16, 2002 (1st day). He had a past medical history sig-
nificant for diabetes mellitus, hypertension and cardiac 
arrhythmia. He experienced double vision on the 5th day 
after onset, and general fatigue and headache on the 7th day. 
He was diagnosed with pituitary apoplexy and was admitted 
to our hospital service. According to his neurological exam-
ination at the time of admission, loss of consciousness and 
left abducens nerve palsy were noted. Endocrine examina-
tion revealed decreased serum levels of adrenocorticotropic 
hormone (ACTH) and cortisol, requiring hormonal replace-
ment with hydrocortisone, after which his consciousness 
was recovered. Computed tomography (CT) revealed a 
suprasellar mass lesion with isodensity. Magnetic resonance 
imaging (MRI) demonstrated a suprasellar mass lesion with 
extension into the cavernous sinus (Knosp grade 2, Fig. 1a). 
No compression of the optic chiasm was noted. After 
improvement in the patient’s general condition, he under-
went endoscopic transsphenoidal surgery on the 14th day 
after onset. Following incision of the dura, no hemorrhage 
was noted, and we could observe necrotic solid tumor. We 
attempted removal of as much of the mass as possible, but 
to minimize complications we did not complete total 
removal of the tumor. The patient did well immediately 
postoperatively, with recovery from his abducens nerve 
palsy, and there was no abnormality in hormone levels or 
complications of diabetes insipidus. Postoperative MRI did 
reveal residual tumor, but successful decompression of the 
cavernous sinus was achieved (Fig. 1b). According to histo-
logical findings, there was an area of necrosis with a few 
pituitary adenoma-like cells (Fig. 1c). Three years later the 
patient passed away from pneumonia.

Case 2

This 85-year-old woman reported headache, deterioration 
of left visual acuity, right side ptosis and double vision on 
February 11, 2006 (1st day). Her past medical history was 
significant for diabetes mellitus, hypertension and thyroid 
tumor. She was diagnosed with pituitary apoplexy and 
admitted to our hospital service. On neurological examina-
tion, there were deterioration of left visual acuity, double 
vision and right oculomotor nerve palsy. Endocrine evalu-
ation was normal. CT revealed a suprasellar mass lesion 
with homogenous hyperdensity. MRI demonstrated a 
suprasellar mass lesion with extension into the cavernous 
sinus (Knosp grade 3) with compression of the optic chi-
asm (Fig. 2a). She underwent endoscopic transsphenoidal 
surgery on the 16th day after onset. There was bleeding 
noted after incision of the dura (Fig. 2c). The mass was 
soft, and total resection was achieved (Fig. 2d and e). After 
the operation, the patient experienced transient diabetes 
inspidus for 1 week, but her overall condition was good, 
and immediate improvement in her neurological deficits 
was observed. No replacement of pituitary hormones was 
necessary. There was no residual tumor on postoperative 
MRI (Fig. 2b). Histological findings revealed a typical 
pituitary adenoma with red blood cells and necrosis 
(Fig. 2f). She had healthy evaluations for 6 months follow-
ing surgery, after which time she did not maintain her fol-
low-up appointments.

Case 3

This 80-year-old man suddenly experienced nausea on 
February 23, 2006 (1st day). He showed right ptosis and felt 
double vision on the 3rd day. His past medical history was 
significant for hypertension and cerebral infarction. He was 
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Fig. 1 Representative MRI findings preoperation (a) and postoperation (b), and hematoxylin and eosin staining (c)



Endoscopic Surgical Treatment for Pituitary Apoplexy in Three Elderly Patients over the Age of 80  431

diagnosed with pituitary apoplexy and admitted to our hospi-
tal service. On neurological examination, double vision and 
right oculomotor nerve palsy were noted. Hormonal evalua-
tion was normal. CT revealed a suprasellar mass lesion with 
homogenous slight hyperdensity. MRI demonstrated a supra-
sellar mass lesion with extension into the cavernous sinus 
(Knosp grade 3), but there was no compression noted of the 
optic chiasm (Fig. 3a). He underwent endoscopic transsphe-
noidal surgery on the 18th day after onset. There was bleed-
ing noted after incision of the dura (Fig. 3d). The tumor was 
fairly soft with peripheral tissue adhesion to the medial wall 
of the cavernous sinus (Fig. 3e and f). To minimize compli-
cations, subtotal excision of the tumor was performed. His 
postoperative condition was good with immediate improve-
ment in oculomotor function. Histological findings showed 
typical pituitary adenoma with red blood cells and necrosis 
(Fig. 3g). No replacement of pituitary hormones was neces-
sary. Postoperative MRI showed residual tumor at the right 
side of the cavernous sinus, with decreases in size observed 
on subsequent imaging over the next 3 years (Fig. 3b and c). 
He is at present very healthy and visits our hospital on a reg-
ular basis.

Discussion

In this study, we achieved excellent results using endoscopic 
surgical treatment more than 14 days after the onset of pitu-
itary apoplexy in patients over the age of 80. Pituitary apo-
plexy is mainly induced by hemorrhage, infarction or 
hemorrhagic infarction of a pituitary tumor, resulting in the 
aforementioned symptoms. While the frequency of pituitary 
apoplexy in elderly patients is observed to be 12%, similar to 
the rate in other age groups (6–16.6%) [2], it is observed 
more often in the elderly.

The most important aspects and basic concept in the treat-
ment of pituitary apoplexy are management of the hypopitu-
itarism and the deterioration of visual acuity. Before surgery, 
patients suffering from hypopituitarism require hormone 
replacement, as the replacement has been demonstrated to be 
critical in reducing morbidity and mortality in cases with 
pituitary apoplexy [3]. When the patients note emergent 
visual loss, they usually need to undergo surgery within 
7 days of onset, or in some cases, emergency surgery [4, 5]. 
With respect to oculomotor paresis, the outcomes of surgical 
treatment and conservative management are similar [6]. 
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Fig. 2 Representative MRI findings preoperation (a) and postoperation (b), photographs during operation (c–d), and hematoxylin and eosin 
staining (f)
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Taking into consideration that an extended period of hospi-
talization may induce dementia and depression in elderly 
patients, we should carefully determine the best treatment on 
an individual basis in elderly patients, even if the symptoms 
are significant only for oculomotor paresis and/or subacute 
phase presentation. In the current cases, the symptoms of all 
patients improved immediately following surgery even if the 
treatment was performed more than 14 days after the initial 
presentation of pituitary apoplexy. Moreover, the regrowth of 
tumor and rebleeding in those patients may not have occurred. 
Because the frequency of recurrence and presentation of hor-
monally active tumors are both lower in elderly patients and 
transsphenoidal surgery can be performed in elderly patients 

without significant risk [2], less aggressive resection may be 
acceptable in elderly patients.

The rate of pituitary adenoma with cavernous sinus inva-
sion was 6–10% [7–9]. Although various surgical approaches 
to the sellar and parasellar region have been demonstrated 
to treat pituitary adenoma involving the cavernous sinus 
[10–12], these approaches may be limited by the deep and 
narrow surgical spaces involved and limited visualization 
under the microscope. The operation under the microscope 
has long been performed for pituitary apoplexy, whereas 
pure endoscopic endonasal transsphenoidal surgery was first 
described in 1996 [13]. The advantages of endoscopic sur-
gery are excellent visualization of the pituitary gland and 
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Fig. 3 Representative MRI findings preoperation (a), postoperation (b), the next 3-year follow-up postoperative MRI (c), photographs during 
operation (d–f) and hematoxylin and eosin staining (g)
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surrounding structures, fewer complications compared with 
sublabial transsphenoidal surgery and wide exposure of the 
medial cavernous sinus wall [14, 15]. Therefore, stress upon 
the pituitary gland, regarded as the main complication after 
surgery, can be reduced with this versus other procedures. 
Postoperatively, the patients were able to assume a sitting 
position and begin oral intake as early as the first day follow-
ing surgery, and only 3–4 days were required to recover the 
preoperative level of activities of daily living. Moreover, they 
did not reveal new hormonal deficiencies after surgery. In the 
current study, MRI findings showed Knosp grade 2 or 3, and 
the tumor could be seen using an endoscope, especially lat-
eral extension into the cavernous sinus. Therefore, surgery 
with an endoscope may be more suitable for suprasellar mass 
lesions with extension into the cavernous sinus than surgery 
under the microscope in cases of elderly patients. On the 
other hand, there are some limitations, including difficult 
management of bleeding, loss of three-dimensional vision, 
the need for special instrumentation and appropriate operator 
experience with endoscopy [16].

In conclusion, even in cases of patients over 80 years of 
age presenting more than 14 days after onset of pituitary 
apoplexy, endoscopic surgical management is a good candi-
date treatment of the disease with mass lesion extension into 
the cavernous sinus, while maintaining attention to risks of 
anesthesia, surgical planning, extended hospitalization and 
fluid balance.
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Abstract Background. Stress-related mucosal damage is an 
erosive process of the gastric lining resulting from abnor-
mally high physiologic demands. To avoid the morbidity and 
mortality associated with significant bleeding from the dam-
age, prophylaxis with an acid suppression medication is 
given. This is especially common in stroke victims. Recent 
studies have suggested a link between acid suppression ther-
apy and nosocomial pneumonia, specifically implicating 
proton pump inhibitors (PPI), a potent acid suppression med-
ication, as the culprit. In this retrospective study, we reviewed 
the medical records of admitted intracerebral hemorrhage 
(ICH) patients and determined if there is a link between PPI 
prophylaxis and nosocomial pneumonia in our ICH popula-
tion. Materials and Methods. Medical records of 200 ICH 
patients admitted to the First Affiliated Hospital of Chongqing 
Medical University were reviewed from January 1, 2008 to 
October 31, 2009. PPIs were the only accepted form of acid 
suppression therapy. In all, 95 patients were given PPI pro-
phylaxis, whereas 105 patients did not receive any form of 
acid suppression. Results. The unadjusted incidence rate of 
pneumonia in the PPI prophylactic group was 23.2%, and 
10.5% in patients not having received prophylaxis. 
Additionally, patients treated with PPI prophylaxis were 
more likely to be critically ill, defined by an increase in 

conscious disturbance and dependency on mechanical venti-
lation and/or a nasogastric tube.

Conclusion. The use of a PPI as a prophylactic treatment 
against stress-related mucosal damage was associated with a 
higher occurrence of nosocomial pneumonia in our ICH 
population. This study suggests the need for further research 
investigating the use of PPI prophylaxis in ICH patients and 
the possibility of using alternate acid suppression therapeu-
tic modalities.

Keywords Proton pump inhibitors (PPIs) · Intracerebral 
hemorrhage (ICH) · Nosocomial pneumonia · Stress-related 
mucosal damage (SRMD)

Introduction

Stress-related mucosal damage (SRMD) is an erosive pro-
cess of the gastric lining resulting from abnormally high 
physiologic demands, such as trauma, surgery, organ failure, 
sepsis, and burns [1, 2]. Within hours of the injury, mucosal 
damage may be apparent as multiple superficial erosions. 
These erosions are associated with asymptomatic submu-
cosal hemorrhages that become clinically relevant once the 
erosion has reached the vasculature, opening the door for 
internal hemorrhage [3]. To avoid the morbidity and mortal-
ity associated with perfuse bleeding from SRMD, prophy-
laxis with an acid suppression medication is given. This is 
especially common in acute brain injuries, specifically intrac-
erebral hemorrhage (ICH). In an ICH, the growing hematoma 
causes a rise in intracranial pressure, signaling the parasym-
pathetic pathway to secrete unnecessary gastric acid [4].

Current recommendations for SRMD prophylaxis include 
histamine-2 receptor antagonists, sucralfate, and proton pump 
inhibitors (PPIs). Compared with placebo, all three drug 
classes have been shown to reduce the occurrence and/or 
bleeding associated with SRMD [5–7]. Although equally 
effective in theory, PPIs have become common in clinical 
practice because of their relatively inexpensive costs, limited 
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adverse effects, and ability to maintain relatively high pH lev-
els for longer time periods. Additionally, PPIs have the ability 
to block both pathways involved in acid production, i.e., his-
tamine-induced and vagally mediated gastric acid secretion, 
thus making them a desirable candidate for prophylaxis.

Recently, however, concerns have been raised regarding 
the relationship between acid suppression therapy and noso-
comial pneumonia. Specifically, prophylaxis with PPIs is 
associated with a 30% increase in nosocomial pneumonia 
[8]. To our knowledge no study has investigated the relation-
ship between PPI prophylaxis and nosocomial pneumonia in 
ICH patients. Therefore, this study was undertaken to inves-
tigate whether a relationship exists between PPI prophylaxis 
and nosocomial pneumonia in ICH patients admitted to the 
hospital in Chonqqing, China.

Materials and Methods

Study design and patients. This is a retrospective cohort 
analysis of acute stroke patients who were admitted to the 
First Affiliated Hospital of Chongqing Medical University 
from January 1, 2008 to October 31, 2009. Stroke was 
defined in patients with neuroimaging evidence of ICH and 
with a time interval from onset to treatment of less than 
24 h. Patients were eligible for participation if they were 
18 years of age or older, and had neuroimaging evidence of 
an ICH. The exclusion criteria included patients with a his-
tory of immune dysfunction and patients who were 
discharged home and/or had died less than 3 days from 
admission.

Prophylactic Treatment and Outcomes. Acid-suppressive 
therapy was defined as an order for a PPI by the admitting 
physician. The primary outcome measured in this review 
was the presence of nosocomial pneumonia, as defined by 
the Centers for Disease Control and Prevention (CDC) [9].

Variables. The following variables were collected: sex, 
age, tobacco use, history of heart failure, chronic obstructive 
pulmonary disease (COPD), diabetes mellitus, prior history 
of stroke, level of consciousness, location of hematoma, size 
of hematoma, intraventricular extension, use of mechanical 
ventilation, use of nasogastric tube, hospitalization time, and 
early antibiotic therapy. Because patient dysphagia was not 

examined nor the history of gastroesophageal reflux disease 
determined, these particular variables were excluded.

Statistical analysis. The odds ratio was used to approxi-
mate the relative risk (RR) in order to determine the relation-
ship between PPI prophylaxis and nosocomial pneumonia. 
The continuous variables were analyzed using the unpaired 
Student’s t-test and described as mean ± SD. The categorical 
variables were analyzed by the chi-square test and/or Fisher’s 
exact test. Binary logistic regression analysis was then per-
formed to control the effect of confounding variables that 
were found to be significant (p < 0.05) in the univariate anal-
ysis. All analyses were performed using the SPSS 16.0 sta-
tistical software package (Chicago, IL).

Results

Table 1 lists the number of patients who suffered from noso-
comial pneumonia infection during the course of their hospi-
tal stay. A total of 200 ICH patients were eligible for inclusion 
in this study – 95 treated with a PPI, and 105 not treated. Of 
the 200, 33 were found to have suffered from nosocomial 
pneumonia, of whom 22 were treated with a PPI prophylaxis 
and 11 were not.

The demographic and clinical characteristics of ICH 
patients between both groups are listed in Table 2. Although 
the mean age of patients treated with a PPI was older than 
untreated patients, the difference was not statistically signifi-
cant. However, patients treated with a PPI prophylaxis had a 
greater significant incidence of conscious disturbances 
(63.2% vs. 21.0%) and were more likely to be on mechanical 
ventilation or a nasogastric tube (17.9% vs. 4.8%, 34.7% vs. 
7.6%) compared to untreated patients. Additionally, treated 
patients experienced significantly larger bleeding, especially 
within the ventricles. There was no statistical difference with 
hematoma location between the two groups (Table 3).

Only age and level of consciousness showed a significant 
difference between those individuals who experienced noso-
comial pneumonia and those who did not (Table 4). No sta-
tistical differences were found between groups for all other 
variables. In the logistic regression analysis, the use of PPI 
was found to be an independent risk factor of nosocomial 
pneumonia.

Table 1 Cases of nosocomial pneumonia with or without PPI prophylaxis

Total number of patients Pneumonia cases (%) Unadjusted odds ratio 
(95% CI)

Adjusted odds ratio 
(95% CI)

No prophylaxis 105 11 (10.5) – –

PPI prophylaxis 95 22 (23.2) 2.6 (1.2–5.7) 2.7 (1.2–6.7)
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Discussion

In this retrospective study, we investigated the role of PPI 
prophylaxis on nosocomial pneumonia development in our 
ICH population of 200 patients admitted to the First Affiliated 
Hospital of Chongqing Medical University. Two key conclu-
sions were made regarding PPI prophylaxis: (1) critically ill 
patients were more likely to receive treatment on admission 
to the hospital than their more stable counterparts; (2) ther-
apy increased the likelihood of contracting a nosocomial 
pneumonia infection. To the best of our knowledge, this is 
the first study to elucidate the relationship between PPI pro-
phylaxis and nosocomial pneumonia in ICH-induced brain 
injury.

Gastrointestinal (GI) bleeding caused by SRMD is an 
important complication in critically ill patients [10]. The 

incidence of a GI bleed in these patients is estimated at 
approximately 5% and carries a 50% higher mortality com-
pared with matched placebo [11]. As a result, it is quite com-
mon for critically ill patients to begin acid suppression 
prophylaxis on admissions [12]. Normally, the GI tract per-
forms a variety of critical physiologic functions, including 
maintenance of mucosal integrity, secretion, and motility. 
These physiologic functions can be adversely affected by 
physiological stress at other sites of the body and indirectly 
lead to the development of SRMD. Additionally, many criti-
cally ill patients are placed under enormous stress from out-
side sources such as mechanical ventilation, extended ICU 
stays, thermal injuries, head injuries, and even an elevated 
gastric acid pH [1]. In this study, we found patients who were 
specifically placed on mechanical ventilation, had a nasogas-
tric tube placement, or presented with an increased level of 

Table 2 Demographics of ICH patients used in this study

Variables No prophylaxis (n = 105) PPI prophylaxis (n = 95) p-value

Age (years) 62.2 ± 13.6 63.7 ± 13.7 No significance

Male sex 68 66 No significance

Smoking 21 19 No significance

Diabetes mellitus 20 20 No significance

Heart failure 3 2 No significance

COPD 5 7 No significance

History of tobacco use 13 11 No significance

Consciousness disturbance 22 60 0.000*

Hospitalization time (days) 19.8 ± 12.7 17.8 ± 18.4 No significance

Nasogastric tube use 8 33 0.000*

Mechanical ventilation 5 17 0.003*

Antibiotic therapy 48 51 No significance

Patients treated with a PPI prophylaxis had a more significant incidence of conscious disturbances (63.2% vs. 21.0%) and were more likely to be 
on mechanical ventilation or a nasogastric tube (17.9% vs. 4.8%, 34.7% vs. 7.6%) compared to untreated patients. *p-value < 0.05

Table 3 Imaging manifestation distribution

Imaging manifestation No prophylaxis (n = 105) PPI prophylaxis (n = 95) p-value

Hematoma location No significance

 Lobe of brain 15 21 –

 Basal ganglia 64 48 –

 Thalamus 17 10 –

 Brain stem 5 11 –

 Cerebellum 4 5 –

Hematoma size – – 0.001*

 Small 58 29 –

 Medium 23 27 –

 Large 24 39 –

Intraventricular extension 17 38 0.000*

Patients with a significantly larger hematoma size were more likely to have PPI prophylaxis than those with a smaller hematoma. *p-value < 0.05
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conscious disturbance were more likely to be on acid sup-
pression therapy.

We also found it necessary to examine the relationship of 
PPI prophylaxis leading to the development of a nosocomial 
pneumonia infection. Previous works in ICH found that 
almost one-third of patients developed some sort of pulmo-
nary complication, most frequently pneumonia, within the 
first week [13]. However, the source of the infection was 

unknown. Recent studies have come out implicating PPI pro-
phylactic therapy as the main culprit behind the increased 
risk of nosocomial pneumonia infection [8, 14]. Other works 
have supported these findings – investigating the role of acid 
suppression therapy with a histamine-2 receptor blocker, 
sucralfate, and PPI, and finding that PPI therapy specifically 
can increase the risk of acquiring a nosocomial pneumonia 
infection [8, 14]. In this study, we found that prophylaxis 

Table 4 Variables included in univariate analysis

Variables Non-nosocomial pneumonia (n = 33) Nosocomial pneumonia (n = 167) p-value

Age (years) – – 0.001*

 <60 75 6 –

 60–79 79 18 –

 ³80 13 9 –

Male sex 113 21 No significance

Female sex 54 12 No significance

Smoking 33 7 No significance

Diabetes mellitus 35 4 No significance

Heart failure 4 1 No significance

COPD 10 2 No significance

History of tobacco use 18 6 No significance

Level of consciousness – – 0.018*

 Conscious 105 13 –

 Drowsy 21 6 –

 Lethargic 13 8 –

 Light coma 7 3 –

 Deep coma 21 3 –

Hematoma location – – No significance

 Lobe of brain 31 5 –

 Basal ganglia 93 19 –

 Thalamus 25 2 –

 Brain stem 12 4 –

 Cerebellum 6 3 –

Hematoma size – – No significance

 Small 75 12 –

 Medium 39 11 –

 Large 53 10 –

Intraventricular extension 49 6 No significance

Hospitalization time – – No significance

 £20 days 109 20 –

 >20 days 58 13 –

Nasogastric tube use 30 11 No significance

Mechanical ventilation 17 5 No significance

Antibiotic therapy 78 11 No significance

Only age and level of consciousness showed a significant difference between those individuals who experienced nosocomial pneumonia and those 
who did not. No statistical differences were found between groups for all other variables. *p-value < 0.05
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with a PPI in our ICH population resulted in a significantly 
increased number of patients infected with nosocomial pneu-
monia. This can likely be attributed to the ability of PPI med-
ications to maintain a high pH level in the stomach for 
prolonged periods of time, allowing for bacterial overgrowth 
and eventual aspiration into the lungs [15, 16].

Conclusion

The use of a PPI as a prophylactic treatment against stress-
related mucosal damage is associated with a higher occur-
rence of nosocomial pneumonia in our ICH population and is 
more likely to be given to critically ill patients. As a result, 
this study suggests that the use of alternate acid suppression 
therapy in ICH patients may be warranted to prevent unnec-
essary infections.
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