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ABSTRACT

Purpose To investigate the possible impact of reduction of
mitochondrial membrane permeabilization by modulation of
the 18 kDa translocator protein mediated by Ro5-4864 over
post-traumatic cerebral edema and metabolic crisis.

Methods Cerebral microdialysis and intracranial pressure
(ICP) monitoring were performed in Sprague—Dawley rats
treated by intraperitoneal injection of either dimethylsulfoxide
(vehicle) or Ro5-4864 following cortical contusion and further
correlated with quantitative assessment of mitochondrial
damage, water content in the injured tissue, modified
neurological severity score, and lesion size.

Results Ro5-4864 resulted in a profound decrease in ICP
that correlated with improved cerebral metabolism charac-
terized by significantly higher glucose and pyruvate and
lower lactate concentrations in the pericontusional area in
comparison with vehicle-treated animals. Reduced ICP
correlated with reduced water content in the injured
tissue; improved metabolism was associated with reduced
mitochondrial damage evidenced by electron microscopy.
Both effects were associated with a profound and significant
reduction in glycerol release and lesion size, and correlated
with improved neurological recovery.

Conclusions The present study shows that Ro5-4864 has a
favorable effect on the fate of injured brain, presumably

Eugene Vlodavsky made an equal contribution to this work.

J. F Soustiel * E Milman + M. Zaaroor

Acute Brain Injury Research Laboratory, Faculty of Medicine
Technion — Israel Institute of Technology

Haifa, Israel

E. Vlodavsky

Institute of Pathology, Rambam Medical Center, Faculty of Medicine
Technion — Israel Institute of Technology

Haifa, Israel

mediated by improvement of metabolism. It further suggests
that improvement of metabolism may contribute to ICP relief,
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INTRODUCTION

Elevation of intracranial pressure (ICP) due to brain edema
and failure of oxidative metabolism is commonly observed
following severe traumatic brain injury (TBI) (1,2). De-
creased oxidative metabolism has been traditionally linked
to compromised cerebral perfusion due to elevated ICP and
reduced oxygen delivery (1,3). Recent studies indicate,
however, that failure of cerebral metabolism is not
necessarily mediated by ischemia but more likely represents
the consequence of mitochondrial damage and disruption
of the electron transport chain (4-6). Energy crisis, in turn,
results in failure of ATP-dependent ionic pumps, further
contributing to cellular edema and ICP elevation. Hypo-
thetically, metabolic crisis may therefore share a common
pathophysiology with intracranial hypertension rather than
being a consequence of it. Such hypothesis is supported by
the reported fact that oxidative metabolism does not
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improve as a consequence of optimization of cerebral
perfusion pressure, often as it deteriorates with ICP
elevation (4,5,7,8).

Under physiological conditions, ATP is produced by the
ATP synthase complex using a proton gradient created by
the electron transport chain across the outer mitochondrial
membrane, resulting in a potential known as transmem-
brane mitochondrial potential (Ayyy). Across the mitochon-
drial membrane is a complex of proteins creating a
physiological and selective crossing channel between the
mitochondrial matrix and the cytosol, known as the
mitochondrial permeability transition pore (mPTP). The
mPTP is normally characterized by a low conductance
profile maintaining a normal Awyy;. Accumulating evidence
shows that mitochondrial damage represents a crucial step
toward delayed neuronal death following TBI, both as a
target for multiple pathophysiological subcellular events,
such as free radicals and calcium load, and as the source of
activation of the so-called intrinsic apoptotic pathway (9—
11). Despite the different nature and the origin of these
mechanisms, most are characterized by permeabilization of
the mitochondrial membrane (MMP) with subsequent
dissipation of Ay and disruption of ATP production and
may, therefore, represent a logical target for new thera-
peutic strategies (9,11-14). The 18 kDa translocator protein
(TSPO), also known as peripheral-type benzodiazepine
receptor, is a binding protein complex (15) located at the
outer mitochondrial membrane and associated with two
core components of the mPTP: the 32-kDa voltage-
dependent anion channel and the 30-kDa adenine nucle-
otide translocator (16). For this reason, it has been
suggested that TSPO may be involved with the control of
the mPTP and the mitochondrial pathway of apoptosis (17).
In a recent study (18), we showed that the TSPO ligand 7-
chloro-5-(4-chlorophenyl)-1,3-dihydro-1-methyl-2H-1,4-
benzodiazepine-2-one (Ro05-4864) significantly enhanced
neuron survival and reduced axonal damage in a rat model
of focal TBI and loss of Ayy;. Accordingly, we hypothesized
that inhibition of MMP by Ro05-4864 may improve
cerebral metabolism and contribute to ICP control through
reactivation of ionic pumps.

MATERIAL AND METHODS

In Vivo Study

Surgical Procedures

Following anesthesia with equithesin (4 ml/kg of body
weight), a cortical traumatic injury was created in male

Sprague—Dawley rats (300-350 g) using a model used in
several earlier studies (19-21) and modified for amplifica-
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tion of focal damage. Briefly, a hollow screw was connected
to a 7 mm diameter burr hole drilled out in the left parietal
bone and then to vacuum pump after resection of the
exposed dura. A negative pressure of 160 mm Hg was then
applied for 12 s, causing the cortical surface to bulge into
the lumen of the screw. The pressure was monitored and
the time of exposure digitally controlled. Following the
injury, the wound was sutured and the animals allowed to
recover. The study was approved by the institutional
Animal Care and Ethics Committee and adhered to the
“Principles of Laboratory Animal Care.”

Microdialysis and Intracranial Pressure Monitoring

Two groups of animals were included in this study. Group
1(N=8)—vehicle: 30 min after injury, the animals received
an intraperitoneal injection of dimethylsulfoxide 1% in
saline (vehicle) repeated at 6 h post injury; Group 2(N=8)—
Ro05-4864: using the same protocol as for group 1, the
animals were treated with 5 mg/kg of Ro5-4864 dissolved
in vehicle. Timing of drug administration for the first dose
was set to the shortest possible time post injury that could
be performed in clinical conditions (pre-hospital model) and
then at 6 h for the second dose in order to increase the
therapeutic effect in accordance with a previously reported
similar protocol (22). Dosage of Ro5-4864 was defined as
the highest possible dosage compatible with absence of
toxicity, since dosage higher than 5 mg/kg has been found
to cause epileptic seizures (23,24).

Based on previous clinical experience (25) and the
reported time course for ICP elevation, the rationale for
limiting the time range of monitoring to the first 10 to 12 h,
as previously reported in several similar studies, seemed to
be inappropriate for the purpose of the present study.
Accordingly, both ICP and cerebral metabolism recordings
were initiated at 20 h post-injury and maintained for 6 h.
For this purpose, the animals were re-anesthetized, the
wound opened, and the screw reconnected to the skull. A
Codman ICP microsensor (Codman, Johnson and Johnson,
Ascot, UK) was introduced through the screw and allowed
to protrude 2 mm within the injured brain. The micro-
sensor was thereafter connected to a Codman ICP
monitoring system for continuous ICP recording. In
addition, a microdialysis catheter (CMA 12, CMA Micro-
dialysis, Sweden) was introduced through a guide cannula
secured in a dedicated and distinct burr hole placed 2 mm
anteriorly to the craniectomy. Perfusion was then initiated
at 1 ul/min with CNS perfusion fluid (CMA Microdialysis,
Sweden) and microdialysis samples collected on ice every
hour. Concentrations of glucose, lactate, pyruvate and
glycerol were measured using high performance liquid
chromatography (CMA 600, CMA Microdialysis, Sweden)
and averaged hourly for statistical analysis. Similarly, ICP
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levels were recorded every 5 min and averaged hourly for
the same period of 6 h.

Neurological Severity Score

Functional performance status was assessed blindly from
day 1 to day 6 post injury, according the neurological
severity score (NSS) described by Shohami et al. (26) and
simplified as described in Table I. In order to rule out a
possible behavioral bias in the evaluation, animals were
trained on a daily basis to all the described tasks prior
surgery and all reached a maximal score.

Ex Vivo Study
Lesion Area Analysis

Using the same study design described above, two groups of
eight animals each were submitted to cortical injury and
treated either with vehicle or Ro5-4864 with two intraper-
itoneal injections at 30 min and 6 h post injury according
the wm-viwo protocol. At 6 weeks, the animals were re-
anesthetized and transcardially perfused with heparinized
saline, 10% sucrose in a buffered saline and 4% buffered
formaldehyde. This delayed timing was chosen as both the
necrotic area and surrounding edema cleared, leaving a
cavity convenient for unbiased evaluation of lesion size.
Brains were then removed from the skull and post fixed
by immersion into 4% buffered formaldehyde for 48 h.
Fixed specimens were sectioned through the area of the
produced lesion and embedded in paraffin. Coronal
sections of 5 pum thickness were cut throughout the
lesion every 0.20 mm. The images of the stained
specimens were captured by a digital photo camera and
analyzed by image processing software (NIH Image ],
National Institutes of Health, USA). The cross-sectional

Table | Modified Neurological Severity Score

Tasks mNSS score

Inability to walk straight when placed on the floor I
Inability to resist forced changes in position |
Absence of pinna reflex |
Absence of startle reflex I
Loss of seeking behavior |
Prostration I
Failure in beam walking task:
8.5 cm wide

5 cm wide

2.5 cm wide

Failure in 1.5-cm-wide beam balancing task

o - — — —

Maximum points I

area of the injured and non-injured hemispheres was
determined by tracing the remaining cortical area in a
blinded fashion, according to a previously described
technique (27). At each section, the area of the traumatic
cavity was estimated by subtracting the area of the injured
hemisphere from that of the contralateral hemisphere.
The three consecutive largest measured areas were
selected for analysis and averaged.

Mitochondrial Morphometric Assessment

Tissue samples ranging in weight from 100 to 150 mg
were harvested from the parietal region in three different
groups of animals: untreated and uninjured (sham, N=4),
injured and vehicle-treated (NV=4), injured and Ro5-4864-
treated (N=4). In the last two groups, tissue samples were
prepared 24 h post injury. Tissue samples were washed in
phosphate buffer solution for 5 min at 4°C and then
handled using a specially designed mitochondria isolation
kit (Mito-Isol, Sigma-Aldrich, Saint Louis, MO) according
to the manufacturer’s instructions. Briefly, the collected
tissue was homogenized on ice with 10 volumes of ice-cold
extraction buffer (10 mM HEPES, pH 7.5, containing
200 mM mannitol, 2 mg/ml bovine serum albumin,
70 mM sucrose and 1 mM EGTA) and centrifuged at
1,000 X g for 10 min at 4°C. The pellets were discarded
and the supernatant re-centrifuged at 3,500 X g for 10 min
at 4°C. Pellets obtained from this centrifugation were re-
suspended with 10 volumes of a second ice-cold extraction
buffer (20 mM MOPS, pH 7.5, containing 110 mM KCI
and 1 mM EGTA) and treated by sequential centrifuga-
tion as above.

The obtained pellets were layered with 3.5% glutaralde-
hyde in 0.2 mol/L sodium cacodylate buffer and left
overnight at 4°C. The samples were then postfixed in 1%
osmium tetroxide and embedded in epoxy resin. Quantitative
morphometric assessment was then performed for each group
with transmission electron microscopy (TEM) using micro-
graphs acquired at low magnification (X6000) obtained from
eight randomly chosen areas in the grid. Mitochondria were
analyzed and categorized according their ultrastructural
appearance into two categories, condensed or damaged,
according a previously described protocol (28). Condensed
mitochondria were defined by normal appearance of matrix
cristae and a continuous outer membrane, whereas damaged
mitochondria were classified primarily by fragmented cristae
with evidence of either a swollen distorted matrix compart-
ment or disrupted outer membrane.

Water Content

In order to quantify the brain water content for the two
different protocols (vehicle and Ro5-4864), tissue samples
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from both hemispheres (injured and non-injured) were
harvested in a symmetric fashion and then weighted
before and after drying at 75°C for 48 h. Water content
was then calculated according the following formula:
wet — dry/dry x 100.

Statistical Analysis

The results of all repeated measures in the different groups
were compared with a repeated-measures model of
ANOVA (rm-ANOVA). Results of mitochondrial ultra-
structural assessment were assessed with a one-way model
of ANOVA. Whenever appropriate, post-hoc analysis of
differences noted between two groups of animals were
tested using the Tukey-Kramer multiple comparison post-
hoc test. Differences in lesion size and water content were
assessed by t-test. A P value of less than 0.05 was considered
significant.

RESULTS
In Vivo Study
Icp

At 20 h after the injury, ICP was noticeably high in the
vehicle group, close to the 20 mm Hg threshold usually
admitted for definition of uncontrolled ICP elevation
(Fig. 1). In the treated group, however, ICP was signifi-
cantly and profoundly reduced, less than half the ICP level
recorded in vehicle-treated animals (8.4%£1.1 »s 19.9%
2 mm Hg, repeated measures ANOVA, combined effect of
time and group, p=0.0313).

w
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20 21 22 23 24 25
Hours Post Injury

ICP (mm Hg)

o0

Fig. | Effect of Ro5-4864 on ICP Ro5-4864-treated animals (N=38,
white dots) showed markedly lower ICP values at 20 h post injury in
comparison with vehicle-treated animals (N=8, black dots). For each
hour, average ICP values are presented along with the standard error of
the mean.
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Microdialysis

Glucose levels were significantly and profoundly lower in
the vehicle group in comparison with the Ro5-4864 group
(rm-ANOVA, main effect of group p=0.0002, Fig. 2).
Indices of oxidative metabolism showed a marked reduc-
tion of the injury-mediated metabolic crisis in Ro5-4864-
treated rats in comparison with the control group, indicated
by lower levels of lactate and higher levels of pyruvate (rm-
ANOVA, main effect of group, p=0.0179 and p=0.0216,
respectively). As a consequence, the lactate/pyruvate ratio
(LPR) was noticeably lower in the Ro5-4864 group with
values constantly below the LPR-40 threshold considered as
a cut-off diagnostic value of metabolic failure, in contrast
with the vehicle group characterized by increased LPR
values mostly around 100(rm-ANOVA, main effect of
group p=0.0062). Finally, glycerol levels were markedly
lower in the treated group in comparison with non-treated
animals that were roughly twice the value found in
Ro5-4864-treated animals (rm-ANOVA, main effect of
group p=0.0002, Fig. 2).

Neurological Recovery

Following the injury, there was a progressive recovery of
motor and behavioral functions expressed by decrease in
the modified neurological severity scores in both groups.
Ro05-4864-treated animals, however, showed a significantly
faster and better neurological recovery in comparison with
vehicle-treated rats, which had a significantly lower perfor-
mance status at day 6 (Fig. 3).

Ex Vivo Study
Lesion Area

Reduced glycerol levels in the treated group were associ-
ated with a substantial decrease of secondary brain injury
expressed by the size of the final traumatic cavity that was
about half the size of the lesion as measured in vehicle-
treated animals (Fig. 4, #test p<0.001).

Mitochondrial Morphometric Assessment

Injury-related mitochondrial damage was characterized
by a marked and significant reduction in mitochondrial
density in vehicle-treated animals (Fig. 5b) with an
increased proportion of swollen, damaged and disrupted
mitochondria (Fig. 5e). Although changes similar in nature
could be noticed in samples collected in Ro5-4864-
treated animals, the severity of mitochondrial damage
was significantly reduced (Fig. 5¢, f) and the number of
damaged mitochondria significantly lower in comparison
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with vehicle-treated animals (Fig. 6, one-way ANOVA, p<
0.0001).

Water Content

In animals treated by Ro05-4864, reduced mitochondrial
damage and ICP correlated with significantly lower water
content in the injured hemisphere of treated animals in
comparison with the control group (Fig. 7, t-test p<0.001).

DISCUSSION

For decades, the cornerstone of TBI management has been
represented by relief of brain edema and ICP control,
assuming that these measures would eventually result in
optimization of oxygen delivery and cerebral metabolism.
Based on the Monro-Kellie theory and basic pressure-
volume concepts, most current therapeutic measures are
mechanistic in nature and rely on either reduction of

20 21 22 23 24 25
Time

various intracranial compartment volumes or expansion of
the intracranial space by means of decompressive craniec-
tomy. None of these treatment modalities, however, directly
addresses the underlying pathophysiology of brain edema
and at most would only target its physicochemical aspects
such as reduction of brain water content by means of
hypertonic fluids. Even if mechanically successful, the
concept of ICP control for improvement of cerebral blood
flow and metabolism has been recently challenged by a
series of recent clinical studies showing that the cerebral
metabolic rate of oxygen could not be improved as a result
of ICP decrease (4,7,8,29). In these studies, neither
optimization of cerebral perfusion pressure, hyperventila-
tion, infusion of hypertonic solutions or decompressive
craniectomy showed any significant improvement in oxygen
consumption by the injured brain, even though cerebral
blood flow could be effectively maintained or elevated by
some of these measures. Furthermore, in a recent micro-
dialysis study performed in TBI patients, Belli et al. showed
that metabolic crisis preceded ICP rises that could not,
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mNSS

1 2 3 4 5 6
Days post-injury

Fig. 3 Effect of Ro5-4864 on modified neurological severity score
(mNSS). Although neurological recovery expressed by progressive mNSS
decrease could be observed in both groups after the injury, Ro5-4864-
treated animals (N=8, white dots) showed a significantly faster and better
neurological recovery in comparison with vehicle-treated rats (N =8, black
dots), which have a significantly lower performance status at day 6.
Averaged mNSS are presented along with the standard error of the mean
for each point.

therefore, represent the cause of the observed metabolic
failure (30).

The results of the present study do not only confirm the
previously reported mitochondrial protective effect of Ro5-
4864 but also show that improvement of cerebral metab-
olism correlated with a robust effect on ICP. In our
previous study, we showed that Ro5-4864 significantly
reduced the loss of mitochondrial transmembrane potential
induced by Bax, a major pro-apoptotic protein of the Bcl-2
family, and the subsequent activation of the mitochondrial
pathway of apoptosis attributed to MMP-induced release of
apoptotic factors such as cytochrome c (18). In the present
study, we could directly evidence this mitochondrial
protective effect by showing a significant reduction in
the extent and severity of mitochondrial ultrastructure
alterations. This protective effect of Ro5-4864 correlated

14

12: I

=
o

Lesion Area
(mm?)

p<0.001

Vehicle Ro5-4864

Fig. 4 Effect of Ro5-4864 on lesion size. Reduced glycerol levels in the
treated group were associated with a substantial decrease of secondary
brain injury expressed by the size of the final traumatic cavity that was
about half the size of the lesion as measured in vehicle-treated animals.
Averaged lesion sizes are presented along with standard deviation for each

group.
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with a profound decrease in the LPR ratio, usually
considered as a surrogate of oxidative metabolism level.
Interestingly, decrease in LPR proved to be the conse-
quence of both lactate decrease and higher pyruvate
levels. LPR elevations have been initially reported in
correlation with brain ischemia (31), although in a later
review, the same group of authors described two different
types of LPR elevation reflecting two different patho-
physiological situations (32). The type 1 or “classical
ischemic metabolic state,” characterized mostly by a
marked lactate elevation, reflects a redox state where the
lactate dehydrogenase reaction is profoundly shifted
toward lactate production as a consequence of severely
compromised oxygen delivery, as is the case in brain
ischemia. The type 2 of increased LPR, in contrast,
appears to be more frequent in TBI patients and is
presumed to reflect a state of impairment of the aerobic
glycolysis. This subtype of LPR elevation is characterized
by a marked decrease in pyruvate rather than lactate
elevation as in type 1 and has been reported in presence of
normal brain tissue oxygen tension (33). In the present
study, LPR decrease induced by Ro05-4864 could be
equally attributed to both lactate decrease and pyruvate
elevation, probably reflecting the protective effect of the
drug at the mitochondrial level as well as the improvement
of cerebral perfusion in the pericontusional area as a
consequence of ICP decrease. This latter assumption is
supported by the significant increase in extracellular levels
of glucose, which is widely admitted as a marker of brain
1schemia (34,35).

Importantly, both ICP decrease and metabolic opti-
mization were associated with a profound decrease in
glycerol interstitial levels. Intracellular accumulation of
calcium, free radical production and energy crisis have
proved to trigger phospholipase activation, resulting in
degradation of the phospholipid membrane with subse-
quent glycerol release (36), which was therefore suggested
as a marker for membrane damage in cerebral ischemia
(37). Considering the role played by alteration of mem-
brane integrity in the induction of post traumatic cellular
swelling (38), the profound reduction in glycerol levels
found in treated animals supports the hypothesis that ICP
reduction mediated by Ro5-4864 represents the conse-
quence of improved capability of cells to maintain their
membrane integrity, presumably as a consequence of an
improved energy state. This assumption is supported by
the significant reduction in water content observed in
Ro5-4864-treated animals. Eventually, reduced glycerol
release in treated animals correlated with a significant
reduction in the lesion size that supports previous
observations of enhanced neuronal survival and reduced
axonal damage induced by Ro05-4864 caused by
traumatic (18) and chemical brain injury (39). This
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Fig. 5 Effect of Ro5-4864 on mitochondrial damage: electron microscopy. In comparison with sham animals (a), samples prepared from injured brain
were characterized by a marked and significant reduction in mitochondrial density particularly evident at low magnification (b, upper left and lower right
corners: X6000). At higher magnification (X25000), mitochondrial damage was prominent in the injured group (e), with an increased proportion of
swollen, damaged and disrupted mitochondria (black asterisks) with very few mitochondria retaining a normal appearance (white asterisks). Although
changes similar in nature could be noticed in samples collected in Ro5-4864-treated animals, the severity of mitochondrial damage was significantly
reduced (¢, f). Symbols: black asterisks—damaged mitochondria characterized by fragmented cristae, swollen distorted matrix compartment or disrupted
outer membrane; white asterisks: condensed mitochondria with normal matrix. Scale: upper—2 um; lower—0.5 um.

reduction in the lesion size may, in turn, account for the
better neurological recovery observed in animals of the
Ro05-4864 group. It should be kept in mind, however, that
cytogenic edema represents only one aspect of post
traumatic edema, along with increased blood-brain
barrier permeability, so that improvement of intracellular
homeostasis should be as a potential additional therapeu-

*
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Fig. 6 Effect of Ro5-4864 on mitochondrial damage: summary. Analysis
of 8 randomly chosen fields over the grid for each sample showed that the
number of damaged mitochondria in Ro5-4864-treated animal was
significantly lower in comparison with vehicle-treated animals. Averaged
counts are presented along with the standard error of the mean for each
group and type of mitochondria. *: one-way ANOVA, Tukey-Kramer pair-
comparison test, p <0.05.

tic modality along with other measures intended to control
blood-brain barrier permeability.

All together, the results of the present study suggest that
targeting mitochondrial membrane permeabilization may
represent an additional therapeutic avenue for ICP control
by improving the energy status of injured cells and
subsequently reinforce their capability to maintain internal
homeostasis.

85 +
I Control
[ Ro5-4864

80 -

75 A

70

Water Content (%)

65 -

60

Normalal Side Injureld Side

Fig. 7 Effect of Ro5-4864 on water content. Averaged water contents

are presented along with the standard error of the mean for each group
and side. *: t-test, p<<0.0001.
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