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ABSTRACT: Histamine is recognized as a neurotransmitter or
neuromodulator in the brain, and it plays a major role in the
pathogenic progression after cerebral ischemia. Extracellular
histamine increases gradually after ischemia, and this may come
from histaminergic neurons or mast cells. Histamine alleviates
neuronal damage and infarct volume, and it promotes recovery of
neurological function after ischemia; the H1, H2, and H3 receptors
are all involved. Further studies suggest that histamine alleviates
excitotoxicity, suppresses the release of glutamate and dopamine,
and inhibits inflammation and glial scar formation. Histamine may
also affect cerebral blood flow by targeting to vascular smooth
muscle cells, and promote neurogenesis. Moreover, endogenous
histamine is an essential mediator in the cerebral ischemic tolerance.
Due to its multiple actions, affecting neurons, glia, vascular cells, and inflammatory cells, histamine is likely to be an important
target in cerebral ischemia. But due to its low penetration of the blood-brain barrier and its wide actions in the periphery,
histamine-related agents, like H3 antagonists and carnosine, show potential for cerebral ischemia therapy. However, important
questions about the molecular aspects and pathophysiology of histamine and related agents in cerebral ischemia remain to be
answered to form a solid scientific basis for therapeutic application.
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Cerebral ischemia is defined as reduction of cerebral blood
flow (CBF) to a critical threshold that propagates brain

damage involving the entire brain or a selective region. Global
cerebral ischemia entails reduction in CBF over the entire brain,
which occurs commonly in patients who have a variety of
clinical conditions such as cardiac arrest, shock, and asphyxia
and in patients undergoing complex cardiac surgery.1 Ischemic
stroke results from a transient or permanent reduction in CBF
that is restricted to the territory of a major brain artery. The
reduction in flow is, in most cases, caused by the occlusion of a
cerebral artery either by an embolus or by local thrombosis.2

Every year, 15 million people worldwide suffer a stroke, among
whom nearly 6 million die and another 5 million are left
permanently disabled. So, stroke remains the third leading
cause of death and the leading neurologic cause of long-term
disability. So far, over 100 neuroprotective drugs shown
effective in animals have been found to be virtually ineffective
in the treatment of human ischemia and clinical trials of many
compounds ended prematurely due to disruption of normal
brain function and adverse effects, except for reperfusion with
recombinant tissue plasminogen activator (rtPA) for stroke.3−5

rtPA is approved by the FDA for acute ischemic stroke
treatment but with certain limitations such as a narrow
therapeutic time window of 4.5 h and the risk of hemorrhage.6

No doubt, translating experimental results into effective drug
therapies is extremely difficult. But the complex sequence of
pathophysiological events that evolve over time and space may

be the reason for the failure to find a viable neuroprotective
agent. The major pathogenic mechanisms after ischemia
include excitotoxicity, programmed cell death, inflammation,
and cerebral reconstruction.2 Moreover, beside neurons, the
other components of the neurovascular unit, glia (astrocytes,
microglia, and oligodendroglia) and vascular cells (endothelia,
pericytes, and vascular smooth muscle cells), also participate in
the neurological injury. Therefore, it is necessary to search for
protective agents directed at multiple targets.
Histamine is an important neurotransmitter or neuro-

modulator in the central nervous system. The soma of
histaminergic neurons are located in the tuberomamillary
nucleus in the hypothalamus, and their fibers are widely
distributed throughout the brain.7 It is now thought that the
histaminergic system commands general states of metabolism,
consciousness, and memory.8 The non-neuronal pools in the
brain include mast cells, which contain almost half of the
histamine.9 Mast cells have been identified in the brain
parenchyma, mainly in the thalamus and hypothalamus, and
their function is still unclear. Histamine in the brain is not
transported from plasma since it cannot penetrate the blood-
brain barrier, but is formed from L-histidine by a specific
enzyme, L-histidine decarboxylase (HDC).10 There are two
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major pathways of histamine metabolism: ring methylation and
oxidative deamination by diamine oxidase.11 In the brain, most
of the histamine is catalyzed by histamine-N-methyltransferase
to form tele-methylhistamine, which is converted by mono-
amine oxidase B to tele-methylimidazole acid. Three of the four
histamine receptors that have been identified (H1−H3) are
prominently expressed in the brain, whereas the fourth receptor
(H4), which was discovered recently,12 is found predominantly
in the periphery, for example, in bone marrow and leukocytes.
The H1 receptor is a 486−491 amino acid protein, and is
coupled to the Gq/11 protein and phospholipase C, while the
H2 receptor consists of 358−359 amino acids and is coupled to
Gs and protein kinase A.13 Unlike the H1 and H2 receptors, the
H3 receptor is mainly located presynaptically, signals though
Gi/Go proteins, displays significant constitutive activity, and
negatively controls histamine release and synthesis.14 Recently,
numerous studies have suggested that histamine and its
receptors play important roles in cerebral ischemia by acting
on multiple targets,15 which will be highlighted in this Review
by concentrating on data related to the complex pathogenic
mechanisms after cerebral ischemia.

■ ALTERATION OF HISTAMINE CONTENT AND ITS
RECEPTORS AFTER CEREBRAL ISCHEMIA

In the experimental model of focal cerebral ischemia induced by
occlusion of the middle cerebral artery (MCAO) in rats, the
levels of histamine and tele-methylhistamine in the striatum
and surrounding cerebral cortex gradually increase and these
changes become pronounced and statistically significant 6−12 h
after induction of ischemia.16 The striatal histamine and tele-
methylhistamine reach levels three- and 2-fold higher,
respectively, than those of the contralateral side. By micro-
dialysis, the release of histamine was found to increase gradually
over several hours after MCAO, whereas the release of
glutamate and dopamine occurs immediately after induction
of cerebral ischemia, and their values recover to basal levels
after reperfusion.17 In the primate Macaca radiata, a rise in
cerebral histamine level was also found following experimental
infarction induced in the basal ganglia by coagulation of the
middle cerebral artery.18

Adachi et al. reported that histamine release is markedly
reversed by preischemic administration of alpha-fluoromethyl-
histidine (α-FMH, 100 mg/kg), an irreversible inhibitor of
HDC, which generates histamine from L-histidine.17 α-FMH
depletes histaminergic neurons of their histamine within the
first few hours after treatment, since the turnover rate of
neuronal histamine (half-life, <1 h) is more rapid than that of
mast cell histamine (half-life, several days).9,19,20 So, Adachi et
al. proposed that activation of histaminergic neurons is the
predominant factor in the increase of histamine release after
cerebral ischemia.17 However, in previous studies, we found
that the number of mast cells decreases markedly after global
ischemia, and this may be caused by degranulation.21

Meanwhile, the histamine content increases significantly in
the thalamus and striatum. Moreover, Subramanian et al. also
reported that the elevation of histamine level in the basal
ganglia after infarction in this region is probably due to the
proliferation of mast cells.18 Therefore, where the histamine
comes from may depend on the ischemic region.
The expression and the binding density of histamine

receptors also change after cerebral ischemia.22 At 48 h after
transient global ischemia, H1 receptor mRNA expression
increases but H2 receptor binding density and protein

expression decrease in the caudate-putamen. H3 receptor
mRNA expression increases in the caudate-putamen, but
decreases in the globus pallidus and the thalamus. In association
with this, H3 receptor binding density increases in the cortex,
caudate-putamen, globus pallidus, and hippocampus; this
receptor may be involved in regulating continuous neuronal
histamine release. The increase of histamine release and the
alteration of central histamine receptor expression or ligand
binding suggest that histamine participates in the pathophysio-
logical processes after cerebral ischemia.

■ PROTECTIVE EFFECT OF HISTAMINE AND ITS
RECEPTORS ON CEREBRAL ISCHEMIA

Considerable evidence shows that histamine has a protective
effect on neurological injury after cerebral ischemia. Intra-
peritoneal administration of histidine, a precursor of histamine,
immediately and 6 h after reperfusion, markedly alleviates the
infarction after MCAO.23 Intracerebroventricular administra-
tion of histamine (10−100 nmol) improves the delayed
ischemic damage in hippocampal CA1 pyramidal cells induced
by 3 min of transient forebrain ischemia.24 Our recent study
found that histidine markedly protects against long-term injury
in terms of neurological score, learning and memory, and
infarct area, even 56 days after cerebral ischemia (unpublished
data). Rats pretreated with α-FMH show significantly more
necrotic hippocampal CA1 pyramidal cells than controls after
cerebral ischemia caused by 10 min of 4-vessel occlusion.25

Moreover, in gerbils, α-FMH also aggravates the death of
hippocampal CA2 neurons after 3 min ischemia, while the
histamine content of the brain is significantly reduced.26 In
addition, we found that the histamine from mast cells protects
against neuronal death induced by oxygen-glucose deprivation,
which is an in vitro model of ischemia.27

To further investigate the role of histamine receptors in
cerebral ischemia, various receptor antagonists and agonists
have been used. Intracerebroventricular administration of
cimetidine and ranitidine, H2 antagonists, aggravate the
neuronal damage after MCAO, which is alleviated by the H2
agonist dimaprit.28 But the H1 agonist HTMT and the H1
antagonist mepyramine do not affect the outcome. However, in
a previous study, the H1 receptor was found to participate in
delayed neuronal death caused by cerebral ischemia.25

Excitotoxicity is a predominant reason for neuronal death in
the early phase after cerebral ischemia, due to the accumulation
of extracellular glutamate and the activation of N-methyl-D-
aspartate (NMDA) receptors. Blockade of H1 receptors by
terfenadine, chlorpheniramine, oxatomide, or triprolidine
enhances the excitotoxic response of NMDA receptors, which
is prevented by histamine.29 We also found that the histamine
precursor carnosine increases the viability of differentiated
PC12 cells (a neuronal cell line) after NMDA administration
through the carnosine-histidine-histamine-H1/H3 receptor
pathway.30,31 Due to the exclusive CNS distribution of H3
compared with H1 and H2 receptors, agents targeted to H3
receptors have more potential, and their functions are the focus
of much attention. The H3 agonist α-methylhistamine
significantly aggravates the delayed neuronal death following
ischemia caused by 10 min of 4-vessel occlusion in rats.25 We
recently found that mice treated with the H3 antagonists
thioperamide or clobenpropit, and H3 receptor knockout mice
showed less impairment of neurological function and a reduced
infarct area after MCAO (unpublished data). However, we
were interested to find that the protection after H3 receptor
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blockade also occurs in HDC knockout mice, which suggests
that blockade of H3 receptors has a protective mechanism
other than up-regulating histamine. This evidence all supports
the hypothesis that histamine has a protective effect on cerebral
ischemic injury, and all three of its receptors may be involved.
But animals with genetically modified histamine receptors,
especially conditional genetically modified animals, may be
useful in elucidating the detailed roles of histamine receptors in
the neurovascular unit after cerebral ischemia.

■ POSSIBLE MECHANISMS BY WHICH HISTAMINE
AND ITS RECEPTORS PROTECT AGAINST
CEREBRAL ISCHEMIA

Direct Effect on Neurons. With energy depletion,
membrane potential is lost, neurons depolarize, and then
excitatory amino-acids are released into the extracellular space.
As a result, glutamate receptors are overactivated, and excessive
Na+, Cl−, and Ca2+ influx initiate a series of cytoplasmic and
nuclear events that result in profound tissue damage. We found
that histamine alleviates the excitotoxicity induced by NMDA
via H2 receptors, and detailed study indicated that histamine
works through the cAMP/PKA pathway.32 8-Bromo-cAMP
mimicks the effect of histamine, while in contrast, both the
adenylyl cyclase inhibitor 9-(tetrahydro-2-furanyl)-9H-purine-
6-amine and the PKA inhibitor N-[2-(p-bromocinnamylamino)
ethyl]-5-isoquinolinesulfonamide reverse the protection con-
ferred by histamine. Our further study suggests that the
increased NMDA receptor internalization may be involved in
the protection by histamine (Figure 1). Moreover, the H1

antagonist terfenadine is reported to enhance the excitotoxic
response to NMDA in cerebellar neurons, by increasing
intracellular Ca2+, cGMP synthesis and the production of
reactive oxygen species.29 In a recent study, we found the
mechanism of protection by H3 receptor antagonist against
neuronal apoptosis after MCAO or OGD involves the up-
regulation of autophagy. Moreover, H3 receptor knockout mice
also show alleviated neurological injury and up-regulated level
of autophagy (unpublished data).
Neurotransmitters. The histamine neurons in the tuber-

omamillary nucleus send out axons to innervate almost the
entire brain. Moreover, H3 receptor expression is not confined
to histaminergic neurons, and, as a heteroreceptor, it is known
to modulate various neurotransmitter systems in the brain, like
those of glutamate, dopamine, gamma-aminobutyric acid
(GABA) and acetylcholine.33 We found that hippocampal
glutamate levels significantly increase in HDC knockout mice
after contextual fear conditioning, which indicates that

histamine deficiency may improve memory by up-regulating
glutamate.34 Therefore, elevated histamine content may affect
the release of other transmitters, especially glutamate, to impact
cerebral ischemia. It has been reported that preischemic
administration of histamine suppresses the increase in
glutamate and dopamine levels during ischemia.28 Dopamine
also has detrimental effects on ischemic neuronal damage, most
probably due to the generation of reactive oxygen species.35

The effect of histamine on neurotransmitter release was
considered to be due to activation of H3 receptors, and then
inhibition of presynaptic Ca2+ entry, via direct G-protein-
mediated inhibition of multiple Ca2+ channels.36,37 In our study,
the mechanism of the protection by carnosine against NMDA-
induced neurotoxicity in PC12 cells includes transformation to
histamine and then effective inhibition of glutamate release
through H3 receptors.30 However, it is also suggested that
suppression of the ischemic release of glutamate and dopamine
by H2 receptor action is a contributing factor in alleviating the
histologic outcome, but how the H2 receptor modulates
excitatory neurotransmitter release is quite unclear.28

The level of glutamate in the synaptic cleft is not only
affected by the release from neurons, but also related to the
uptake by astrocytes. Following synaptic release, glutamate in
the forebrain is mainly taken up by the astrocytic glutamate
transporter GLT-1, and then converted into glutamine by
glutamine synthetase (GS).38 After cerebral ischemia, the
expression of GLT-1 and GS declines, which may aggravate the
accumulation of glutamate in the extracellular space and the
excitotoxicity.39,40 We found that histamine up-regulates the
current of glutamate transporter and the expression of GS,
which is abrogated by the H1 antagonists (Figures 2, 3). But
whether such an effect is involved in the protection by
histamine against cerebral ischemia is still under study.
Moreover, we showed that carnosine suppresses the generation
of mitochondrial reactive oxygen species to recover the
expression of GLT-1 and then reduces the glutamate
excitotoxicity; however, this effect is not through the
carnosine-histamine pathway.41

Modulation of GABA release may also be involved the
protection by H3 antagonists. We found that clobenpropit
reverses the neurotoxicity induced by NMDA in a concen-
tration-dependent manner.42 The protection by clobenpropit is
inhibited by the GABAA receptor antagonists picrotoxin and
bicuculline. Further study demonstrated that the protection by
clobenpropit is due to enhanced GABA release. The inducible
GABA release is also inhibited by the H3 agonist α-
methylhistamine, but not by pyrilamine or cimetidine.
Furthermore, the elevation of GABA release induced by
clobenpropit is through the cAMP/PKA pathway and increase
of intracellular Ca2+ level, which protects against NMDA-
induced excitotoxicity.

Cerebral Blood Flow and Edema. H1 and H2 receptors
are distributed in the endothelium or smooth muscle cells in
the cerebral vascular wall,43,44 and histaminergic fibers have
been shown to innervate cerebral blood vessels.45,46 Never-
theless, it remains an undeniable fact that histamine has
inconsistent effects on regional CBF (rCBF). Intracerebroven-
tricular injection of histamine causes a dose-dependent increase
in rCBF in the hippocampus, and similar findings are found
with not only the H1 agonist 2-thiazolylethylamine, but also the
H2 agonist dimaprit.47 Intraperitoneal injection of L-histidine
also results in an increase in rCBF in the hippocampus, in
parallel with elevation of histamine content in the brain. The

Figure 1. Internalization of NMDA receptor increases after NMDA
(100 μM) and/or histamine (0.1 μM) administration determined by
cell ELISA assay. Values are expressed as mean ± SEM, n = 7−10. *P
< 0.05, **P < 0.01, compared with control group.
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increase in rCBF in the hippocampus induced by L-histidine is
antagonized by both H1 and H2 antagonists (diphenhydr-
amine, pyrilamine, and zolantidine). We found that intra-
cerebroventricular injection of clobenpropit, a representative
H3 antagonist, dose-dependently and significantly increases
rCBF in the hippocampus of rats, which is enhanced by
metoprine, a selective histamine N-methyltransferase inhibitor;
furthermore, this is antagonized by an H3 agonist, α-
methylhistamine, an H1 antagonist, mepyramine, and an H2
antagonist, zolantidine.48 However, it was also reported that
histamine induces cortical vessel contraction via H1 receptors
in rats.49 Recently, Yang et al. also reported that histamine
induces a reduction of rCBF in the rat parietal lobe and this
effect may be partly attributed to its combination with H1
receptors.50 In our study of rCBF after focal cerebral ischemia,
we did not find a change of rCBF in the penumbra or core of
ischemia after histamine or histidine administration, and there
was no difference between HDC knockout and wild-type
mice.51 Such discrepancy may be due to the dose of histamine
used, the different region detected, or the different effects of
histamine under physiological and pathological conditions.
More detailed evaluation of rCBF is necessary for the study and
development of histamine-related agents to treat cerebral
ischemia.

With endothelial cell damage and tight junction breakdown,
vasogenic edema is characterized by an increase in extracellular
fluid volume due to increased permeability of brain capillary
endothelial cells to serum proteins such as albumin.52

Vasogenic edema then causes an increase in tissue pressure
and, thereby, aggravates the primary reduction in blood flow.53

With respect to capillary permeability, several reports indicate
that blood-brain barrier permeability is regulated by brain
histamine. Infusion of histamine into the carotid artery
enhances the penetration of albumin through the capillary
and increases the cortical water content by activating H2
receptors.54,55 Electron microscopic examination revealed that
perivascular astrocytic processes are swollen. Blocking H2
receptors prevents both the transport of albumin and
ultrastructural changes, whereas H1 blockade fails to do this.
Further, the H2 antagonist ranitidine attenuates the brain
edema induced by the systemic cerebral administration of
kainic acid.56 So, histamine is suggested to promote brain
edema formation, but what is its action on the edema induced
by cerebral ischemia? Recently, Irisawa et al. found that
repeated administration of L-histidine, immediately and 6 h
after reperfusion, reduces the increase in water content in the
ischemic regions, and simultaneous administration of thioper-
amide with L-histidine completely prevents edema formation

Figure 2. Histamine increases glutamate transporter currents through H1 receptor in astrocytes. Astrocytes were treated with histamine (HA) as the
indicated concerntration, or cotreated with H1 antagonist diphenhydramine (Diphen) 100 μM for 24 h. Whole-cell glutamate transporter currents in
astrocyte were activated by exogenous application of L-glutamate, APV, and CNQX. Representative traces of glutamate transporter currents are
shown (A). Peak glutamate transporter current of astrocyte increased after histamine treatment, but was reversed by Diphen (B). Values are
expressed as mean ± SEM, n = 9−13. *P < 0.05, compared with control group; $$P < 0.01 compared with HA 100 μM group.

Figure 3. Histamine reverses the decrease of GS protein expression through H1 receptor after 6 h OGD. Astrocytes were given histamine as the
indicated concerntration and exposed to 6 h OGD, and then the GS protein level was analyzed by Western blot. H1 receptor antagonist pyrilamine
(Py, 10 μM) and H2 receptor antagonist cimetidine (Cim, 10 μM) were given 15 min before OGD. Values are expressed as mean ± SEM, n = 3−7.
**P < 0.01, ***P < 0.001.
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and alleviates the infarction after MCAO, with markedly
increased brain histamine concentration.57 On the contrary,
either pretreatment or post-treatment with ranitidine is able to
attenuate the ischemia-induced water accumulation and
maldistribution of ions in brain tissue in a bilateral common
carotid artery occlusion model.58 But in the global ischemia
model induced by 4-vessel occlusion, the ischemic edema
formation is not prevented a intracellular histamine receptor
antagonist.59 Despite these paradoxical effects of brain
histamine, it contributes to neuroprotection against cerebral
ischemia, as described previously.
Inflammation. Cerebral ischemia evokes a strong inflam-

matory response, which is thought to contribute to the
progression of injury. The Ca2+-related activation of intra-
cellular second messenger systems, the increase in oxygen free
radicals, as well as hypoxia itself, trigger the expression of a
number of inflammatory mediators, such as platelet-activating
factor, tumor necrosis factor alpha and interleukin-1beta.2,60

Subsequently, the expression of adhesion molecules on the
endothelial cell surface attracts neutrophils, macrophages, and
monocytes to cross the vascular wall and enter the brain
parenchyma. Resident brain cells, astrocytes and microglia are
also activated to participate in the inflammatory response.
Postischemic inflammation injures neurons and glia by
releasing proteolytic enzymes, reactive oxygen species and
toxic prostanoids and cytokines.61 When adhesion molecules
and inflammatory mediators or their receptors are blocked by
neutralizing antibodies and when mice are deficient in the
expression of inflammation-related genes, cerebral ischemic
damage is reduced.62−64

Histamine is known to augment allergic reactions, such as H1
receptor's action in bronchial asthma and anaphylaxis. In
contrast, H2 receptor's action has been shown to suppress
inflammation by reducing the production of proinflammatory
cytokines and the chemotactic responsiveness of leuko-
cytes.65−67 Then what is the role of histamine in the
inflammation after cerebral ischemia? Administration of L-
histidine, immediately and 6 h after MCAO reperfusion,
reduces the number of neutrophils to 52%. Simultaneous
administration of thioperamide further decreases this number
to 32%.68 Likewise, the ischemia-induced increase in the
number of CD68-positive cells (including polymorphonuclear
leukocytes and macrophages/microglia) after 24 h is sup-
pressed by L-histidine injection. The L-histidine administration
decreases the number of CD4+ T lymphocytes on both the
ischemic and contralateral sides after 12 h, and concurrent
administration of thioperamide prolongs the effect. Although
administration of the H1 antagonist mepyramine does not
affect the suppression of leukocyte infiltration, ranitidine tends
to reverse the effect of L-histidine. These data suggest that
facilitation of central histaminergic activity suppresses inflam-
matory cell recruitment after ischemic events through H2
receptors. The detailed mechanism is still unknown, but H2
receptor stimulation has been reported to inhibit the induction
of cytokines like interleukin-12 (a potent Th1-driving cytokine)
and then the chemotactic responsiveness of leukocytes.69,70

Further study is needed to investigate whether inhibition of
inflammation is involved in the protection by histamine and
how histamine impacts the progression of inflammation after
ischemia in detail.
Cerebral Reconstruction. After cerebral ischemia, astro-

cytes undergo a vigorous response termed “astrogliosis”
characterized by escalated expression of glial fibrillary acidic

protein, hypertrophy, and cell proliferation.71,72 Accompanying
these morphological changes is a range of physiological
changes, including secretion of a variety of cytokines.73,74 At
the late phase of focal cerebral ischemia, astrogliosis results in
glial scar formation, which obstructs axonal regeneration, and
finally impedes neurological recovery.75 So, mechanisms to
limit glial scar formation are the focus of much research. We
found that histidine markedly improves neurological score and
learning and memory, but reduces infarct area during the long-
term progression after cerebral ischemia. Further study showed
that inhibition of glial scar formation is one possible reason
(unpublished data). Moreover, we for the first time established
a glial scar model induced by oxygen-glucose deprivation in
vitro (submitted for publication), which can be used to further
study the mechanism of action of histamine.
Neurogenesis, an important component of cerebral recon-

struction, contributes to the possibility of improved functional
recovery.76 The adult brain harbors a population of neural stem
cells (NSCs) throughout life in the subgranular zone of the
hippocampus and adjacent to the lateral ventricles in the
subventricular zone.77,78 These NSCs are self-renewing, with
the potential to generate all three basic cell types: neurons,
oligodendrocytes, and astrocytes.79 Now, pharmacologically
based therapies targeting enhancement of endogenous neuro-
genesis are attracting much attention.80−82 Recently, the
proliferating and differentiated neuroepithelial stem cells from
rat cerebral cortex were found to express H1, H2, and H3
receptors by RT-PCR and Western blot analysis.83 Treatment
with histamine significantly increases the proliferation of
neuroepithelial stem cells through H2 receptors, but without
affecting the activation of nestin expression. Moreover,
apoptotic cell death during the proliferation is significantly
decreased. After differentiation, histamine increases the number
of neurons 3-fold, mainly by activation of the H1 receptor, and
also significantly decreases the proportion of glial (astrocytic)
cells, compared to control conditions. Therefore, histamine
might play a role in neurogenesis by promoting the
proliferation of neural precursors through activation of H2
receptors, and favoring a neuronal fate by H1-mediated
stimulation. In addition, histamine is also reported to promote
neuronal differentiation of midbrain neural stem cells.84

However, it is not certain that histamine promotes neuro-
genesis after cerebral ischemia in vivo.
Now it is considered that only inhibiting glial scar formation

or promoting neurogenesis may not result in significant
recovery, but combinatorial strategies may be more effec-
tive.75,85 Histamine may show benefit in limiting glial scar
formation, along with stimulation of the intrinsic growth
potential of adult neurons, so histamine-related agents have
potential value in cerebral reconstruction.

Ischemic Tolerance and Histamine. In 1986, Murry and
colleagues first demonstrated that multiple brief ischemic
episodes in the canine heart limits the histologic infarct size
from a subsequent sustained ischemic insult.86 This phenom-
enon is known as ischemic tolerance or preconditioning, and
means that subthreshold ischemic or hypoxic damage activates
certain cellular pathways that help to reduce the damage caused
by subsequent severe ischemia.87 Ischemic tolerance has also
been confirmed in global and focal cerebral ischemia in
animals.88−90 For example, Kitagawa et al. reported that 2 min
ischemic treatments at 1 day intervals 2 days before 5 min
ischemia induced by occlusion of both common carotids result
in strikingly complete protection against neuronal death in
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gerbils.88 In patients, it is also found that patients with transient
ischemic attacks before cerebral infarction have a better
outcome than patients without them.91 This opens a window
into endogenous neuroprotection and, potentially, a window of
opportunity to use these mechanisms in the clinic to treat
patients with stroke and global cerebral ischemia.92 Con-
sequently, a better understanding of the endogenous neuro-
protective mechanisms involved in ischemic tolerance has
significant clinical implications for preventing neuronal damage
in susceptible patients.
In a previous study, we were interested to find that activation

of the central histaminergic system is required for the
neuroprotection induced by ischemic or hypoxic precondition-
ing.51,93 Hypoxic preconditioning improves neurologic function
and decreases infarct volume in wild-type (WT) and HDC
knockout mice treated with histamine, but not in HDC
knockout and WT mice treated with α-FMH. Laser-Doppler
flowmetry showed that hypoxic preconditioning ameliorates
cerebral blood flow in the periphery of the MCA territory
during ischemia in WT mice but not in HDC knockout mice.
Vascular endothelial growth factor (VEGF) mRNA and protein
expression show a greater increase after hypoxia than in HDC
knockout or α-FMH-treated WT mice. In addition, the VEGF
receptor-2 antagonist SU1498 prevents the protective effect of
hypoxic preconditioning on infarct volume and reverses the
increased peripheral cerebral blood flow in WT mice.
Therefore, endogenous histamine is an essential mediator of
hypoxic preconditioning. It may function by enhancing
hypoxia-induced VEGF expression and then increasing the
rCBF. Moreover, 10 min ischemic preconditioning significantly
prolongs the survival time of WT mice subjected to permanent
bilateral carotid artery occlusion. However, in HDC knockout
mice, the ischemic tolerance is not induced with 10 min
preconditioning. The histamine levels at 0.5 and 48 h increase
after 10 min preconditioning, but not at 5 h. Therefore,
endogenous histamine in brain may be an essential mediator in
hypoxic or ischemic preconditioning-induced cerebral ischemic
tolerance, which supports histamine as an important target in
cerebral ischemia.

■ PROSPECTS FOR HISTAMINE-RELATED AGENTS IN
CEREBRAL ISCHEMIA

Although histamine shows marked protection against cerebral
ischemia, its low penetration of the blood-brain barrier and its
wide actions in the peripheral system (in the allergic reaction
and gastric acid secretion) limit its direct use, and that of its H1
and H2 receptor agonists. Since the H3 receptor is a
presynaptic negative modulator of histamine release, it is
thought that an H3 receptor antagonist would enhance
histamine release. By virtue of its extensive CNS localization
(cortex, hippocampus, amygdala, nucleus accumbens, globus
pallidus, striatum, thalamus, and hypothalamus), it is
hypothesized that H3 receptor antagonists produce a unique
profile of CNS activation, although it is also located
presynaptically on the postganglionic sympathetic nerve fibers
in the cardiovascular system.94−96 The H3 receptor is
recognized as a drug target for neuropathic pain, sleep-wake
disorders (narcolepsy), and the cognitive impairment asso-
ciated with attention deficit hyperactivity disorder, schizophre-
nia, Alzheimer, and Parkinson disease, while the first H3
receptor ligands have already entered phase I−III clinical
trials.97 As described previously, blocking H3 receptors reduces
the infarct area and improves neurological function, while
activating H3 receptors significantly aggravates the delayed
neuronal death after cerebral ischemia. Therefore, H3
antagonists have therapeutic potential in cerebral ischemia,
although the detailed mechanism still needs to be understood.
Besides regulating neurotransmitter release by regulation of
Ca2+ channel, additional interactions with other effector
signaling cascades may also contribute to their action, including
the activation of adenylyl cyclase, phospholipase A2, mitogen-
activated protein kinase, and phosphatidylinositol 3-kinase
pathways, which activate extracellular signal-regulated kinases
and Akt and subsequently inhibit the action of glycogen
synthase kinase 3β.33

Besides the histamine receptor ligands, histamine precursors,
like carnosine, are another choice for therapeutic use.
Carnosine (β-alanyl-L-histidine) is a naturally occurring

Figure 4. Schematic representation of the multitarget-directed actions of histamine and its receptors against cerebral ischemia, acting on neurons,
glia, vascular cells, and inflammatory cells. Histamine can alleviate excitotoxicity and reactive oxygen species (ROS) injury, suppress the release of
glutamate (Glu) and dopamine (Dopa), and promote autophagy to protect neurons through its H1, H2, or H3 receptors. Histamine may recover the
GLT-1 function and GS expression in astrocytes, and inhibit glial scar formation and inflammation. Histamine may also affect rCBF and edema
formation, and promote neurogenesis by H1 and H2 receptors. Moreover, endogenous histamine in the brain may be an essential mediator in
hypoxia or ischemic preconditioning induced cerebral ischemic tolerance.
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dipeptide, widely distributed in tissues including the animal and
human brain, at concentrations up to 20 mM, and can easily
enter the central nervous system.98,99 There are many theories
about its biological functions, such as anti-inflammatory agent,
free radical scavenger, membrane-protective agent, and protein
glycosylation inhibitor.100,101 Previous studies have demon-
strated that carnosine (via histidine) is metabolically trans-
formed into histamine in muscle and kidney.102,103 We recently
reported that the metabolic carnosine-histidine-histamine
pathway also exists in the CNS.30,104 Carnosine prevents
amygdaloid kindling seizures in rats by partial transformation to
histamine. Given the relationship between carnosine and
histamine, carnosine is proposed as a new histaminergic drug
that can replace histamine and avoid inflammation. It is
reported that carnosine shows a pronounced protective effect
on neurological symptoms and animal mortality after global
ischemia, and on infarct volume and neurological function after
focal cerebral ischemia or hypoxic-ischemic brain dam-
age.41,105−108 Antioxidant and membrane-protective properties
may contribute to this protection; however, whether the
carnosine-histidine-histamine pathway is involved remains in
doubt. In a recent study, we found that carnosine significantly
improves neurological function and decreases infarct size after
permanent MCAO in both HDC knockout and the
corresponding WT mice to the same extent, and this cannot
be reversed by α-FMH.41 It is suggested that the action of
carnosine on permanent focal cerebral ischemia is not mediated
by the carnosine-histidine-histamine pathway but by decreasing
the glutamate levels and preserving the expression of GLT-1.
But carnosine protects against NMDA-induced neurotoxicity in
differentiated rat PC12 cells through the carnosine-histidine-
histamine pathway and H1/H3 receptors.30,31 The different
cells and different models may account for the inconsistent
results; however, carnosine itself is considered as a useful agent
in cerebral ischemia therapy. Certainly, long-term evaluation of
the action of histamine-related agents on cerebral ischemia by
various ischemic animal models and the studies of their detailed
mechanism are needed for their preclinical investigations for
treating cerebral ischemia.

■ CONCLUSION
Although histamine is not considered to play a pivotal role in
the pathogenic cascade following cerebral ischemia, its
multitarget-directed actions, including neurons, glia, vascular
cells, and inflammatory cells, indicate potential (Figure 4).
However, important questions about the molecular aspects and
pathophysiology of histamine and its related agents remain to
be answered to form a solid scientific basis for the therapeutic
application of histamine-related agents.
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(84) Escobedoa, I., Molina-Hernańdeza, A., and Velasco, I. J. (2009)
Histamine promotes neuronal differentiation of midbrain neural stem
cells. Dev. Biol. 331, 502.
(85) Steinmetz, M. P., Horn, K. P., Tom, V. J., Miller, J. H., Busch, S.
A., Nair, D., Silver, D. J., and Silver, J. (2005) Chronic enhancement of
the intrinsic growth capacity of sensory neurons combined with the
degradation of inhibitory proteoglycans allows functional regeneration
of sensory axons through the dorsal root entry zone in the mammalian
spinal cord. J. Neurosci. 25, 8066−8076.
(86) Murry, C. E., Jennings, R. B., and Reimer, K. A. (1986)
Preconditioning with ischemia: a delay of lethal cell injury in ischemic
myocardium. Circulation 74, 1124−1136.
(87) Dirnagl, U., Simon, R. P., and Hallenbeck, J. M. (2003) Ischemic
tolerance and endogenous neuroprotection. Trends Neurosci. 26, 248−
254.
(88) Kitagawa, K., Matsumoto, M., Tagaya, M., Hata, R., Ueda, H.,
Niinobe, M., Handa, N., Fukunaga, R., Kimura, K., Mikoshiba, K., et al.
(1990) ’Ischemic tolerance’ phenomenon found in the brain. Brain Res.
528, 21−24.
(89) Pera, J., Zawadzka, M., Kaminska, B., and Szczudlik, A. (2004)
Influence of chemical and ischemic preconditioning on cytokine
expression after focal brain ischemia. J. Neurosci. Res. 78, 132−140.
(90) Atochin, D. N., Clark, J., Demchenko, I. T., Moskowitz, M. A.,
and Huang, P. L. (2003) Rapid cerebral ischemic preconditioning in
mice deficient in endothelial and neuronal nitric oxide synthases.
Stroke 34, 1299−1303.
(91) Moncayo, J., de Freitas, G. R., Bogousslavsky, J., Altieri, M., and
van Melle, G. (2000) Do transient ischemic attacks have a
neuroprotective effect? Neurology 54, 2089−2094.
(92) Gidday, J. M. (2006) Cerebral preconditioning and ischaemic
tolerance. Nat. Rev. Neurosci. 7, 437−448.
(93) He, P., Fan, Y. Y., Zhang, L. Y., Hu, W. W., and Chen, Z. (2009)
Effect of endogenous histamine on ischemic preconditioning induced
cerebral ischemic tolerance. Zhejiang Da Xue Xue Bao Yi Xue Ban 38,
579−583.

ACS Chemical Neuroscience Review

dx.doi.org/10.1021/cn200126p | ACS Chem. Neurosci. 2012, 3, 238−247246



(94) Malinowska, B., Godlewski, G., and Schlicker, E. (1998)
Histamine H3 receptors--general characterization and their function in
the cardiovascular system. J. Physiol. Pharmacol. 49, 191−211.
(95) Pollard, H., Moreau, J., Arrang, J. M., and Schwartz, J. C. (1993)
A detailed autoradiographic mapping of histamine H3 receptors in rat
brain areas. Neuroscience 52, 169−189.
(96) Chazot, P. L., Hann, V., Wilson, C., Lees, G., and Thompson, C.
L. (2001) Immunological identification of the mammalian H3
histamine receptor in the mouse brain. NeuroReport 12, 259−262.
(97) Tiligada, E., Zampeli, E., Sander, K., and Stark, H. (2009)
Histamine H3 and H4 receptors as novel drug targets. Expert Opin.
Invest. Drugs 18, 1519−1531.
(98) Crush, K. G. (1970) Carnosine and related substances in animal
tissues. Comp. Biochem. Physiol. 34, 3−30.
(99) Gariballa, S. E., and Sinclair, A. J. (2000) Carnosine:
physiological properties and therapeutic potential. Age Ageing 29,
207−210.
(100) Hipkiss, A. R. (2005) Glycation, ageing and carnosine: are
carnivorous diets beneficial? Mech. Ageing Dev. 126, 1034−1039.
(101) Hipkiss, A. R., Preston, J. E., Himsworth, D. T., Worthington,
V. C., Keown, M., Michaelis, J., Lawrence, J., Mateen, A., Allende, L.,
Eagles, P. A., and Abbott, N. J. (1998) Pluripotent protective effects of
carnosine, a naturally occurring dipeptide. Ann. N.Y. Acad. Sci. 854,
37−53.
(102) Fitzpatrick, J. C., Fisher, H., and Flancbaum, L. (1991)
Mobilization of renal carnosine and histidine to histamine during
compound-48/80-induced shock. Nephron 59, 299−303.
(103) Flancbaum, L., Fitzpatrick, J. C., Brotman, D. N., Marcoux, A.
M., Kasziba, E., and Fisher, H. (1990) The presence and significance of
carnosine in histamine-containing tissues of several mammalian
species. Agents Actions 31, 190−196.
(104) Jin, C. L., Yang, L. X., Wu, X. H., Li, Q., Ding, M. P., Fan, Y. Y.,
Zhang, W. P., Luo, J. H., and Chen, Z. (2005) Effects of carnosine on
amygdaloid-kindled seizures in Sprague-Dawley rats. Neuroscience 135,
939−947.
(105) Zhang, X., Song, L., Cheng, X., Yang, Y., Luan, B., Jia, L., Xu,
F., and Zhang, Z. (2011) Carnosine pretreatment protects against
hypoxia-ischemia brain damage in the neonatal rat model. Eur. J.
Pharmacol. 667, 202−207.
(106) Stvolinsky, S., Kukley, M., Dobrota, D., Mezesova, V., and
Boldyrev, A. (2000) Carnosine protects rats under global ischemia.
Brain Res. Bull. 53, 445−448.
(107) Min, J., Senut, M. C., Rajanikant, K., Greenberg, E., Bandagi,
R., Zemke, D., Mousa, A., Kassab, M., Farooq, M. U., Gupta, R., and
Majid, A. (2008) Differential neuroprotective effects of carnosine,
anserine, and N-acetyl carnosine against permanent focal ischemia. J.
Neurosci. Res. 86, 2984−2991.
(108) Pekcetin, C., Kiray, M., Ergur, B. U., Tugyan, K., Bagriyanik, H.
A., Erbil, G., Baykara, B., and Camsari, U. M. (2009) Carnosine
attenuates oxidative stress and apoptosis in transient cerebral ischemia
in rats. Acta Biol. Hung. 60, 137−148.

ACS Chemical Neuroscience Review

dx.doi.org/10.1021/cn200126p | ACS Chem. Neurosci. 2012, 3, 238−247247


