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Abstract

The human costs of stroke are very large and growing; it is the third largest cause of death in the
United States and survivors are often faced with loss of ability to function independently. There is a
large need for therapeutic approaches that act to protect neurons from the injury produced by ischemia
and reperfusion. The goal of this review is to introduce and discuss the available data that endogenous
cannabinoid signaling is altered during ischemia and that it contributes to the consequences of
ischemia-induced injury. Overall, the available data suggest that inhibition of CB1 receptor activation
together with increased CB2 receptor activation produces beneficial effects.
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INTRODUCTION

Interruption of cerebral blood flow, regardless of the cause, results in a reduction of nutrient
delivery to the brain ultimately leading to ischemic cell death [1,2]. In the majority of cases of
human stroke, the reduction in cerebral blood flow is transient and cell death does not occur
immediately. The delay between the initial insult and the cellular damage is variable, from
hours to days or even weeks, depending upon the nature of the insult and the brain region
affected. An important implication of this delay is that the introduction into the brain of
protective therapeutic agents during this critical period could disrupt the cascade of damaging
events and salvage at-risk brain tissue. These therapeutic agents are defined as
“neuroprotective” and many have been explored in animal and human studies. There is
evidence that endogenous homeostatic mechanisms are evoked, with both positive and negative
consequences, that can be manipulated to reduce the likelihood of cell death.

Another important aspect of human stroke is the spatial heterogeneity of cellular injury.
Neurons in the core of the ischemic region (defined as receiving less than 15% of normal blood
flow) can be differentiated from neurons in the penumbral region, where blood flow is less
than 40% of normal during the ischemia [1]. A third region can also be defined as the
extrapenumbral or peri-infarct region that receives between 40 and 100% of normal blood flow.
There are major differences in the biochemical changes that occur in each of these regions;
importantly, the differences are reflected as changes in susceptibility to cell death and in
neuroprotection.
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The consequences of interruption or cessation of cerebral blood flow are dependent upon many
factors; including whether the cessation in blood flow is transient or permanent; focal or global.
Considerable progress has been made in understanding of the underlying causes of cell death
that occur as a result of ischemia through the use of in vivo animal models as well as neuronal
cell culture approaches. Loss of oxygen and glucose that accompany a cessation of blood flow
rapidly initiates significant changes in intracellular ion and metabolite homeostasis. Inhibitor
studies indicate that the generation of free radicals and a maintained increase in intraneuronal
calcium and sodium are among the most damaging consequences of a short period of global
ischemia [1]. These changes lead to both necrotic and apoptotic cell death, which occur in
parallel and likely potentiate each other. In addition to a prolonged accumulation of free radicals
and intracellular calcium and sodium, decreased pH and increased nitric oxide generation (NO)
contribute to the size of the infarct following a permanent, focal ischemic episode. It is thought
that release of glutamate from the core of the infarcted area leads to a prolonged increase in
intracellular calcium via activation of ionotropic, glutamate receptors in the penumbral region.
In support of this idea, agents that inhibit calcium influx through N-methyl-D-aspartate
(NMDA) receptors are generally protective against cell death resulting from focal ischemia
[3]. During transient episodes of ischemia, reperfusion occurs and other mediators of neuronal
injury come into play, including the activation of poly-(ADP)-ribose polymerase (PARP-1);
stress kinase signaling and the recruitment of leukocytes into the area of injury followed by
neuroinflammation [2]. Therefore, multiple mechanisms are involved in the overall response
of the brain to ischemia and the relative contributions of these mechanisms to neuronal death
varies depending upon the model systems employed.

The endocannabinoid signaling system (ECS) has several features that support its hypothesized
involvement in ischemic injury (Figure 1). First, the endocannabinoids (eCBs) and related
lipids accumulate in ischemic tissues [4,5] supporting the hypothesis that the ECS is activated
during ischemia. Second, accumulating data support a general role for ECS in the maintenance
of metabolic homeostasis [6] and responsivity of the brain to stress [7]. Third, activation of the
CB1 cannabinoid receptor results a decrease in the probability of opening of voltage-operated
calcium channels [8-10] which could result in a reduction in intraneuronal calcium contents.
In addition, a subset of CB1 receptors are present on glutamatergic nerve terminals and their
activation results in inhibition of glutamate release in response to depolarization [11]. Together
these signaling mechanisms are consistent with neuroprotection because they lead to decreased
intracellular calcium. Fourth, the CB2 cannabinoid receptor is expressed by immune cells
[12], including brain resident microglial cells [13], and its activation results in a decrease in
the release of pro-inflammatory mediators [14]. Fifth, the CB1 cannabinoid receptor is present
in the cerebral vasculature [15-17] and its activation produces vasodilation [15,18,19].
Importantly, data suggest that activation of cerebrovascular CB1 receptors results in loss of
autoregulation [20], which could exacerbate the effects of ischemia.

To summarize, both theoretical considerations and experimental data suggest that the ECS
contributes to the consequences of cerebral ischemia via multiple mechanisms. However, the
role of the ECS is complex, and it can both exacerbate and reduce injury. The purpose of this
review is to discuss the available data describing the effects of cerebral ischemia on the various
components of the ECS and the role of the ECS in the consequences of cerebral ischemia.

EFFECTS OF ISCHEMIA ON COMPONENTS OF THE ECS IN BRAIN

1. Changes in brain endocannabinoid content

Two arachidonic acid derivatives, N-arachidonylethanolamine (AEA or anandamide) and 2-

arachidonoylglycerol (2-AG) function as endogenous ligands of the cannabinoid receptors (see
[21] for a review of the biochemistry of the eCBs). The earliest studies of the family of the N-
acylethanolamines (NAEs), of which AEA is a minor constituent, demonstrated that members
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of this family accumulate in tissues deprived of blood flow. In particular, the NAEs accumulate
in post-mortem brain [5,22—24] as do their immediate precursors, the N-
acylphosphatidylethanolamines (NAPEs) [25,26]. Saturated and mono-unsaturated NAES
(such as palmitoylethanolamide (PEA) and oleolyethanolamide (OEA)) are present at much
higher concentrations than AEA in the brain immediately after death and they accumulate in
amanner that is linearly dependent upon time post mortem [5,24]. On the other hand, although
AEA contents are very low in freshly isolated tissues, AEA exhibits an exponential increase
post-mortally [5,24]. Studies using inhibitors of the major catabolic pathway of the NAE family
of lipids, fatty acid amide hydrolase (FAAH) [27], as well as FAAH null mice surprisingly
demonstrated that the exponential accumulation of AEA is dependent upon FAAH activity
[24]. Further studies suggest that the accumulation of AEA is the result of non-enzymatic
condensation of ethanolamine generated by FAAH-mediated catabolism of the NAEs with
arachidonate-containing phospholipids, a process that has been observed to occur in vitro as
well [23].

Post mortal changes in brain 2-AG content have not been as consistently observed. Sugiura
and colleagues have reported that 2-AG increases in rat brain within the first minute after
decapitation, and decreases back to baseline concentrations at 5 min [28]. However, the only
way to observe this change is to freeze the brain in place immediately after death, a procedure
that is not generally employed and standard methods of brain harvest miss this change in 2-
AG content [24].

Several studies have examined the effects of controlled interruptions in cerebral blood flow on
tissue eCB contents. NAE contents have been examined in brain tissue following MCA
occlusion (without reperfusion) of various durations in rats [29-31]. A five hour occlusion of
the rat MCA increased the contents of 6, long chain NAEs in the striatum ipsilateral to the
occlusion, including a 23-fold increase in PEA and a 12-fold increase in AEA [29]. Similar,
although smaller, changes were seen in the cerebral cortex, a brain region that is less sensitive
to interruptions in blood flow through the MCA [29]. The NAEs likely accumulate earlier in
the ischemic period as AEA content in the ipsilateral hemisphere was significantly increased
in tissue harvested immediately following a 30 min MCA occlusion [30] and in the ipsilateral
striatum immediately following a 2 hour MCA occlusion [31] The increase in AEA in these
studies was much less than seen after 5 hours, which is consistent with the post-mortem data
demonstrating that the NAEs, including AEA, continually accumulate. Therefore, it appears
that increasing the duration of the occlusion both increases the amount of AEA that accumulates
in the ischemic compared to the non-ischemic hemisphere and the spread of regions in which
an increase can be detected. No changes in 2-AG content in the ischemic hemisphere were seen
in rats after a 30, 60 or 120 min MCA occlusion [30].

Several studies have explored the biochemical mechanisms involved in the effects of ischemia
on tissue NAE contents. Berger and colleagues reported that 5 hours of MCA occlusion in rats
produced relatively small, significant increases in the NAPE precursors for the saturated family
members (PEA and stearoylethanolamide, SEA) but not for the unsaturated species [29]. These
findings suggest that increased biosynthesis, at the level of precursor generation, could play a
role in the increase of at least some NAEs following ischemia in rats. In addition, NAPE
hydrolysis was shown to be greater in membranes harvested from the ischemic than non-
ischemic striatum after a 2 hour occlusion of the MCA [31], suggesting that the flux through
the biosynthetic pathway for the NAEs is increased in ischemic tissue. On the other hand, the
increase in AEA content in the ischemic striatum following 2 hour MCA occlusion was
accompanied by a decrease in the protein content and activity of FAAH [31]. These data suggest
that increased accumulation of AEA could also be driven by a reduction in its catabolism in
the ischemic region. The finding that ischemia results in a combination of an increase in NAPE
hydrolysis together with a decrease in FAAH expression is consistent with the data that
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ischemia results in greater relative increases in the amounts of the NAE family members than
of their NAPE precursors [29]. In sum, the available data indicate that the accumulation of the
NAEs following ischemia in rats is driven by a combination of biochemical changes, including:
increased precursor generation; increased rate of conversion of the NAPEs to NAEs; and
decreased catabolism of the NAEs.

Somewhat different results were obtained following permanent occlusion of the MCA in
mice [32] which call into question the generalizability of the findings in rats. As in rats, MCA
occlusion produced an increase in the NAEs, including PEA and SEA in the hemisphere
ipsilateral to the MCA occlusion. However, in contrast to the findings in rats, no significant
change in AEA was seen after 4, 12 or 24 hours of MCA occlusion. On the other hand, 2-AG
content was significantly increased in the ipsilateral hemisphere after 4, but not 12 or 24, hours
of MCA occlusion. Also in contrast to the results obtained in rats, the increase in NAES in mice
was not accompanied by an increase in NAPE-PLD expression or a change in the expression
or activity of FAAH. Therefore, it is possible that the increase in NAESs seen in mice is driven
by increased NAPE synthesis or an increased NAPE hydrolytic activity in vivo that does not
persist ex vivo (due to increased calcium in vivo, for example). The reasons for the differences
in the response to ischemia between rats and mice are currently not evident and should be
explored in the future. However, it is striking that ischemia results in a significant accumulation
of the NAEs in both species even though the mechanisms differ.

Results of studies in which the effects of ischemia on two prototypical NAEs, PEA and AEA,
are compared show that the relative increase in PEA is much greater than the relative increase
in AEA. These results suggest that ischemia exerts a selective increase in saturated rather than
polyunsaturated NAEs compared to their abundance in the uninjured brain. In rats, this is seen
as a reduced relative accumulation of AEA compared to PEA and in mice it is seen as a lack
of AEA accumulation in spite of a 40-fold increase in PEA while in mice, PEA is increased
without a change in AEA. This finding is somewhat surprising since, for the most part, the
same pathways for the biosynthesis and catabolism are operative for all of the NAE family
members [33] which would lead to the expectation that relative changes in all of the NAE
species should be similar. The selectivity could lie in the mechanism for the synthesis of the
NAPEs, immediate precursors for the NAESs as the study by Berger and colleagues discussed
above found that 5 hours of MCA occlusion increased the tissue concentrations of NAPE
precursors for saturated NAEs (PEA and SEA) but not for AEA [29]. In fact, the content of N-
arachidonyl-PE in the ischemic cortex was significantly less than in the contralateral cortex.
These findings suggest that some of the difference in the relative accumulation of the NAE
family members could result from substrate selectivity at the step of NAPE synthesis. NAPE
synthesis is thought to occur through the action of N-acyltransferase (NAT) enzyme(s) that
add acyl groups to the ethanolamine moiety of phosphatidylethanolamine [33]. Interestingly,
NAT activity is calcium-sensitive and has been hypothesized to be the rate-limiting step in the
biosynthesis of the NAEs. Recent data suggest that several enzymes function in the brain as
NATSs with different substrate specificities and, importantly, differential sensitivities to
regulation by calcium [34]. However, the NAT activity involved in the synthesis of the
precursor for AEA was more sensitive to changes in calcium than the activity involved in the
synthesis of the precursor for PEA, which would result in the opposite finding (i.e. greater
relative accumulation of AEA than PEA). It is also possible that differences in the catabolism
of the NAEs contributes to the differential accumulation. In particular, an amidase that
hydrolyzes the N-acylethanolamines and is not FAAH has been identified which has preference
for PEA over AEA, has an acidic pH optimum; and is expressed by macrophages [35] Although
not tested, it is possible that this enzyme, called N-acylethanolamine acid amidase, could be
an important regulator of NAE content in the neuro-inflamed brain in particular. However, the
fact that this enzyme has preference for PEA over AEA and PEA accumulates more than AEA
during ischemia argues against this possibility.
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Recent studies [31] indicate that administration of the neuroprotectant, estrogen (0.2 mg/kg,
i.p.) to male rats 1 hour before the MCA occlusion, abolished the increase in striatal AEA. This
effect of estrogen was antagonized by 1C1182 780, suggesting that the intracellular estrogen
receptor (ER) is the site of action of estrogen in this effect. Estrogen treatment significantly
increased FAAH activity and decreased NAPE hydrolysis, both of which are consistent
mechanistically with a decrease in AEA content. Interestingly, FAAH expression has been
shown to be regulated by estrogen in other studies [36-38]; with both increases and decreases
in expression occurring. The mechanisms involved in the regulation of FAAH by estrogen and
other steroids is an important topic that needs more experimental attention, particularly since
it is well known that estrogen is protective against stroke [39].

While there are some data regarding the biochemical mechanisms involved in increased tissue
NAE following ischemia, only a few studies have investigated the specific triggers involved
in its accumulation. As was mentioned above, data indicate that an increase in tissue AEA
contentisavery early event in the cascade of changes that occurs during ischemia; in particular,
AEA issignificantly increased following 30 min of MCA occlusion [30]. Berger and colleagues
demonstrated that the effect of focal ischemia on tissue NAE contents was not affected by pre-
treatment of rats with the NMDA receptor blocker, MK-801 at a neuroprotective dose [29].
These findings suggest that the increase in tissue NAE is upstream of NMDA activation during
ischemia. This finding is important in light of data from neurons in culture that activation of
NMDA receptors results in a robust increase in NAE, including AEA, production [40]. Taken
together, it appears that the regulation of tissue NAE content is multi-factorial and can occur
by mechanisms other than NMDA receptor over-activation and, thus, in the absence of
glutamate-mediated excitotoxicity.

Two studies have examined the effects of ischemia followed by reperfusion on brain NAEs.
Both studies found that the NAESs were increased after reperfusion and suggest that the addition
of a reperfusion period following ischemia results in exacerbation NAE accumulation
compared to ischemia alone. In a study carried out in mice by Stella and colleagues, one MCA
was occluded for 20 min followed by 24 hours of reperfusion. This ischemia/reperfusion
procedure resulted in a 25-fold increase in PEA; 3-fold increase in AEA and 4-fold increase
in docosatetraenoylethanolamide (DEA) in the cerebral cortex compared to sham-operated
controls [41]. Maccarrone, Bagetta and colleagues have reported that brain AEA contents are
increased more during reperfusion following MCA occlusion than during occlusion alone in
rats [31]. When a 2 hour occlusion is followed by 1, 6 or 22 hours of reperfusion, striatal AEA
contents were increased significantly compared to those at the end of the occlusion. On the
other hand, AEA content in the cerebral cortex was unaffected after 1 hour of reperfusion and
was significantly decreased at 6 and 22 hours after reperfusion. The expression of FAAH in
the striatum was not different between rats exposed to MCA occlusion alone and those exposed
to occlusion followed by 1 hour of reperfusion; however, NAPE hydrolysis in the striatum was
significantly increased in the rats that were reperfused. These studies suggest that two
mechanisms are involved in the accumulation of AEA during a transient, ischemic episode.
Tissue contents of the NAES increase as a result of the ischemia per se possibly due to a
combination of increased synthesis and decreased degradation as described above; AEA is
either the least affected NAE or not affected at all as discussed. Changes that occur after the
re-establishment of blood flow to the ischemic region also promote NAE, and specifically
AEA, accumulation, perhaps via increased synthetic capacity. A single case study in a patient
with a hemispheric stroke supports the rodent data in that AEA, PEA and OEA contents were
increased in microdialysates of tissue surrounding the ischemic lesion [42].

Changes in the brain content of 2-AG in response to ischemia have been examined in a few
studies. No changes in 2-AG content in the ischemic hemisphere were seen in rats after a 30,
60 or 120 min MCA occlusion [30]. Interestingly, mice exposed to a sham surgery (which
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involved anesthesia and incisions but no vessel occlusions) exhibited significant increases in
2-AG content in the cerebral cortex compared to untreated controls 24 hours after the
intervention [41]. Mice in which the MCA was occluded had lower 2-AG contents than the
sham surgery animals. These studies raise the intriguing possibility that one or more of the
aspects of the surgical intervention itself (e.g. anesthesia or activation of stress responses)
increases tissue 2-AG while ischemia itself actually decreases 2-AG. Other types of brain injury
have been shown to affect this eCB. For example, 2-AG accumulation is seen within minutes
of the injection adult rats with the GABA antagonist, picrotoxinin, at doses that induce seizures
[43]. In addition, 2-AG accumulates in the injured hemisphere following a concussive, closed
head injury in mice [44] and accumulates in the spinal cord, together with AEA, in a mutant
mouse line with chronic spinal cord degeneration [45].

Although much remains to be elucidated particularly regarding the mechanisms involved, the
available data support the hypothesis that ECS is activated at the level of the endocannabinoid,
AEA, during ischemia and reperfusion. Although AEA content is significantly increased by
ischemia, it is dwarfed by increases in other members of the NAE family, particularly PEA.
2-AG contents in the brain appear to unaffected (or possibly decreased) by changes in blood
flow but are altered in response to physical trauma, seizures, and/or anesthesia.

As was discussed in the introduction, ischemia and reperfusion produce neuronal death through
multiple mechanisms, including glutamate-mediated excitotoxicity and neuroinflammation.
Excessive activation of glutamatergic signaling as occurs during seizures or excitotoxicity has
also been shown to increase eCB contents in brain. Both NAPE and NAE concentrations
increase in neonatal rats 4 and 24 hours after intracranial injection of NMDA [46]. In contrast
with the changes that occur during ischemia (described above [29]), the NAPE species
increased to a greater extent than the NAEs after NMDA injection [46] suggesting that the
mechanisms involved in NAE accumulation are not identical in ischemia and excitotoxicity.
Interestingly, intracranial ouabain administration into neonatal rats, which produces
neurotoxicity that can be partially blocked by NMDA receptor antagonism [47], did not affect
brain AEA or 2-AG concentrations at 2, 8 or 20 hours after injection [48].

2. Changes in brain cannabinoid receptor expression

There have been several studies exploring the hypothesis that ischemia alters the amount of
either of the two established cannabinoid receptors (CB1 and CB2) in the brain. In the first
study to tackle this question, Greenberg and colleagues used transient MCA occlusion in rats
to induce ischemia/reperfusion injury [49]. They found that CB1 receptor-like
immunoreactivity was up-regulated in neuronal-type cells in the ischemic boundary zone as
early as 2 hours after reperfusion. There were no changes in CB1 receptor-like
immunoreactivity in the ischemic core of the infarct. The antibody used for this study was from
a commercial source and its specificity for the CB1 receptor protein was not addressed in the
study. However, these results are consistent with those of a recent study in which quantitative
PCR was used to measure CB1 receptor mRNA content following transient, MCA occlusion
in mice [50]. The mRNA for the CB1 receptor in the brain ipsilateral to the occlusion was
significantly elevated at 1 hour, and maximally elevated 6 hours, after the ischemia. In contrast,
5 hours of permanent MCA occlusion had no effect on CB1 receptor binding site density in
male rats [51]. Therefore, it is possible that the increase in CB1 receptor following transient
ischemia is a results of reperfusion rather than ischemia per se. A mild, concussive trauma in
neonatal rats also results in a small but significant increase in CB1 receptor binding site density
and mRNA [52]. In contrast, excitotoxicity evoked by NMDA injections into rat pup striatum
resulted in a decrease in CB1 receptor ligand binding and mRNA expression in the striatum
and adjacent cortical regions 4 hours after the injection [52]. Taken together, these studies
suggest that reperfusion injury is associated with a rapid increase in CB1 receptor expression,
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possibly driven by increased mRNA. The mechanism involved in the increased expression is
not clear, but it seems not be associated with excitotoxicity.

In the global ischemia model in gerbils, 5 min of ischemia followed by 24 or 48 hours of
reperfusion did not affect CB1 receptor protein or binding site density in the hippocampus, the
brain region most affected by this intervention [53]. It is possible that CB1 receptor changes
only occur following focal ischemia/reperfusion; or the CB1 receptor expression did change
in the gerbil study, but it occurred at an earlier time point and was not detected in this study.

It is known that exposure of gerbils to a short period of global ischemia (2.5 min) reduces
neuronal death in response to a subsequent, longer ischemic episode. This phenomenon is
called preconditioning and it is a model of ischemia tolerance induction [54]. In contrast to the
lack of effect of a 5 min ischemic period, 2.5 min of global ischemia produced a significant
reduction in CB1 receptor immunoreactivity and binding site density in both the CA1 and CA3
regions of the hippocampus at 24, 48 and 96 hours after the ischemia. This is an extremely
interesting observation and it suggests the hypothesis that decreased CB1 receptor activation
in the area at risk for infarction is protective. On the other hand, another study suggested the
opposite conclusion since feeding of mice a calorie restricted diet resulted in an increase in
CB1 receptor immunoreactivity in the striatum and hypothalamus and protected against
ischemia [55]. However, both of these studies are correlative and more data is clearly required
before conclusions regarding the role of CB1 receptor mediated signaling in ischemic injury
are made.

The CB2 cannabinoid receptor is found on circulating immune cells [12] and at low levels in
perivascular microglia in the uninjured brain [56]. However, during states of neuro-
inflammation, CB2 receptor expression in the brain is increased in brain resident microglial
cells [14,57] and via migration into the brain of macrophages [13] and T cells [58] which
express CB2 constitutively. Ashton and coworkers have recently reported that CB2 receptor
expression is increased in two models of ischemia [59]. In 26 day old rats exposed to hypoxia
and ischemia 3 days before, CB2 receptor-positive cells were seen on the lesioned side of the
brain. The CB2-positive cells were co-localized with areas of reactive astrocytosis and had a
macrophage-like phenotype. Similarly, CB2 receptor-positive, macrophage or microglial cells
were seen in the ischemic penumbra of the cortex 3 days following transient MCA occlusion
in adult rats. In another study of the effects of transient MCA occlusion in mice, CB2 receptor
mRNA expression was found to be decreased in the ischemic hemisphere 1 and 3 hours after
the ischemia and significantly increased 24 hours after. These studies suggest that CB2
expression increases later in the time course of the ischemia, which is consistent with its
presence on macrophages or leukocytes recruited into the injured brain. Although studies of
the effects of ischemic injury on CB2 receptor expression in brain are limited, the results thus
far are consistent with a general effect of neuro-inflammation to increase the presence in brain
of cells expressing CB2 receptors [60].

EFFECTS OF ALTERATIONS IN THE ECS ON THE OUTCOME OF ISCHEMIA/
REPERFUSION INJURY

1. Evidence that increased CBL1 receptor activation is protective

There are several in vivo studies that support the hypothesis that CB1 receptor activation
prevents neuronal death in response to ischemia. Male rats exposed to 15 min of global ischemia
followed by reperfusion exhibit a profound neuronal loss in the CAL region of the hippocampus
24 hours later [61]. Pretreatment of the rats prior to the ischemia with the CB1 receptor agonist,
Win 55212-2, produced a dose-related and significant increase in the number of neurons
surviving; the protection induced by Win 55212-2 was completely antagonized by the CB1
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receptor antagonist rimonabant (also called SR141716 and SR141716A). Similarly, CB1
receptor agonists have also been shown to reduce infarct volumes following permanent MCA
occlusion. Win 55212-2 produced a significant reduction in infarct volume when administered
either 30 min before or 30 min after the onset of occlusion but not when administered more
than 60 min after occlusion [61]. This effect was also completely reversed by rimonabant.
Several other studies using different compounds confirm that exogenous administration of CB1
agonists before, during, or immediately after the onset of a permanent, focal ischemic event
reduce the amount of neuronal damage [62-64]; although none of these studies demonstrated
convincingly that the CB1 receptor was involved. CP55940 was found to protect against EEG
and motor activity changes induced by a 10 min, bilateral occlusion of the carotid arteries in
gerbils [65]. In that study, CP55940 was administered 5 min after the reperfusion and produced
a long-lasting (at least 7 day) protection that was antagonized by rimonabant. These studies
support the hypothesis that activation of the CB1 receptor by highly efficacious, exogenous
agonists during the acute phase of ischemia decreases the likelihood of the occurrence of a
detrimental event at the time of ischemia and thereby reduces the amount of infarction and
neuronal death long-term.

A protective role of the CB1 receptor is also supported by studies in CB1 receptor null mice
[66]. The knock out mice demonstrated increased mortality from permanent MCA occlusion
as well as increased infarct size and neurological deficits following transient MCA occlusion.
Interestingly, the lack of CB1 receptors also resulted in a more severe ischemia in that cerebral
blood flow to the ischemic penumbra during reperfusion was reduced, suggesting that CB1
receptor-regulation of cerebral vessels are involved in the protective effects.

As was discussed in the section above, in vivo data demonstrate that ischemia increases brain
content of the eCBs. Since the presence of CB1 agonists in the brain during ischemia results
in reduced injury, these finding have lead to the hypothesis that the ECS functions as an
endogenous, neuroprotective mechanism. A prediction of this hypothesis is that blockade of
the CB1 receptor during ischemia will exacerbate ischemia-induced neurotoxicity. The data
obtained in the CB1 receptor null mice that ischemia is more severe support this hypothesis
[66]. On the other hand, pharmacological blockade of the CB1 receptor with rimonabant during
ischemia did not worsen the neurotoxicity produced by global or focal ischemic in rats [61];
or gerbils [65].

Another prediction of the endogenous mediator of neuroprotection hypothesis is that treatments
that elevate the eCBs during the ischemia should be protective. Support for this hypothesis
comes from studies of Degn and colleagues who showed that pretreatment of mice with an
inhibitor of FAAH resulted in a significant decrease in infarct volume 24 hours later [32].
However, these investigators could not detect an increase in eCB content in response to the
FAAH inhibitor and did not examine the role of the CB1 receptor in the neuroprotective effect
of the inhibitor. Given that FAAH is the primary catabolic enzyme for the entire family of
NAEs [67], it is possible that the neuroprotection is mediated by a family member without CB1
receptor activity. Another study found that AM404, an indirect agonist of the CB1 receptor
[68], is protective against neuronal damage induced by transient, global ischemia in the gerbil
[69]. However, antagonist studies suggest that some but not all of the protective effects of
AMA404 are CB1 receptor dependent. Interestingly, the protective effects of AM404 (and THC)
in this model were reversed by the opiate receptor antagonist, naloxone. Finally, there is other
evidence (discussed further below) demonstrating that inhibition of the CB1 receptor during
ischemia can be protective. Therefore, the hypothesis that activation of the ECS occurs during
ischemia and functions as a neuroprotective mechanism via activation of the CB1 receptor is
not well supported by the available data (Table 1). While aspects of this hypothesis are
supported, the ECS is more complex and, in specific, cannot be considered a single entity in
the context of ischemia.
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2. Mechanisms involved in the protective effects of CB1 receptor activation

a. CB1 receptor activation reduces excitotoxicity—As described above, several in
vivo studies have demonstrated that exogenous activation of the CB1 receptor during ischemia
is neuroprotective. There have been several hypotheses put forward to explain this protection
at a mechanistic level. The first hypothesis is that CB1 receptor activation protects against
glutamate-induced excitotoxicity. This hypothesis is supported by the effects of CB1 agonists
in cell culture models; but there seem to be at least two different mechanisms by which this
occurs. CBL1 receptor activation reduces excitotoxicity in cultured hippocampal neurons when
toxicity is induced by magnesium removal [70,71]. CB1 receptor agonists did not protect
against cell toxicity produced by application of glutamate in hippocampal neurons, suggesting
that their protective effect was presynaptic and secondary to inhibition of glutamate release.
Thisfinding is consistent with the nearly exclusive distribution of CB1 receptors on presynaptic
terminals in the hippocampus [72]. Cell death induced by magnesium removal is due to a
sustained, repetitive pattern of calcium spiking that is dependent upon NMDA receptor
activation. The protective effect is likely due to the ability of presynaptic CB1 receptor
activation to hyperpolarize the neuronal membrane [73] and directly inhibit the opening of
voltage-operated calcium channels [9]. This mechanism would result in decreased calcium
spiking directly (through inhibition of influx through voltage operated channels) and indirectly,
via inhibition glutamate release. CB1-receptor mediated decrease in calcium influx through
voltage operated calcium channels results in reduced activity of neuronal nitric oxide synthase
(nNOS) [74]. Since nitric oxide is thought to contribute to the detrimental effects of ischemic
injury [2], this mechanism could also contribute to the beneficial effects of CB1 receptor
agonists.

Other studies indicate that the CB1 receptor also reduces the deleterious effects of excessive
glutamate by effects that are down-stream of glutamate receptor activation. The first evidence
for this mechanism came from spinal cord cultures in which CB1 receptor activation was
protective against neuronal death evoked by the direct application of kainic acid [75]. The
possibility that this mechanism is endogenously active comes from studies demonstrating that
kainic acid produces excessive excitation in cultured CA1 hippocampal neurons null for the
CB1 receptor compared to wild type neurons [76] and in hippocampal neurons exposed to
rimonabant [77]. Since kainic acid treatment of hippocampal slices results in an increase in
NAPEs [78], these findings suggest that the ECS is an endogenous neuroprotective mechanism
that is recruited by activation of the kainate subtype of glutamate receptors. However, a
protective effect of CB1 agonist against glutamate-mediated toxicity in neuronal cultures has
not been seen in all studies in which it was examined [70,79]. It is possible that the differential
findings are related to CAMP signaling as one study found that the CB1 agonist, CP55940, was
protective only if cellular cAMP concentrations were elevated [80].

A recent study using the hippocampal slice used changes in glutamatergic signaling (rather
than cell death) as an end point and provided some evidence that CB1 receptor activation
contributes to decreased glutamatergic signaling that occurs following oxygen and glucose
deprivation (OGD) [81]. The transient decrease in glutamate release is thought to be a
protective mechanism since reduced glutamate will result in decreased excitotoxicity. The
outcome measured in this study was depression of excitatory post synaptic potentials (EPSPs),
a transient and early change induced by nutrient deprivation. The CB1 receptor agonist, Win
55212-2, reduced glutamate transmission in control slices but HU 210 did not. Win 55212-2
had no additional effect to depress EPSPs in slices exposed to OGD. These results could support
the hypothesis that ODG has induced eCB release and the eCBs maximally activate the CB1
receptors on glutamatergic terminals to suppress glutamate release, thus abrogating the effect
of Win 55212-2. While CBL1 receptor blockade did not reverse the effect of ODG to suppress
EPSPs, AM251 increased the recovery of normal transmission following the insult. The authors
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interpret these data as support for a role for the ECS in protection from ODG by transiently
decreasing glutamate release and thus NMDA receptor activation.

These in vitro studies are supported by in vivo studies demonstrating that activation of the CB1
receptor is protective in models of excitotoxic injury. The marijuana derived CB1 agonist,
A®-tetrahydrocannabinol (THC) reduces neuronal injury in neonatal rats injected with ouabain
[82]. Ouabain, which inhibits Na-K ATPase, results in secondary excitotoxicity. THC reduced
both the volume of cytotoxic edema acutely and decreased the amount of neuronal damage 7
days after ouabain treatment. These effects of THC were prevented by co-administration of
rimonabant. In a second study using the same model, AEA was also found to be protective in
the acute phase via a non-CB1 receptor mechanism [48] and at 7 days via a CB1 receptor
mechanism [83]. AEA also protects against kainate-AMPA toxicity in newborn rodents; this
effect is blocked by a very high dose of the CB1 receptor antagonist AM251 and mimicked by
one but not another CB1 agonist leaving the question of the role of the CB1 receptor open
[84]. The concept that CB1 receptor activation could play a role in delayed protection is
supported by data obtained in newborn rat pups exposed to acute asphyxia [85]. Pups treated
with a low dose of Win 55212-2 (0.1 mg/kg) administered after the hypoxic period exhibited
lower amounts of both early and delayed neuronal loss compared to controls; however, only
the delayed neuronal loss was reversed by rimonabant. The delayed phase of cell death is
primarily apoptotic. A mechanism for a long-term protective effect of CB1 receptor activation
has been proposed. In particular, CB1 receptor activation results in induction of pro-survival
factors, including brain derived growth factor (BDNF) [77] and basic fibroblast growth factor
(bFGF) [86].

Several studies suggest further that endogenous cannabinoid signaling is recruited during
excitotoxicity and that it exerts a protective effect. For example, seizures induced by kainic
acid are far worse in mice with selective genetic deletion of the CB1 receptor in glutamate
neurons of the hippocampus and in wild type mice treated with rimonabant [76,87]. On the
other hand, genetic deletion of FAAH results in increased susceptibility to kainic acid-induced
seizures [88]. Since these mice have elevated brain contents of AEA as well as the other NAEs
[24], this finding seems to contradict the hypothesis that the ECS is protective. Since another
study using pharmacological inhibition of FAAH demonstrated protection against kainic acid
seizures [89], it is possible that life-long deletion of FAAH has induced other neurochemical
changes. Interestingly, deletion of Gg/11 heterotrimeric G proteins results in both impaired
eCB production and increased kainite-induced seizures [90], further support for an endogenous,
neuroprotective ECS in this situation.

To summarize, there is convincing data to support the hypothesis that CB1 receptor activation
protects against kainic acid-induced excitotoxicity and that this neuroprotection occurs “on
demand”. In other words, the triggers of excitoxicity increase the activity of the ECS, likely
through increased eCB synthesis. These ligands activate CB1 receptors at the synaptic
terminals which could reduce further glutamate release and also induce the formation of pro-
survival factors that oppose the effects of glutamate receptor activation. While these data are
relevant to excitotoxicity in the brain in general, the lack of convincing data that endogenous
cannabinoid signaling protects during ischemia/reperfusion calls into question whether these
mechanisms contribute very much to the overall modulation of ischemic injury by changes in
CB1 activation.

b. CB1 receptor activation produces hypothermia—Hypothermia has been shown to
be neuroprotective in several models of ischemia [91,92]. The cannabinoids are well known
to produce profound hypothermia [93,94] through a CB1-receptor dependent mechanism
[95,96]. Therefore, the CB1 agonists could produce neuroprotection via their ability to reduce
body temperature. Two in vivo studies support this mechanism. The cannabinoid, HU-210,
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significantly reduced the infarct size in rats following permanent occlusion of the MCA [63].
HU 210 also produced a significant reduction in body temperature at 1 and 24 hours after its
injection in rats with MCA occlusion; in fact, at 24 hours, the HU 210-treated rats had a nearly
6°C lower body temperature than rats treated with vehicle. Importantly, the protective effect
of HU 210 to reduce infarct size was reversed partially by rimonabant and completely by
warming of the rats to the temperatures of the controls. A second study of the protective effects
of THC in mice with MCA occlusion also found that the neuroprotective effect of THC was
reversed completely by warming [64]. These investigators also reported that rimonabant
pretreatment attenuated both the neuroprotective and hypothermic effects of THC, supporting
a role of the CB1 receptor in both effects. It is interesting to note that the protective effect of
2-AG inamodel of traumatic injury was accompanied by a 1.6-1.9 °C drop in body temperature
[44].

Whether CB1 agonist-induced hypothermia is completely responsible for their protective
effects against ischemia is not clear. Most of the protocols in which ischemic injury is produced
include methods for the monitoring and maintenance of body temperature during the surgical
and anesthetic procedures. However, it is less likely that body temperature is maintained after
the surgical intervention and the finding that HU 210 administration at the time of ischemia
results in hypothermia 24 hours later suggests that hypothermia should not be discounted in
these studies. Furthermore, in a study of the effects of transient global ischemia in gerbils, THC
was found to reduce body temperature significantly even though a heating lamp was used in
the protocol [69]. Therefore, it is very possible that brain hypothermia contributes significantly
to the protective effects of the exogenously administered cannabinoid agonists against ischemic
injury. Since rimonabant alone does not produce hyperthermia in normal rodents [97], it is not
likely that this effect has endogenous tone, although it could during injury. The mechanism for
this effect of the cannabinoid receptor is not clear, however, it could involve effects on nitric
oxide synthase (NOS) activity since the hypothermic effect of THC is lost in nNOS null mice
[98].

c. CB1 receptor activation reduces edema—Ischemia, reperfusion and other forms of
brain injury are commonly accompanied by edema formation in the brain. Edema results in an
expansion of brain volume resulting in an increase in intracranial pressure which can damage
cells directly through compression and indirectly by impairment of cerebral perfusion.
Therefore, a reduction in the degree of edema formation following ischemia is beneficial to
the outcome of the injury. The CB1 agonists have been found to reduce edema following brain
trauma [44] and in a model of excitotoxicity [82]. It is not clear whether the edema-lowering
effect was a consequence of reducing damage through other mechanisms or was an
independent, protective mechanism. There are several possible mechanisms by which CB1
agonists could reduce edema, including decreased systemic blood pressure [99] and increased
glucocorticoid release in response to stress [100].

3. Evidence that reduced endocannabinoid signaling is protective against ischemia/
reperfusion injury

As was discussed above, while there is good evidence that the AEA accumulates in the brain
during ischemia, there is little evidence that blockade of the CB1 receptor during ischemia
worsens the outcome of the insult. In fact, there are data from multiple laboratories that
pharmacologic inhibition of the CB1 receptor at the time of the ischemia results in a reduction
in the injury produced. These observations have lead to the hypothesis that increased ECS
activation during ischemia contributes to the negative consequences of the injury (Table 1).

Berger, Schmid and colleagues reported that rats treated intravenously with 1 mg/kg of the
CB1 receptor antagonist rimonabant (SR141716A) 30 min after permanent MCA occlusion
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had infarct size that was reduced by 40% compared to vehicle controls at 5 hours [29].
Rimonabant has also been shown to reduce both the infarct size and neurological functional
deficit induced by transient MCA occlusion in male rats while Win 55212-2 was without
significant effect [30,31]. In one of these studies [30], a second, structurally unrelated CB1
receptor antagonist, LY 320135 [101], was also protective. Rimonabant is also protective in
male gerbils exposed to transient, global ischemia [102]. The drug, administered 5 min after
reperfusion and at low doses (less than 0.5 mg/kg), protected against the development of
behavioral and EEG changes; in addition, animals given rimonabant exhibited nearly complete
survival of cells in the CA1 region of the hippocampus 7 days after the ischemia. Interestingly,
this effect of rimonabant was reversed by a low dose of capsazepine, a selective antagonist of
transient receptor potential vanilloid 1 (TRPV1) receptors. TRPV1 receptors are activated by
changes in temperature and pH as well as AEA and lipoxygenase products that accumulate
during ischemia and can contribute to excitotoxicity [103]. Although the mechanism of this
effect of rimonabant is unclear (see discussion section of [102] for a thorough discussion of
the possibilities), this study provides strong support for a neuroprotective effect of the drug
against ischemic/reperfusion injury.

Several other studies provide support for the hypothesis that reduced CB1 receptor signaling
is protective against brain injury. Rimonabant was found to protect against NMDA-induced
excitotoxicity in 6 day old rat pups while Win 55212-2 was without effect [104]. Interestingly,
the protective effect was reversed by co-administration of Win 55212-2, supporting a role for
the CBL1 receptor in this effect of rimonabant. In another study, chronic treatment of rats with
THC for 7 days at doses known to reduce CB1 receptor mRNA expression in the striatum but
not the hippocampus [105] resulted in a significant reduction in ischemic injury in the striatum
but not hippocampus [106]. The degree of protection in the striatum was remarkable,
particularly since this brain region is notoriously insensitive to protective interventions. These
authors suggest the intriguing possibility that the sensitivity of the striatum to ischemic damage
is due to the high density of CB1 receptors found in this brain region and that chronic THC
reduced the CBL1 receptor density (through agonist-induced down-regulation), resulting in
protection. Data demonstrating that short-term (2.5 min) exposure of gerbils to ischemia both
protects the brain from damage in response to a longer ischemic period and decreases CB1
receptor density [53] also support the hypothesis that CB1 receptor activation can contribute
to ischemic damage. Similarly, estrogen treatment of male rats prior to MCA occlusion results
in decreased striatal CB1 receptor expression and decreased infarct in that brain region [31].
While these studies are correlative, they are intriguing and suggest that manipulation of CB1
receptor density as well as endogenous ligand concentrations could be therapeutic strategies
to protect against ischemic injury. They suggest further that altered ECS signaling could
contribute to the protective effects of other physiological manipulations.

The hypothesis that decreased CB1 receptor activation is neuroprotective is inconsistent with
the finding that CB1 receptor null mice exhibit increased lethality following MCA occlusion
[66] and that CB1 activation is protective in models of ischemia and other injury [61-64]. There
are methodological differences between these studies and that of Nagayama and colleagues in
which the CB1 agonist was shown to be neuroprotective [61], including different anesthetic
agents (ketamine in the Berger study; halothane in the Muthian study and isoflurane in the
Nagayama and Amantea studies); time at which damage was assessed (5 hours after occlusion
in the Berger study; 24 hours later in the Nagayama, Amantea and Muthian studies) and the
route of drug administration (intravenous in the Berger and Muthian studies and intraperitoneal
in the Amantea and Nagayama studies). None of these methodological differences seems to
explain the completely opposite results seen in these studies. It is possible that more subtle
methodological differences have occurred and contribute to the results. For example, the degree
to which the hypothermic effects of the cannabinoid agonists were counteracted with
temperature regulation could contribute to differences in agonist effect. Another possibility is
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that the drugs, both agonists and antagonists, could be acting through non-cannabinoid receptor
targets to produce neuroprotection. In particular, the phenolic cannabinoids are antioxidant
chemicals and can thereby act to reduce free radical damage [107,108]. The eCB, AEA, has
many non-cannabinoid effects [109-111], including functioning as a precursor to
ethanolamine, which inhibits serum withdrawal apoptosis in cell culture at surprisingly low
concentrations [112]. Rimonabant also has off target effects; it can active MAPK signaling by
non cannabinoid mechanisms [109] and inhibits the effects of AEA to activate TRPV1
receptors [110]. In light of the nonspecificity of the agents used, the fact that relatively high
doses are sometimes required to either produce beneficial effects or, in the case of rimonabant,
to antagonize the beneficial effects of agonists, it is quite possible that many of the effects
ascribed to changes in CBL1 receptor activity are, in fact, due to other mechanisms.

4. Mechanisms involved in the neuroprotective effects of CB1 receptor blockade

There are several possible mechanisms by which decreased CB1 receptor activation could
result in reduced ischemic injury. First, CB1 receptors present on terminals of GABAergic
interneurons in the hippocampus inhibit the release of GABA [113]. This mechanism of CB1
receptor activation will result in decreased inhibitory neurotransmission and could exacerbate
excitotoxicity and CB1 receptor blockade would result in protection. Support for this
hypothesis comes from data that increased GABAergic signaling reduces injury following
ischemia and reperfusion in rats [114]. On the other hand, Marsicano and colleagues found
that mice with a selective deletion of the CB1 receptor on glutamatergic neurons were more
susceptible to kainic acid toxicity and were insensitive to rimonabant [76]. These data indicate
that the CB1 receptors remaining in this preparation, which are on GABAergic interneurons,
are not involved in the response to excitotoxicity. A recent paper by Navarrete and Araque has
shown that astrocytes in the hippocampus express the CB1 receptor and that its activation by
eCBs released from neurons results in increased glutamate release and subsequent activation
of neuronal NMDA receptors [115]. Although the role of this signaling circuit has not been
studied in ischemic brain, if operative, it could result in CB1 receptor-mediated excitotoxicity.
In sum, there are signaling mechanisms that involve the CB1 receptor that theoretically could
result in potentiation rather than reduction of excitotoxicity. However, the available evidence
suggests that these processes are generally overwhelmed by the CB1 receptor mediated
processes that result in decreased excitotoxicity.

A second possible mechanism is that rimonabant affects neurovascular coupling. As was
discussed above, there is data in the literature to support the hypothesis that CB1 receptor
activation protect neurons from excitotoxicity; however, excitotoxic damage is only one
component of the complex changes that occur following ischemia and reperfusion. Therefore,
itis possible that CB1 receptor activation exacerbates one or more of the other aspects of injury
that occur or are present during ischemia but not during excitotoxicity per se. One hypothesis
isthat eCB activation of CB1 receptors of the cerebrovasculature worsens the damage produced
by ischemia, possibly due to disruption of metabolic autoregulation or neurovascular coupling
[2]. The neurovascular unit is the interface between the blood and the brain parenchyma and
consists of microvascular endothelial cells, astrocytes and neurons. This unit is essential for
proper brain function and determines the extent of neuronal damage following loss of blood
flow. CBL1 receptors are expressed by cerebral endothelial cells [17] and astrocytes [115] and
there is evidence that AEA, through changes in endothelial NOS activity, alters capillary blood
flow [116]. In addition, CB1 receptors are expressed by cerebral arterial smooth muscle cells
[15] and the activation of these receptors results in vasodilation and increased blood flow
[15,17,18]. While this might seem to be a beneficial effect of CB1 receptor activation during
ischemia, it is likely detrimental as it will result in a loss of the ability of the circulation to
autoregulate and to provide blood flow to regions in greatest need. Indeed, humans exposed to
marijuana exhibit loss of cerebral autoregulation [20,117,118] possible through this
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mechanism. In fact, there have been reports documenting the loss of cerebral autoregulation
following stroke in humans [119,120] and in rat following MCA occlusion [121]. Therefore,
these data suggest that activation of the CB1 receptor during times when the brain is dependent
upon tight autoregulation to maintain perfusion homeostasis could be detrimental. This leads
to the hypothesis that antagonism of the CB1 receptor during cerebral ischemia is protective
because it allows for maintenance of proper autoregulation and/or neurovascular coupling. In
support of this hypothesis, a recent study demonstrated that rimonabant treatment reduced the
loss of cerebral blood flow in the area at risk in mice following transient MCA occlusion
[50].

5. Evidence from in vitro models of nutrient loss

Studies have been carried out using various in vitro models of nutrient loss that provide insights
into the role of changes in CB1 receptor activation to the metabolic consequences of these
manipulations. The models in which excitotoxicity was induced were discussed above.

Cerebral cortical neurons in primary culture deprived of both glucose and oxygen for 8 hours
undergo about 50% neuronal loss [61]. The presence of AEA and Win 55212-2 (10 nM) during
hypoxia and glucose deprivation is protective, but THC increases cell loss. The effect of Win
55212-2 is not inhibited by rimonabant and is mimicked by Win 55212-3, a sterecisomer with
much lower affinity for the CB1 receptor. Therefore, these studies demonstrate that the CB1
receptor agonist Win 55212-2 can protect neurons from nutrient deprivation at receptor-
relevant concentrations but that the mechanism does not involve CB1 receptor activation.
Phenolic cannabinoids, regardless of their affinity for the CB1 receptor, protect neurons in
culture from oxidative injury likely due to chemical antioxidant properties [107,108,122].
However, Win 55212-2 does not appear to act via this mechanism [122].

Data suggesting that Win 55212-2 is anti-oxidant via a CB1 receptor-mediated mechanism is
also available [123]. In this study, oxidative injury was produced in cortical neurons in primary
culture through exposure to iron. This procedure results in a significant production of reactive
oxygen radicals and 70% loss of neurons. Both Win 55212-2 (100 nM) and AEA (300 nM)
were protective against cell death; rimonabant reversed the protection and Win 55212-2 was
ineffective in neurons treated with pertussis toxin. The mechanism for this protection is not
clear, but could involve decreased protein kinase A activity, a pathway known to result in the
generation of reactive oxygen species [124].

6. Evidence that CB2 receptor activation is protective

Data from animal and human brain tissue have demonstrated that the presence of cells that
express the CB2 cannabinoid receptor increases during many types of brain injury [125].
Furthermore, activation of CB2 receptors promotes cellular changes associated with decreased
inflammation [14]. These data lead to the hypothesis that activation of the CB2 receptor by
eCBs produced during ischemia could be neuroprotective. This hypothesis is supported by
several studies, although this line of research is far less developed at this stage then the CB1
receptor-related research.

Among the first studies that raised the possibility that activation of CB2 cannabinoid receptors
could protect against excitotoxic as well as inflammatory damage is an important study by
Docagne and colleagues [126]. These investigators found that cannabinoid agonists with
affinity for both CB1 and CB2 receptors prevented AMPA-induced cell injury both in vivo
and in vitro. Importantly, pharmacological studies indicate that the beneficial effects of these
agonists require activation of both CB1 and CB2 receptors. Studies carried out in mixed cortical
cultures indicate that the CB1 receptors involved are neuronal while the CB2 receptors are on
astrocytes. The results of this study are supported by those of Fernandez-Lopez and colleagues

Curr Pharm Des. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hillard

Page 15

using hypoxia-ischemia of newborn rats [127]. They found that Win 55212-2 was protective
and that co-administration of either rimonabant or SR144528, an antagonist of CB2 receptors,
reversed the effects of Win 55212-2. The authors conclude that the neuroprotective effects of
an exogenous cannabinoid require both CB1 and CB2 receptor engagement for full effect.
These studies are very interesting and could explain the incomplete blockade of the effects of
Win 55212-2 by rimonabant in earlier studies (described above). However, these studies need
to be confirmed with studies that do not rely on pharmacological methods.

The role of the CB2 receptor in focal ischemia/reperfusion has been examined in mice [128].
Treatment of mice before the ischemia or immediately after reperfusion with CB2 receptor
agonists significantly reduced both infarct size and the motor disability induced by the insult.
These authors also explored a possible mechanism of action for the CB2 receptor agonists.
They used a closed cranial window preparation to visualize leukocyte rolling and adhesion in
cerebral arterioles after the insult. These vascular changes are associated with increased
inflammation and edema formation following ischemia and are an important contributor to the
overall damage produced [129]. The CB2 agonists attenuated leukocyte rolling and adhesion
in this model, which is an interesting and important potential mechanism of action of this class
of drugs. In a second study using the mouse transient MCA occlusion model, this group found
that the combination of a CB2 receptor agonist with a high dose of rimonabant (20 mg/kg)
resulted in greater protection against the development of infarct than either drug alone [50].
Similarly, the combination therapy was also better than either drug alone in preventing the
effects of occlusion on neurological deficits.

Therefore, it seems that ischemia can be added to the list of potential CNS disorders in which
CB2 receptor activation holds promise as a therapeutic intervention. Since Win 55212-2 is a
mixed CB receptor agonist, it is also possible that the neuroprotective effects ascribed to its
ability to activate CB1 receptors could actually be due to its effects at the CB2 receptor. Finally,
the studies of Zhang and colleagues add to the studies suggesting that CB1 receptor activation
during ischemia is detrimental and that reducing this effect is also beneficial.

SUMMARY

As is pointed out in a recent series of opinion articles [130-132], there is currently a great deal
of pessimism regarding neuroprotection as a treatment strategy for stroke; largely because none
of the drugs that looked promising in animal studies have significant benefit in humans.
However, there are good arguments for proceeding with research into neuroprotective
strategies in spite of these disappointments. There is considerable evidence that ischemia
evokes very similar biochemical changes in humans and animals; and many neuroprotective
agents do work in animal models. Human stroke is an extremely complicated and heterogenous
set of physiological circumstances that usually occur in people with other health problems;
therefore, the hypothesis that a particular neuroprotective agents will work in all types of human
stroke is likely naive.

A picture is slowly emerging that the ECS is activated during ischemia and reperfusion of the
brain. The concentrations of the ligands present are increased, as well as the concentrations of
related lipids that do not activate the CB receptors. These changes are mediated by a
combination of increased synthesis and decreased catabolism. In addition, there is evidence
that the numbers of CB receptors change, likely through a combination of altered expression
by resident cells and in-migration of circulating cells that express the CB2 receptor. Activation
of the CB receptors leads to cellular changes that are extremely relevant to ischemic injury:
they regulate glutamate release, nitric oxide synthesis, growth factor expression, cellular anti-
oxidant activity, the release of inflammatory cytokines, and leukocyte adhesion to cerebral
vessels (Fig. 1). Therefore, there is every reason to believe that the ECS contributes in some
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way to the injury produced by ischemia. In light of these facts, the lack of a clear picture of
the precise role of this system, is on one hand, puzzling. The answer at the moment seems to
be that we do not completely appreciate the complexity of ECS signaling and that its
manipulation using global pharmacological approaches has lead to incorrect conclusions.
Future studies using more selective tools will certainly help to clarify this important and
fascinating role of the ECS.

While it is possible that the ECS will be added to the long list of neuroprotective agents that
show promise in animals and do not work in humans, there are a few reasons to be optimistic
about this class of drugs. First, many of the other agents did not work because they do not cross
the blood brain barrier. While the considerable lipophilicity of the cannabinoids poses its own
set of problems, these drugs have no problems entering the brain. Second, the ECS is
multifactorial and could “cover” multiple biochemical pathways in a single drug. Third,
manipulations of the ECS has been shown to be beneficial in several preclinical models. Only
time and further research will answer the most important question, are the cannabinoids of
therapeutic benefit in humans suffering from stroke?
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Figure 1 A.
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Possible beneficial effects of increased CB1 receptor activity
during cerebral ischemia/reperfusion
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Figure 1.B.
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Possible beneficial effects of reduced CB1 receptor activity during
cerebral ischemia/reperfusion
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Figure 1.C.

Possible beneficial effects of increased CB2 receptor activation during
ischemia/reperfusion

Figure 1.
Summary of the possible mechanisms involved in the neuroprotective effects of cannabinoid
receptor activation or inhibition. See text for details and supporting citations.
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Summary of studies demonstrating neuroprotective effects of cannabinoid receptor ligands in in vivo ischemia models

Species Ischemia model Drug class Results Referencej

Rat Transient, global CB agonist Protection; reversed by CB1 61
antagonist

Rat Permanent, focal CB agonist Protection 61,62,63

Mouse Transient, focal CB agonist Protection; reversed by warming 64

Gerbil Transient, global CB agonist Protection; reversed by CB1 65
antagonist

Rat (neonatal), Hypoxia and ischemia CB agonist Protection, reversed by both CB1 and 127
CB2 antagonists

Rat Transient, focal CB1 agonist No effect 30,31

Mouse Permanent, focal FAAH inhibitor Protection; CB1 role undetermined 32

Gerbil Transient, global FAAH/AEA uptake inhibitor Protection; not CB1 dependent 69

Mouse Permanent, focal Genetic deletion of CB1 receptor Increased damage in knock out 66

Rat Permanent, focal CB1 antagonist Protection 29

Rat Transient, focal CB1 antagonist Protection 30,31

Gerbil Transient, global CB1 antagonist Protection 102

Mouse Transient, focal CB2 agonist Protection; CB2 receptor dependent 128

Mouse Transient, focal CB2 agonist + CB1 antagonist Additive protection 50

Rat Transient, global Chronic THC treatment Protection in some brain regions 106

See text for more details regarding these studies.
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