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Abstract In response to traumatic brain injury, there is
local and transient accumulation of 2-AG at the site of
injury, peaking at 4 h and sustained up to at least 24 h.
Neuroprotection exerted by exogenous 2-AG suggests that
the formation of 2-AG may serve as a molecular regulator
of pathophysiological events, attenuating the brain damage.
Inhibition of this protective effect by SR-141716A, a CB;
cannabinoid receptor antagonist, and the lack of effect of 2-
AG in CB; knockout mice suggest that 2-AG and the CB;
receptor may be important in the pathophysiology of
traumatic brain injury. 2-AG exerts its neuroprotective
effect after traumatic brain injury, at least in part, by
inhibition of NF-«kB transactivation. 2-AG also inhibits, at
an early stage (2-4 h), the expression of the main
proinflammatory cytokines, TNF-«, IL-6, and IL-1[3, and
is accompanied by reduction of BBB permeability. More-
over, the CB;, CB,, and TRVPI receptors are expressed on
microvascular endothelial cells, and their activation by 2-AG
counteracts endothelin (ET-1)-induced cerebral microvascu-
lar responses (namely, Ca®" mobilization and cytoskeleton
rearrangement). This suggests that the functional interaction
between 2-AG and ET-1 may provide a potential alternative
pathway for abrogating ET-1-inducible vasoconstriction after
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brain injury and play a role in the neuroprotective effects
exerted by 2-AG, as a potent vasodilator.
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Introduction

The mammalian body has a highly developed immune
system, whose main role is to guard against protein attack
and reduce the damage caused by it. A wide variety of
immune responses occur to pathogen infections that use
diverse strategies in their invasions. It is inconceivable that
through evolution, analogous biological protective systems
have not been developed against nonprotein attacks. Are
there mechanisms through which our body lowers the
damage caused by various types of trauma? The answer, of
course, is affirmative, but details of the biological systems
involved in neuroprotection are much less understood than
those of the immune reactions.

We believe that the endocannabinoid system is a
component of mammalian neuroprotective mechanisms. In
this short overview, we shall review our work on the role of
the endocannabinoid system on the sequelae of traumatic
brain injury [1-3]. We assume that many of the results we
have on trauma and endocannabinoids are relevant to other
brain pathologies, such as cerebral ischemia or neurode-
generative disorders.

Traumatic brain injury is a major cause of mortality and
morbidity in the young age (<40) group. Understanding
posttrauma events is important as it may ultimately lead to
the development of novel therapies. At present, there are no
effective drugs to treat brain injury, although it is well
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established that the injury triggers both the accumulation of
harmful mediators that lead to secondary damage and to the
initiation of neuroprotective processes.

When we began our research in the field of brain trauma
and cannabinoids, several groups had already shown that
the emerging endocannabinoid system was involved in
neuroprotection. It was known that N-acyl ethanolamines
are formed in canine heart after ischemia, and about a
decade later, it was reported that cannabinoid receptor
agonists protect cultured rat hippocampal neurons from
neurotoxicity, and several groups reported enhanced levels
of anandamide post mortem or after injury [for reviews see
4-6]. Nagayama et al. [7] found that a synthetic cannabi-
noid agonist protected rat brain against ischemia and van
der Stelt et al. [6] reported that the plant cannabinoid A°-
tetrahydrocannabinol (THC) protects rat brain against
oubain-induced excitotoxicity. Additional early work in
this field is cited in [4-6].

Over the last decade, considerable progress has been
made in understanding the role of endocannabinoids in
preventing or reducing the effects of progressive neurode-
generative, diseases such as Parkinson’s disease, Hunting-
ton’s disease, multiple sclerosis, amyotropic lateral
sclerosis, and Alzheimer’s disease, as well as ischemia
and trauma; but, we still need a general theory encompass-
ing the entire field.

Head Injury: Effects of 2-AG on Edema
and Neurological Damage

We first looked into the changes of 2-arachidonoyl glycerol
(2-AG) levels in mouse brain after closed head injury (CHI)
[1]. We had previously reported that 2-AG suppresses the
formation of reactive oxygen species (ROS) and TNF-« by
murine macrophages in vitro after stimulation with lipo-
polysaccharide (LPS). Lowering of TNF-« levels was also
seen in serum of LPS-treated mice on administration of 2-
AG [8]. We assumed that if 2-AG levels were enhanced
after CHI, we would note attenuation of brain damage,
when it was administered as a drug, as both TNF- « and
ROS contribute to the pathophysiology of brain trauma [1].
Mice were subjected to CHI using a weight-drop device or
to sham surgery. They were decapitated at various time
intervals (between 15 min and 24 h), and the brains were
immediately frozen in liquid nitrogen to prevent post
mortem formation of 2-AG. The levels of 2-AG were
determined in the traumatized hemispheres and compared
with those in controls. The levels of 2-AG increased after
brain trauma, reaching a tenfold peak after 4 h, declining
thereafter. After 24 h, the levels were still sixfold higher
than in the controls [1].

Were the enhanced 2-AG levels just a result of some
biochemical process gone astray due to the trauma, or were
they a neuroprotective response? To test this, we synthe-
sized and administered 2-AG at various doses, 15 min
before or 1 h after CHI. We first evaluated the functional
status of the mice, 1 and 24 h after the trauma using a
scoring system, named neurological severity score (NSS),
based on motor and behavioral functions. The difference
between the score after 1 h and after 24 h after injury
(ANSS) indicates the extent of recovery, with the higher
number demonstrating a greater improvement. We found
that 5 mg/kg 2-AG led to a significant functional recovery.
Moreover, it also reduced edema formation (accumulation
of water in the tissue), which reaches its maximal level 24 h
after injury [1]. In our experimental paradigm, the water
content in the untreated mice is about 81%, and in
noninjured controls, it is about 78%. 2-AG doses as low
as 0.1 mg/kg led to a significant reduction in water content
(about 50%). Surprisingly, higher doses did not give better
results. The NSS after 1 h was similar in the treated and
control groups. However, the mice treated with 2-AG
recovered faster within the first 24 h. All doses of 2-AG
showed a trend towards better recovery (greater NSS), but it
reached significance only at 5 mg kg '. We found that 2-
AG is less potent against the motor deficits than in reducing
edema, as evidenced from the different effective doses
needed to achieve protection. As brain edema and neuro-
logical deficits represent different manifestations of brain
damage, this observation is not surprising [1].

Neuronal cell death is one of the manifestations of brain
injury and is mainly evidenced by an infarct around the site
of injury. Mice treated with 2-AG (5 mg kg™ ') showed
significantly reduced infarct volume compared with that in
vehicle-treated mice, while no infarct was observed in
sham-operated mice. The effect of 2-AG on hippocampal
cell death, which occurs specifically in the CA3 subfield
was also examined. The ipsilateral hippocampus of vehicle-
and 2-AG-treated mice showed ischemic and dystrophic
neurons, with large or small patchy acellular regions, in the
CA3 subfield. No neuronal pathology could be detected in
the contralateral CA3 region, while neuronal loss was
apparent in the injured side compared with the contralateral
side. This loss was significantly larger in the vehicle-treated
animals. The number of viable neurons counted in the CA3
area in the injured hemisphere was significantly lower in
the vehicle-treated mice than in the 2-AG-treated mice [1].

The protective effect of 2-AG is mediated, at least in part,
by the CB; cannabinoid receptor. Administration of SR-
141716A (20 mg kg "), an antagonist specific to the CB,
receptor, together with 2-AG after CHI led to a dose
dependent worsening of the ANSS and the brain water
content compared to mice that had received 2-AG alone.
Mice treated with 2-AG and antagonist did not differ from
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the CHI control mice. The doses of the antagonist used
were relatively high, but the antagonist alone did not
worsen the outcome of traumatized mice not treated with
2-AG.

To confirm endocannabinoid involvement in brain
trauma damage, the spontaneous and 2-AG-mediated
neurobehavioral recovery in CB; receptor knockout
(CB1™") mice were compared with those observed in
wild-type (WT) mice [2]. Zimmer et al. have reported that
naive CBI/ - mice display some motor deficits, unrelated to
the trauma [9]. As expected, after brain injury, the
spontaneous recovery of CBI/ ~ mice was extremely slow
compared with the WT mice, suggesting that the endoge-
nous cannabinoids play a role in the spontaneous recovery
after CHI. In another experiment, NSS was evaluated at 3
and 7 days, and the same pattern was found, namely, NSS
of the CB1™"~ mice remained below 1 during the whole
period, while that of the WT slowly, but consistently,
increased. These findings agree with those of Parmentier-
Batteur et al., who showed increased severity of stroke in
CBI/ ~ mice [10]. To further confirm the role of the CB;
receptor in 2-AG neuroprotection, WT and CB;/ ~ mice
were treated with exogenous 2-AG. As expected, no
beneficial effects, either on neurobehavior or on edema
formation, were noted in the CBl_/ " mice, in contrast to a
significant effect on the WT.

It seems unreasonable to assume that the endocannabi-
noid system alone mediates the neuroprotective reaction of
the injured brain. Accordingly, additional endogenous
systems should be evaluated. Likewise, additional non-
CB;-mediated actions of 2-AG cannot be excluded [1].

Endogenous active compounds are frequently accompa-
nied by ‘inactive’ congeners. This is true also for the
endocannabinoids [11]. 2-AG is accompanied in mouse
brains by an ‘entourage’ of congeners, such as 2-palmitoyl-
glycerol and 2-linoleoyl-glycerol, which alone have no
activity at the cannabinoid receptors. However, these
glycerol esters facilitate the binding of 2-AG to the CB,
and CB, receptors, probably through increase in the
availability of 2-AG at the receptors by inhibiting its
hydrolysis and uptake. To test the effect of the ‘entourage’
after CHI, mice were injected with a combination of 2-AG
(1 mg kg "), 2-palmitoyl-glycerol (5 mg kg '), and 2-
linoleoyl-glycerol (10 mg kg ') 1 h after CHI. Although no
effect was observed when these compounds were injected
separately, the combination of the three acyl-glycerol esters
led to a significant improvement in functional recovery at
24 h. When the combination was administered again 24 and
48 h after CHI, the improved clinical recovery was
sustained up to 7 days after the trauma [1]. These results
may be of general importance. Active compounds, either
endogenous constituents or synthetic drugs, are usually
administered alone. Is it conceivable that in some cases, in

particular, with endogenous constituents, adding specific
‘inactive’ compounds, which enhance or modify their
activity, may be of therapeutic importance.

These results were the first to demonstrate temporal and
local changes in brain levels of the endogenous cannabi-
noid 2-AG, after traumatic brain injury and to record its
neuroprotective effects. We had previously reported using
the same model of CHI that the arachidonic acid metabolic
cascade is activated after trauma [12]. This event may be
related to 2-AG release, as 2-AG can be synthesized and
released from neuronal and non-neuronal cells on demand
by a non-synaptic release mechanism. Endocannabinoids
are taken up by cells by either using a specific transporter
or by passive diffusion and are hydrolyzed by fatty acid
amide hydrolase (FAAH), which acts on anandamide and
an esterase which acts on 2-AG [13]. It seems reasonable to
expect that drugs blocking the hydrolysis of 2-AG may be
of considerable therapeutic value.

Several cannabinoids that bind to CB; have been assayed
for neuroprotection both in vitro and in vivo, mostly using
ischemia and excitotoxicity models. These publications have
been reviewed extensively [4-6, 14, 15]. We would like to
point out however that while brain damage due to ischemia
or excitotoxicity is related to the damage observed on brain
trauma, they are not identical. Thus, Leker et al. [16] have
shown that the highly potent CB; agonist HU-210 reduces
ischemic damage by inducing hypothermia. In contrast, no
reduction of body temperature was found when 2-AG was
administered after CHI (0.1 mg kg ', a dose that abolished
edema). Only minor reduction (1.6-1.9°C) of short duration
(<2 h), which is presumably too small to exert the observed
protection, was noted after administration of 5 mg kg' AG
[1]. However, such minor hypothermia may possibly
contribute to the observed neuroprotection.

What are the molecular mechanisms involved in neuro-
protection after brain trauma? We assume that one possible
mechanism by which 2-AG may protect the injured brain is
related to its ability to inhibit glutamate release [1]. Acting
as a retrograde activator of presynaptic CB,; receptors,
which are Gi-coupled, such a mechanism could well be
involved in neuroprotection.

In addition, via its effect on cerebral vasculature, 2-AG
was also shown to abolish the deleterious effect of
endothelin-1 (ET-1) [17]. ET-1 is the most potent vasocon-
strictor known. It reduces cerebral blood flow and is
important in the pathophysiology of brain trauma and
ischemia. Indeed, we have demonstrated that 2-AG counter-
acts ET-1-induced cerebral capillary and microvascular
endothelial responses (Ca®" mobilization and cytoskeletal
rearrangement) [18]. 2-AG may thus affect brain damage
by lowering cerebral vasoconstriction. It should be pointed
out that endocannabinoid-like brain constituents, which are
not CB; agonists, such as arachidonoyl serine, have also
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been found to cause vasodilation [19]. Their relevance to
neuroprotection has not yet been reported.

Head Injury: Effects of 2-AG on Inflammatory
Pathways and Oxidation

Cannabinoids have been found to be very effective in different
models of inflammation. Already in the 1970s, Sofia et al. [20]
showed robust anti-inflammatory effects of crude marijuana
extract, of the active marijuana constituent THC, and of the
marijuana nonpsychoactive constituents CBD and cannabi-
nol (CBN), in paw edema inflammation model in rats. Some
of these effects were later shown to be CB; or CB, receptor
mediated [21]. Both cannabinol and 2-AG were shown to
inhibit IL-2 expression in activated thymocytes through
inhibition of NF-kB [22]. The detailed molecular mecha-
nisms of all these beneficial effects remain unclear.

Inflammatory response is one of the early neurochemical
events after CHI, and the upregulation of TNF-o and IL1(3
within the first few hours after injury is known to be
deleterious. Treatment with 2-AG after CHI indeed signif-
icantly abolished this response [3]. As TNF-« is associated
with the activation of nuclear factor-kB (NF-«kB), a key
regulator of inflammatory response (see below), and in
view of the effect of 2-AG on NF-kB in thymocytes [22],
we looked into the possibility that transcription factor is
affected by cannabinoids in brain trauma [2].

NF-kB is composed of homo- and heterodimers includ-
ing p65 and p50. The p65 subunit contains a translocation
domain in its C-terminal end. Inactive NF-kB is retained in
the cytosol, where its activity is tightly regulated by
members of the IkB family. Activation of the IkB kinase
by different proinflammatory signals (e.g., endotoxin, TNF-
«, IL-1f3, oxidative stress) leads to phosphorylation,
ubiquitination, and degradation of IkB. NF-«kB, thus
released, translocates into the nucleus and activates various
genes [23, 24]. CHI causes robust transactivation of NF-
kB. Inhibition of this activation by melatonin is indeed
known to be associated with improved outcome [25].

As mentioned above, proinflammatory cytokines play a
crucial role in traumatic brain injury. TNF-o is released
early (within 1 to 4 h) after CHI [26], and acts on specific
receptors. On binding, the cytosolic portions of the TNF
receptors recruit multiple intracellular adapter proteins that
activate NF-kB, starting with hydrolysis of the inhibitory
protein IkB that allows the p65/p50 complex to translocate
to the nucleus and to regulate the expression of various
proinflammatory cytokines [23, 24].

We found, as expected, that treatment of mice after CHI
with 2-AG completely abolished the robust activation of
NF-kB [2]. We also explored the effect of 2-AG on NF-«kB
transactivation after CHI in CB;/ " mice [2]. First, we

noted that CHI-induced activation of NF-«B in the CBI/ -
mice was three- to fourfold higher than in the respective
noninjured (sham) CB;/ ~ mice, similar to that observed in
the WT. This suggests that endogenous 2-AG does not
affect the inflammatory signaling. Then, the spontaneous
and 2-AG-mediated activation of NF-kB in these mice were
compared with that observed in wild-type (WT) mice. WT
and CBI_/ ~ mice differed dramatically, as the latter did not
respond at all to 2-AG treatment, while as mentioned
above, 2-AG completely abolished the robust activation of
NF-kB in the WT [2]. Thus, the endocannabinoids join the
large group of compounds that inhibit NF-kB at one or
multiple activation steps of the signaling pathway. These
agents include proteasome inhibitors, glucocorticoids (such
as dexamethasone), nonsteroidal anti-inflammatory drugs,
and anti-inflammatory cytokines [27].

In addition to their anti-inflammatory activities, canna-
binoids act also as antioxidants. The cannabis component,
cannabidiol (CBD), is a potent antioxidative agent [28], and
the nonpsychotropic synthetic cannabinoid, dexanabinol
(HU-211), has also antioxidative properties [29]. As
mentioned above, 2-AG was shown to suppress formation
of ROS by murine macrophages in vitro after stimulation
with lipopolysaccharide [8], and McCarron et al. [30] have
reported on the antioxidant properties of 2-AG.

Oxidative stress is one of the major components in the
pathophysiology of traumatic brain injury [31], and ample
evidence suggests that ROS also regulate signal transduc-
tion pathways such as the NF-«kB [32]. Thus, taken
together, the anti-inflammatory and antioxidant properties
of 2-AG may either add or synergize to enhance its activity
as a neuroprotective agent. The effects of 2-AG and other
antioxidants found in the brain on the blood—brain barrier
are discussed in the following section.

Head Injury: Effect of 2-AG on the Blood—Brain
Barrier

One of the early harmful events of TBI is the disruption of
the blood-brain barrier (BBB), allowing infiltration of
peripheral macrophages and leukocytes into cerebral tissue
and aggravation of the inflammatory response. Reactive
microglia produce proinflammatory cytokines such as TNF-
o« and IL-6, which in turn, together with NO, contribute
towards the impairment of the BBB function [33].
TNF-a-converting enzyme (TACE) is a membrane
protein that belongs to the ADAM (a disintegrin and a
metalloprotease) family. It cleaves various membrane
proteins, including the transmembrane precursor form of
TNF-«. Hence, indirectly, it contributes to the impairment
of the BBB. Little is known about the physiological role of



72

Mol Neurobiol (2007) 36:68-74

TACE; however, some neurotoxic and neuroprotective
functions have been reported [34].

Matrix metalloproteinases (MMPs) play a major role in
physiological extracellular matrix turnover in pathological
processes. Increases in MMP activity have been reported in
brain disorders such as multiple sclerosis, Alzheimer’s
disease, and after head trauma [35]. Downregulation of
certain metalloproteinases may exert neuroprotection [36].
Matrix metalloproteinase-9 (MMP-9) participates in the
disruption of the BBB during hemorrhagic transformation
and exacerbates brain injury after cerebral ischemia.

Reactive oxygen species (ROS) have also been shown to
play arole in altering BBB permeability and formation of brain
edema induced by trauma. Antioxidants (e.g., nitroxides) have
been reported to protect the BBB [37], and the findings of
McCarron et al. [30] provide evidence of 2-AG antioxidant
activity, and thus, to its possible effects on the BBB.

CHI has been shown to cause major transient disruption
of BBB integrity, which peaks at 4 h post-injury [3].
Therefore, a study was designed to investigate the effects of
2-AG on BBB integrity after CHI and on the expression
profile of the proinflammatory cytokines and the enzymes
TACE and matrix metalloproteinase (MMP-9) over the
initial 2-4 h after the injury, the time preceding the
maximal disruption of the BBB [3]. 2-AG was administered
immediately after CHI, and the BBB permeability 4 h after
the trauma was determined. In the left, injured hemisphere
2-AG robustly reduced BBB disruption, as evidenced by
40% decrease in dye levels extracted from the brain. In the
right hemisphere, not affected by CHI, no changes in dye
levels were noted. The significant reduction of the BBB
permeability after treatment with 2-AG may explain its
effect on edema, seen at 24 h [1, 2], and on functional
recovery. These findings also suggest that the mechanism
by which 2-AG exerts its effect on the BBB may involve
inhibition of the early (<4 h) inflammatory response.

The examination of the levels of the enzyme TACE after
CHI showed that while TACE expression increased
between 2 and 4 h after CHI, 2-AG had no effect on its
levels. MMP-9 levels were similar at 2 and 4 h, and no
effect of 2-AG on this enzyme was noted. Unexpectedly,
these results indicate that the inhibition of cytokine
expression and BBB protection are not associated with
inhibition of these proteolytic enzymes [3].

In view of the effects of some cytokines on brain injury
and the BBB (see above), the gene expression of
proinflammatory cytokines was examined by using real-
time-polymerase chain reaction (RT-PCR), and their
amount was expressed relative to (3-actin [3]. TNF-a
mRNA was not found in noninjured sham mice, while a
robust increase was found 2 and 4 h after injury. 2-AG
significantly inhibits TNF-oc expression at 2, but not at 4 h
injury. The effect of 2-AG on TNF-« expression was

confirmed and quantified by quantitative RT-PCR, showing
an inhibitory effect of 2-AG on this cytokine 2 h post-CHI,
but not at 4 h after injury.

Again, using RT-PCR, it was found that IL-6 mRNA
levels after injury increased between 2 and 4 h. 2-AG
treatment led to a decrease in IL-6 levels at 4 h, but not at
2 h. These observations underline again the complexity and
time dependence of the changes taking place after CHI.

Three classes of water-soluble antioxidants are found in
the brain, having oxidation potentials of 330-360 mV (e.g.,
ascorbic acid, uric acid), 650-700 mV (e.g., carnosine,
melatonin, NADH) and 1,050-1,100 mV (e.g., lipoic acid)
[38]. It was found that 4 h after CHI, the class of weak
antioxidants, having the highest oxidation potential (1,050—
1,100 mV), is significantly enhanced after CHI. 2-AG
further significantly increases the levels of these com-
pounds, thus, improving the tissue’s reducing capacity. The
augmentation of these levels, which is noted at 4 h after
CHI, may also contribute to the neuroprotection exerted by
2-AG. Indeed, previous work has shown that high levels of
ROS-neutralizing molecules allow better coping in tissues
with oxidative stress and enhancement of BBB protection
[39]. We have proposed that ROS and TNF-o act
synergistically at the early post CHI period, leading, among
other effects, to BBB disruption [40]. Thus, taken together,
inhibition of cytokines, along with higher levels of low
molecular weight anti-oxidants (LMWA), protects the BBB
from the early effects of CHI.

Head Injury: Some Random Thoughts

We have presented evidence that the endocannabinoid
system lowers brain damage through a variety of mecha-
nisms. But the picture is far from complete. Cannabinoids
produce a variety of neurobehavioral effects, and a major
focus of cannabinoid research has been the substantiation of
the assumption that the pharmacological actions of canna-
binoids are receptor-mediated. Our current findings fit into
this body of evidence regarding the importance of the
endocannabinoid system, acting via the CB; receptor, in
brain protection under physiological and pathological
conditions. Several other groups, likewise, have discussed
the role of the endocannabinoid system as a general
endogenous protection system [4—6].

However, the pharmacological picture is complicated by
numerous factors. For example, there seems to be species
differences. While we found 2-AG production to be
enhanced in adult mice after CHI [1], Hansen et al. found
anandamide, and not 2-AG enhancement, in rat pups brains
after trauma [41]. But, in view of the different procedures in
these trauma experiments, it is at present difficult to state
with certainty that species differences actually exist.
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While we found that the 2-AG effects on brain trauma
are CB; dependent, Sancho et al. have reported that
anandamide inhibits nuclear factor-kappaB activation
through a cannabinoid receptor-independent pathway [42].
Again, the experimental conditions were completely differ-
ent. Numerous other cannabinoid reactions are CB;/CB,
receptor independent (see for example, [43]). Are we
missing something?

Until recently, it was assumed that CB, receptors are not
present in the brain. Over the last few years, numerous
groups have shown that these receptors exist in the brain
(mostly in glial cells), and their formation is enhanced after
neurological diseases [44, 45]. Are CB, receptors and
agonists involved in protection against brain trauma? Is it
possible that CB; agonists are involved in the initial stages
of brain trauma and CB, agonists only later?

As mentioned above, some cytokines are involved in the
damage produced by brain trauma. Molina-Holdago et al.
[46] have shown that an endogenous IL-1 receptor
antagonist mediates anti-inflammatory and neuroprotective
actions of cannabinoids in neurons and glia. Are such
effects relevant to the effects described above?

Brain ischemia and numerous neurological diseases are
affected by cannabinoids (for reviews see [47-49]). Are the
above-described results therapeutically relevant to such
conditions? We believe that they are indeed relevant, but
experimental clinical proof is still in the far away horizon.
To the best of our knowledge, neither anandamide nor 2-
AG have ever been administered to humans. This is in
sharp contrast to insulin or the corticoids, for example,
which were administered to patients shortly after their
discovery in the 1920s and 1930s and became major
therapeutic drugs. Again, are we missing something?

Conclusion

In conclusion, our studies shed additional light on the
neuroprotective effects of the endocannabinoid 2-AG and
on the mechanisms by which it exerts these effects, within
the early period after traumatic brain injury. In view of the
complexity of brain anatomy and physiology, it is incon-
ceivable that 2-AG and the endocannabinoid system are the
only protective tools available to the mammalian body to
serve as protective agents. Additional, already known or
unknown, systems are certainly involved. However, our
knowledge in this area is limited.

The timing of the initiation of protective processes is
presumably an important factor too. As mentioned above,
CB, receptors are known to be produced in the brain in
numerous neurological diseases [44, 45]. Their role is
presumably protective. Their formation indicates that while
CB,; receptor-mediated processes are possibly mainly

involved in the initial stages of protection, CB, receptor-
mediated processes are initiated at later stages.

We believe that brain trauma research aimed at the
discovery of new protective compounds or novel processes
and their timing and interactions may lead to important new
findings of both basic and therapeutic value.
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