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Abstract: Traumatic brain injury affects over a million Americans annually, but pharmacological therapy remains limited. 

Current standards of care in acute, subacute and chronic phases of injury are primarily supportive. This review discusses 

pharmacological strategies and future directions in patient treatment emphasizing pleiotropic agents targeting inflamma-

tion, oxidative damage, and glutamate excitotoxicity. 

INTRODUCTION 

 Despite intense efforts to prevent primary traumatic brain 
injury (TBI) in the USA with stringent enforcement of speed 
limits, seatbelt laws, and helmet laws, it remains a significant 
cause of mortality and morbidity with devastating socioeco-
nomic consequences. Trauma is the leading cause of mortal-
ity between the ages of 15 and 44 years, with head injury 
accounting for the majority of these deaths. In the USA, over 
5 million people live with TBI-related disability or impair-
ment, and the average cost of initial treatment of severe TBI 
is estimated at 150 thousand dollars per patient. Altogether, 
annual costs for TBI in the USA are estimated to be 60 bil-
lion dollars [1]. Although motor vehicle collisions (MVCs) 
account for most injuries, of recent interest are mild concus-
sive brain injury seen in sports venues, and TBI sustained in 
military conflicts in Iraq and Afghanistan. In addition to 
these mechanisms of injury in young adults, older individu-
als suffering falls, and physical abuse of pediatric patients 
both contribute to the number of TBI patients. Current treat-
ment for TBI is limited, and includes only temporizing 
measures such as decompressive neurosurgery and suppor-
tive medical care. Development of effective pharmacological 
agents continues to be an area of intense study, and numer-
ous classes of agents are neuroprotective in preclinical stud-
ies. However, clinical studies have been discouraging. The 
paucity of treatment options is, in large part, due to difficul-
ties encountered when translating discoveries in animal 
models to clinically efficacious therapies in the heterogene-
ous human population suffering TBI. Thus, there continues 
to be an urgent need for effective pharmacological interven-
tion aimed at neuroprotection in the immediate setting of 
TBI, and cognitive rehabilitation in the long term.  

SEVERE TBI AND MULTISYSTEM TRAUMA  

 The complex injury pattern encountered in severe trauma 
creates significant challenges for implementation of neuro-
protective treatment, as life-threatening concomitant injuries 
often accompany TBI in MVCs as well as combat-related  
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injuries. The presence of multisystem trauma, which includes 
injuries to the thoracic and/or abdominal cavities, requires a 
general assessment of the potential benefit of neuroprotec-
tion in the context of compromised cardiovascular status. 
Mannitol will reduce brain edema, for example, but can lead 
to life threatening hypotension, cerebral ischemia and, in 
extreme cases, cardiovascular collapse when administered 
intravenously and rapidly in the presence of severe blood 
loss or neurogenic shock. Since Emergency Medical Techni-
cians are charged with cardiovascular resuscitative efforts in 
severe trauma patients, neurological injury is typically not 
addressed until the patient reaches the emergency depart-
ment. Table 1 shows the 15-point Glasgow Coma Scale 
(GCS), the most widely recognized assessment of neurologic 
severity in trauma cases. Though far from ideal (reviews, [2, 
3]), it allows clinicians to quickly categorize neurological 
injury as mild (13-14), moderate (9-12) or severe (3-8), and 
is a reasonable predictor of cognitive recovery and one year 
survival (review, [4]).  

 Severe head injury patients (GCS 3-8 after resuscitation) 
are those in whom neurosurgery, invasive intracranial moni-
toring and therapies aimed at rapidly reducing intracranial 
pressure (ICP) are used. Cerebral edema and ICP tend to 
peak within 72 hours after injury. Sustained ICPs greater 
than 20 mm Hg contribute to morbidity, and can lead to 
brain death from complete brainstem herniation. Cerebral 
autoregulation is often impaired, presenting challenges in 
patient management because efforts to reduce ICP can lead 
to systemic hypotension thereby decreasing cerebral perfu-
sion pressure (CPP). Mild and moderate TBI (GCS 9-14) are 
different entities, as increased ICP and disruption of cerebral 
blood flow and autoregulation are not primary issues. There-
fore, there are enhanced opportunities to focus on neuronal 
rescue and regeneration strategies, as these patients are more 
likely to suffer from subtler cognitive deficits. Although they 
constitute the majority of head injuries, the mild and moder-
ate groups have been underrepresented in clinical trials, rais-
ing the possibility that appropriate administration of currently 
available pharmacological agents will improve outcome.

PRIMARY AND SECONDARY INJURY 

 An understanding of the dynamic pathophysiology of 
brain injury is vital in the development of appropriate thera-
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peutic strategies. For example, stroke trials have addressed 
the progression of cerebral ischemia to devise a treatment 
algorithm; assessment for hemorrhage followed by the ad-
ministration of tissue plasminogen activator (TPA) within 3 
hours of symptom onset [5, 6]. There is ample evidence for 
significant benefit if thrombolytics are administered within 
this 3 hour therapeutic window, whereas detrimental effects 
are observed if TPA is given after this time period. A similar 
time-dependent protocol is needed for TBI patients, which 
would enable clinicians, for example, to take advantage of 
the differential activation and modulation of NMDA receptor 
(NR) subunits to provide both neuroprotection and enhance 
neuronal recovery. Primary TBI, or the result of the direct 
initial insult can be difficult to address, but the complex cas-
cade of biochemical changes involved in secondary injury 
offers diverse treatment strategies (reviews, [7-9]). This re-
view will discuss promising therapies targeting inflammation 
and excitotoxicity, which are reciprocally interacting proc-
esses, in the development and progression of secondary brain 
injury. Particular emphasis is placed on the rational design of 
drugs targeting inflammation and glutamate toxicity. Other 
reviews offer a more comprehensive listing of neuroprotec-

tive agents being tested in preclinical and clinical trials of 
TBI [10-13]. 

TARGETING INFLAMMATION 

 Uncontrolled inflammation exacerbates neuronal damage 
after neurological insults. Traumatic brain injury initiates a 
massive and complex inflammatory response, which contrib-
utes to the direct release of neurotoxic mediators, dysregula-
tion of cerebral blood flow, and disruption in the blood brain 
barrier (BBB) with subsequent edema (review, [9]). Both the 
primary and secondary stages of injury lead to the release of 
proinflammatory cytokines, prostaglandins (which are regu-
lated by kinins, cyclooxygenase and leukotrienes), free radi-
cals, and activation of the complement cascade. In particular, 
the adhesion of leukocytes and platelets to the microvascula-
ture, disruption of the BBB, and cerebral edema further re-
duce tissue perfusion and contribute to secondary brain dam-
age [14]. Several arachidonic acid derivatives lead to platelet 
aggregation, vasodilation and oxygen free radical production 
with lipid peroxidation. The loss of cellular integrity from 
ionic shifts results in cytotoxic edema, and vasogenic edema 
often develops due to cerebral capillary endothelial damage. 
The cascade of events in inflammatory tissue is similar to 
that seen in ischemic reperfusion injury. Although making 
use of this complex cascade to treat TBI may appear daunt-
ing, it provides a number of targets for controlling trauma-
induced inflammation in the early stages of injury. Recent 
TBI trials have attempted to identify safe and effective anti-
inflammatory agents, including bradykinin receptor antago-
nists, statins, and novel pleiotropic agents. 

 Cerebral contusion damages the BBB, leading to activa-
tion of kinin-kallikrein system (KKS), brain edema and mi-
crocirculatory disturbances. The KKS is important in both 
initiation and potentiation of the inflammatory response in 
TBI [15]. In vascular endothelial cells, glia, and neurons, 
kinins, in particular bradykinin (BK), stimulate the produc-
tion and release of eicosanoids, cytokines, nitric oxide, free 
radicals, thereby contributing to a toxic increase in intracel-
lular calcium. Kinins activate two types of G-protein coupled 
receptors, B1 (inducible) and B2 (constitutive), and it is acti-
vation of the B2 receptor that contributes to inflammatory 
damage. Its role in the development of neurological deficit 
and the inflammation-induced secondary damage resulting 
from diffuse TBI was elegantly demonstrated using mice 
rendered null for the B2 receptor [16]. These studies and 
others led to the characterization and use of B2 receptor an-
tagonists in severe TBI patients, exemplified by the small 
peptide Bradycor (Fig. 1, also called deltibant or CP-0127). 
Bradycor was produced from disulphide linkage of two kinin 
peptide molecules with a homobifunctional linker [17]. In 
single-blind and multicenter randomized placebo-controlled 
trials, Bradycor decreased intracranial pressure and death 
rate, while improving performance in neuropsychological 
tests [18, 19]. Anatibant (LF16-0687 or XY2405) was sub-
sequently developed as a B2 receptor antagonist to achieve 
greater potency and bioavailability. It is derived from the 
quinoline family of B2 antagonists, modified to contain a 
central sulfonamide linker (review, [20]). As a small mole-
cule, non-peptide inhibitor, Anatibant has the advantage of 
improved access through the BBB. It was shown to be safe 

Table 1.

Glasgow Coma Scale

Best Eye Response (4) 

No eye opening 1

Eye opening to pain 2

Eye opening to verbal command 3

Eyes open spontaneously 4

Best Verbal Response (5) 

No verbal response 1

Incomprehensible sounds 2

Inappropriate words 3

Confused, disoriented 4

Orientated  5 

Best Motor Response (6)

No motor response 1

Extension to pain (decerebrate posturing) 2

Flexion to pain (decorticate posturing) 3

Withdrawal from pain 4

Localizing pain 5

Obeys Commands 6

Interpretation

13-14 mild brain injury

9-12 moderate brain injury

3-8 severe brain injury
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and effective in animal models of TBI where it reduced brain 
edema, improved long-term neurological functional recovery 
and reduced the inflammatory response [16, 21]. Phase I 
clinical trials in healthy volunteers and patients with TBI 
demonstrated favorable clinical safety, tolerability and 
pharmokinetic profiles [22]. Phase II trials have been initi-
ated in the UK and South Africa where it is anticipated that 
Anatibant may prove to be more clinically efficacious than 
Bradycor.  

  Cytokines such as interleukin-1 beta (IL-1 ) and tumor 
necrosis factor alpha (TNF ) are potent enhancers of in-

flammatory reactions via activation of glia, capillary endo-
thelial cells and blood elements (macrophages and neutro-
phils) and via enhanced expression of multiple downstream 
inflammatory factors. TNF  and IL-1  also participate ac-
tively in BBB breakdown. Major increases in the transcrip-
tion of inflammatory mediators occur within minutes of in-
jury and, thus, are important targets that should be silenced 
as early as possible after injury. Statins are 3-hydroxy-3-
methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors (Fig. 
2) that may prove beneficial in this regard. Mevalonic acid is 
a product of HMG-CoA reductase and the precursor for key 

Fig. (1). Chemical structures of selected B2 receptor antagonists used in clinical trials. Bradycor = D-Arginyl-L-arginyl-L-prolyl-trans-4-

hydroxy-L-prolyl-S-(1-(6-(3-mercapto-2,5-dioxo-1-pyrrolidinyl)hexyl)-2,5-dioxo-3-pyrrolidinyl)-L-cysteinyl-L-phenylalanyl-L-seryl-D-phe-

ylalanyl-L-leucyl-L-arginine (5-5')-sulfide with D-arginyl-L-arginyl-L-prolyl-trans-4-hydroxy-L-prolyl-L-cysteinyl-L-phenylalanyl-L-seryl-

D-phenylalanyl-L-leucyl-L-arginine. Anatibant = N-[3-[(4 carbamimidoylbenzoyl)amino]propyl]-1-[2,4-dichloro-3-[(2,4-dimethylquinolin-

8-yl)oxymethyl]phenyl]sulfonylpyrrolidine-2-carboxamide. 
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cellular isoprenoid compounds in addition to cholesterol. By 
inhibiting the production of one or more of these com-
pounds, statins have been shown to exert anti-inflammatory 
effects in the setting of acute brain injury. Examples include 
lovastatin, a natural product from fungi, and simvastatin, its 
2,2-dimethyl butyrate analogue [23]. They are widely used to 
inhibit cholesterol biosynthesis, and currently favored over 
fibric acid derivatives in patients at risk for atherosclerosis. 
Additionally, both are neuroprotective in vitro and in vivo
because they reduce production of inflammatory mediators 
including IL-1  and TNF . Statins also improve cerebral 
blood flow by selective upregulation of endothelial nitric 
oxide synthase (NOS). For example, in a rat model of closed 
cortical injury, lovastatin improved histological and func-
tional outcome [24]. Similarly, simvastatin and atorvastatin 
reduced functional neurological deficits, degeneration of hip-
pocampal neurons, suppressed inflammatory cytokine mRNA 
expression in brain parenchyma, and improved cerebral 
blood flow in a mouse model of TBI [25]. Although these 
drugs are members of the same class, they differ in pharma-
cokinetic properties; atorvastatin is fully synthetic and struc-
turally distinct, and has a longer half-life (Fig. 2). They re-
main to be tested in the clinic. 

 Of emerging interest are pleiotropic agents that reduce 
inflammation and oxidative damage through multiple mecha-
nisms. Of particular note are agonists of peroxisome prolif-
erator-activated receptors (PARP), a family of nuclear recep-
tors consisting of , ( ) and  subtypes that regulate lipid 
metabolism and glucose homeostasis (review, [26]). Agents 

in the fibrate family, derivatives of 2-phenoxy-2-methylpro-
pionic acid, including fenofibrate and WY14643, have ree-
merged for clinical use in brain injury (Fig. 3). Both were 
neuroprotective in preclinical trials of brain injury due to 
activation of PARP  [27, 28]. Fenofibrate promoted neuro-
logical recovery, reduced edema and lesion volume in a fluid 
percussion model of TBI in rats by reducing inflammatory 
enzymes iNOS, cyclooxygenase 2 and matrix metallopepti-
dase 9. It also decreased four markers of oxidative stress 
[29]. Since fenofibrate is currently approved for use in hy-
perlipidemia, its clinical profile is well established, and it 
may prove to be beneficial in clinical TBI trials. Activation 
of PARP  also mitigates inflammation arising from neuro-
logical insults. In particular, the thiazolidinediones, rosiglita-
zone and pioglitizone, are neuroprotective in animal models 
of neuronal injury by virtue of their agonist activity on 
PARP  (review, [30]). Like fenofibrate, they are already 
FDA approved, in this case for use in diabetic patients. Inter-
estingly, although rosiglitazone has ten-fold greater affinity 
for the receptor than pioglitizone, it is not significantly more 
effective. This has been attributed to the fact that pio-
glitizone crosses the BBB more readily, and appears to acti-
vate both PARP  and PARP . Finally, synthetic cannabinoid 
receptor agonists and endocannabinoids, discussed below, 
also activate PARP  and PARP  (review, [26]). 

Fig. (3). Chemical structures of selected members of the fibrate 

family of neuroprotectants. Fibric acid = 2-methyl-2-(phenoxy) 

ropanoic acid. Fenofibrate = propan-2-yl 2-[4-(4-chlorobenzoyl) 

henoxy]-2-methylpropanoate. WY14643 = 2-[4-chloro-6-[(2,3-

dimethylphenyl)amino]pyrimidin-2-yl]sulfanylacetic acid.

 The principles of rational drug design have been applied 
to apolipoprotein E (apoE) mimetic peptides and these, too, 
show significant neuroprotection in TBI in rodents via mul-
tiple mechanisms. ApoE is the major apolipoprotein pro-
duced in the brain in response to injury, and mediates several 
components of the anti-inflammatory cascade. On this basis, 
Vitek and colleagues designed an apoE-mimetic peptide that 
interacts with the ligand-binding region in ApoE (amino ac-

Fig. (2). Chemical structures of selected statins used in clinical 

trials. Lovastatin = [(3R,7S,8S,8aR)-8-[2-[(2S,4S)-4-hydroxy-6-

oxooxan-2-yl]ethyl]-3,7-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-

1-yl] 2-methylbutanoate. Simvastatin = [(3R,7S,8S,8aR)-8-[2-

[(2S,4S)-4-hydroxy-6-oxooxan-2-yl]ethyl]-3,7-dimethyl-1,2,3,7,8,8a-

hexahydronaphthalen-1-yl] 2,2-dimethylbutanoate. Atorvastatin = 

(3R,5R)-7-[2-(4-fluorophenyl)-3-phenyl-4-(phenylcarbamoyl)-5-pro-

an-2-ylpyrrol-1-yl]-3,5-dihydroxyheptanoic acid. 
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ids 133-149; [31]), called COG133. In a mouse model of 
TBI, COG133 improved neurofunctional outcome while 
reducing neuronal death when administered intravenously 
within 30 minutes post injury [32]. COG1410 was subse-
quently produced by shortening the length of the peptide 
(amino acids 138-149) and introducing aminoisobutyric ac-
ids at positions 140 and 145 to enhance potency and efficacy. 
In the same TBI mouse model, it improved neurofunctional 
outcome while reducing microglial activation and neuronal 
death when administered within 2 hours post injury [33]. 
Altogether, this novel strategy warrants study in TBI clinical 
trials and is likely to be beneficial in other neurological dis-
orders.  

TARGETING NMDA RECEPTORS: 

 NR antagonists are perhaps the most intensely investi-
gated class of neuroprotective agents. During physiological 
synaptic transmission, NRs gate calcium entry in response to 
glutamate release thereby activating neuronal survival and 
plasticity programs [34, 35]. However, pathological release 
of glutamate, as observed during the secondary phase of TBI, 
results in aberrant, excitotoxic NR activation leading to ex-
cessive calcium influx and accumulation within neurons [15]. 
Upon surpassing cellular physiological tolerances, intracellu-
lar calcium induces free radical production via NR-associ-
ated NOS, mitochondrial dysfunction and dysregulation of 
calcium-dependent signaling pathways, exacerbating inflam-
mation. Ultimately, accumulated damage from these path-
ways and others results in cell death via apoptosis or necrosis 
[36, 37]. A significant proportion of neuronal death is pre-
ventable via antagonism of NRs in multiple experimental 
excitotoxicity paradigms both in vivo and in vitro [38-42]. 
Consequently, intense research efforts are invested in the 
development of clinically efficacious NR antagonists. Since 
diverse brain injuries such as ischemic stroke, cerebral hem-
orrhage and chronic neurodegeneration are all characterized 
by an NR-mediated excitotoxic component, these compounds 
would have wide-ranging clinical applicability beyond that 
of TBI alone. Unfortunately, despite much anticipation of 
success, human trials of NR antagonists have largely failed 
with compounds demonstrating no positive effect on clinical 
outcomes and/or intolerable side effects [43-45]. 

  Recent drug development strategies place emphasis on 
the production of uncompetitive, open-channel antagonists of 
NRs. This class of pharmacophore requires an NR to be in 
the open state thereby exposing channel pore binding sites. 
Theoretically, pathological glutamate release leads to an in-
crease in antagonist binding efficacy as a greater population 
of activated NRs present available binding sites [36, 46]. 
Development of a pore topographic model by Bolshakov and 
colleagues using structure activity relationships of organic 
cations, demonstrates three binding regions within the NR 
pore lining domains (M1-M4): (1) a shallow binding site in 
the vestibule whose occupation inhibits gating and trapping, 
(2) a deep hydrophobic site and (3) a deep nucleophilic site 
below the constriction forming the calcium selectivity filter 
[47] (Fig. 4). By binding at sites 2 and 3, open channel an-
tagonists permit gate closure at site 1 and become entrapped 
within the channel. This results in highly effective antago-
nism of NR activity as “trapping blockade” inhibits both the 
current and any subsequent receptor activations [36, 47]. 

Efficient interaction with sites (2) and (3) is achieved by V-
shaped compounds consisting of two hydrophobic wing re-
gions that likely bind site 2 and a small monocationic termi-
nal amine group at the vertex able to penetrate the selectivity 
filter and bind site 3 [47-49]. MK-801 (dizocilpine), CNS-
1102 (cerestat, aptiganel) and dextrorphan are uncompeti-
tive, open-channel blockers that adhere to this structural 
paradigm and are highly effective NR antagonists (Fig. 5). In 
animal studies, both MK-801 and CNS-1102 effectively de-
crease contusion and infarct volume in experimental models 
of cortical trauma and ischemia, respectively [38, 50-52]. 
Dextrorphan is effective at mitigating ischemic damage fol- 

Fig. (5). Chemical structures of selected uncompetitive, open-

channel NR blockers. CNS-1102 = 1-(3-ethylphenyl)-1-methyl-2-

naphthalen-1-ylguanidine hydrochloride. Dextrorphan = 17-methyl-

9a,13a,14a-morphinan-3-ol. MK-801 = ((5R,10S)-(+)-5-Methyl-10, 

11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen male-

ate. Memantine = 3,5-dimethyladamantan-1-amine hydrochloride.

Fig. (4). Topographic model of NR pore. Three binding regions 

within the NR pore lining domains (M1-M4) are shown: (1) a shal-

low binding site in the vestibule whose occupation inhibits gating 

and trapping, (2) a deep hydrophobic site and (3) a deep nucleo-

philic site below the constriction forming the calcium selectivity 

filter. Open channel antagonists bind at sites 2 and 3 and permit gate 

closure at site 1. Thus, they become entrapped within the channel 

(after Bolshakov and colleagues, [47]). 

N N

.HCl

CNS-1102

HN
.C4H4O4

MK801

H

N

H

HO

Dextrorphan

NH2

H3C

NH2

CH3
.HCl

Memantine



694    Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 7 Jennings et al. 

lowing middle cerebral artery occlusion in rats [53]. How-
ever, despite their efficacy in animal models, attempts to 
realize the clinical potential of uncompetitive, open-channel 
blockers have been wrought with failure over the past dec-
ade. A notable example was abandonment of the clinical 
development of MK-801 as a therapeutic agent for epilepsy 
and anxiety due to cognitive side effects [43]. CNS-1102 
failed phase II clinical trials for stroke due to increased pa-
tient mortality [45]. Intolerable side effects such as confu-
sion, stupor, somnolence, cerebral edema and hemodynamic 
instability were all observed in patients receiving MK-801, 
CNS-1102 or dextrorphan [43, 45, 54, 55]. CNS-1102 infu-
sions given to healthy volunteers caused a similar profile of 
side effects in a dose dependent fashion [56]. Cognitive side 
effects were likely a manifestation of inhibition of normal 
NR synaptic activity. All three of these compounds are high 
affinity NR antagonists with slow off-rates; they bind the 
channel pore tightly and remain there for long periods of 
time [36, 57, 58]. Consequently, drug accumulation leads to 
the simultaneous blockade of critical synaptic functions in 
healthy tissue and pathological receptor activation at the site 
of injury. This is evident in experimental models in which 
MK-801 inhibits NR activity during synaptically-induced 
long-term potentiation (LTP) and excitotoxic NMDA stimu-
lation at its IC50 [59]. Regarding the development of neuro-
protective NR antagonists, it is apparent that achieving opti-
mal receptor-drug kinetics in conjunction with sub-optimal 
receptor blockade is the ultimate goal to develop successful 
therapy. 

 Memantine (Namenda) is the current model for NR an-
tagonists with desirable kinetic properties. Experimentally, 
memantine prevents neuronal loss after injury induced by 
cortical impact in rats [40, 60]. Importantly, memantine pre-
vents cell death while preserving normal NR function; at its 
IC50 synaptic LTP in slice culture is not inhibited while 
NMDA induced excitotoxicity is; and it restores the NR me-
diated migratory ability of stressed cerebellar granule cells in 
pontine explants while still exerting neuroprotective effects 
[40, 59]. It is the ability to inhibit aberrant NR activation 
while permitting normal receptor functions that contributes 
to memantine’s clinical tolerability and success for the long-
term treatment of Alzheimer’s disease [61, 62]. This unique 
ability is related to the kinetic properties of the compound. 
Memantine is a low affinity antagonist with an IC50 of 
2.3 M compared to 0.14 M and 1.3 M of MK-801 and dex-
trorphan, respectively [57]. Dwell time within the channel is 
also low, ~ 5 seconds as compared to 3.3 minutes for MK-
801 [57]. As a result of its low channel affinity, memantine 
likely requires an increase in NR channel openings to effect 
pore binding, a condition prevalent under excitotoxic condi-
tions such as those experienced during TBI. This can be 
demonstrated experimentally by an increase in receptor 
blockade proportional to stimulation by increasing concen-
trations of NMDA [36, 63]. The low dwell time prevents 
drug accumulation and the permanent blockade of synaptic 
activity. These two properties account for memantine’s abil-
ity to inhibit abnormal NR activity while preserving synaptic 
function, contributing to a favorable ED50 as compared to 
high affinity antagonists in rat models [57]. Favorable kinetic 
properties of compounds like memantine likely result from 
variations of substituents composing the hydrophobic wing 

regions and their interactions with the deep hydrophobic 
pore binding site (Fig. 5). For instance, varying functional 
groups on the ring structures of amino-adamantanes greatly 
influences the receptor binding kinetics [57]. The parent 
compound of CNS-1102, N,N`-diarylguanidine, can also 
undergo functional group substitution to alter NR affinity. 
While previous research focused on developing tri- and tetra-
substituted derivatives optimized for high NR affinity, lower 
affinity compounds were largely ignored [58, 64]. Perhaps 
revisiting some of these structures could uncover antagonists 
with a kinetic profile similar to that of memantine as poten-
tial therapeutic agents in this class. Although agents like 
memantine remain untested in the treatment of acute TBI, 
their properties predict the potential to be well-tolerated neu-
roprotective agents. 

 In concert with the search for effective uncompetitive 
antagonists, a significant effort is currently invested in the 
development of subunit selective NR antagonists. A func-
tional NR is composed of two NR1 subunits and a dimer of 
one (or two) of four NR2 (A-D) subunits (review, [65]). Ap-
proximately 50% homologous, structural differences be-
tween NR2 subunits confer distinct pharmacological and 
signaling properties to the NR complex [65-72]. Exploiting 
the contrasting functions of NRs containing NR2A and 
NR2B subunits using selective antagonists and agonists to 
provide neuroprotection has garnered significant attention 
[73, 74]. Central to this approach is evidence that predomi-
nantly extrasynaptic NR2B-containing receptors promote 
neuronal death in response to cell stress while synaptic popu-
lations composed primarily of NR2A-containing NRs are 
linked to survival mechanisms [70, 75, 76]. Consistent with 
this, the use of the NR2B antagonist CP 101, 606 (Traxo-
prodil) in rat models of focal ischemia and cortical compres-
sion successfully decreased infarct volume and enhanced 
functional recovery [77, 78]. Enhancing the activity of 
NR2A-containing NR complexes with the glutamate co-
agonist glycine had similar neuroprotective effects in a rat 
model of ischemia, and some evidence was also provided for 
synaptic toxicity through NR2B [39]. Clinical trials of CPP 
101, 606, the only NR2B antagonist tested in humans with 
acute TBI, have had mild success. Unlike the high affinity 
uncompetitive antagonists, CPP 101, 606 appears to be de-
void of severe psychotropic side effects that limited their 
clinical study. Long-term infusions of up to 72 hours were 
well tolerated without any adverse events. However, like all 
classes of NR antagonists tested to date in the setting of 
acute neuroprotection, clinical benefit appears to be small or 
not significant [79-81]. 

 After years of research into the structure and function of 
the NR and the development of numerous effective antago-
nists one question remains; why has neuroprotective therapy 
failed to deliver benefit in the setting of acute excitotoxicity, 
such as that experienced during TBI? The cause of this prob-
lem may not be our pharmacopoeia but rather, not optimiz-
ing its usage to correlate with the physiological processes of 
brain injury. Theoretically, glutamate release induced by the 
primary injury in TBI peaks quickly, within the first minutes 
to hours of injury. This translates into a small effective win-
dow for the administration of antagonists like memantine 
that would block pathological overaction of both synaptic 
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and extrasynaptic populations of NRs by extracellular gluta-
mate. Consistent with this, a study by Biegon and colleagues 
measuring NR activation by quantitative autoradiography of 
MK-801 binding reveals an early transient increase in recep-
tor activation within first 15 minutes of focal ischemic in-
jury. At ~60 minutes postinjury, this is followed by a decline 
in receptor activity and sustained NR hypoactivity for up to 
seven days in injured tissue [82]. During this period, stimula-
tion of NR activity with D-cycloserine promotes cognitive 
and motor recovery and restores LTP in hippocampal slices 
[83]. Similarly, a study performed by Liu and colleagues 
demonstrated decreased infarct volume in response to an-
tagonism of NR2B-containing NRs during an ~4.5 hours 
period, during which high extracellular glutamate levels 
would likely access the extrasynaptic NRs. Following the 
closure of this therapeutic window, only the potentiation of 
survival-promoting “synaptic” NR2A containing NRs re-
duced infarct size [39]. The dual nature of different NRs in 
toxicity and protection may account for clinical failure of 
broad NR antagonists and point to the need for additional 
development of subunit-selective agents to be used in a de-
fined temporal sequence. In human trials of CPP 101,606, 
patients did not receive drug infusions until 8 hours post-
injury at the earliest, possibly placing drug administration 
outside the therapeutic window to prevent cell death [79-81]. 
NR2A agonism to enhance survival pathways post-injury has 
not been attempted in humans, but based on current research 
data this will likely be attempted in the future. Overall, the 
use of NR antagonists still holds great promise in the treat-
ment of excitotoxic cell injury despite previous failures. As 
current research suggests, success will likely mean learning 
to modulate receptor activity throughout the timeline of TBI 
rather than simply blocking its activity. Inclusion of patients 
with mild to moderate TBI, where the injury cascade can be 
better defined, should also prove beneficial. 

TARGETING THE CANNABINOID SYSTEM

Cannabinoid agonists are a separate class of agents being 
explored as therapy for TBI (reviews, [84-87]). They have 
been shown to exert both anti-inflammatory and anti-excito-
toxic activities. N-arachidonoylethanolamine (anandamide or 
AEA) and 2-arachidonoylglycerol (2-AG), analogues of ara-
chidonic acid, are the predominant and best-characterized 
endogenous cannabinoids (Fig. 6A). They are produced on 
demand from lipid precursors in response to neural activity 
and function as retrograde messengers to regulate neuro-
transmitter release in a variety of synaptic circuits (review, 
[88]). In the CNS, the major known effector is the type 1 
cannabinoid receptor (CB1) [89] which is enriched in pre-
synaptic nerve terminals and linked to G i/o. CB1 activation 
leads to inhibition of adenylyl cyclase and, ultimately, inhi-
bition of neurotransmitter release (reviews, [90, 91]). Direct 
endocannabinoid effects on presynaptic calcium and potas-
sium channels also contribute to decreased neurotransmis-
sion. Notably, CB1 is localized in neocortex, hippocampus, 
cerebellum and basal ganglia, and its binding profiles are 
similar in humans and rodents [92, 93]. Endocannabinoids 
can inhibit neurotransmitter release for tens of seconds, pro-
viding a physiological feedback mechanism for neurons to 
self-regulate the strength of their synaptic inputs (reviews, 
[94, 95]). For example, depending on whether glutamatergic 

or GABAergic terminals are involved, this process has been 
termed depolarization-induced suppression of excitation or 
inhibition, respectively. Accordingly, depolarization-induced 
suppression of excitation at overactive glutamatergic syn-
apses would contribute to the therapeutic potential of can-
nabinoid agonists in TBI and other neurological insults char-
acterized by glutamate excitotoxicity. There is also compel-
ling evidence that cannabinoids exert neuroprotection through 
distinct mechanisms, some unrelated to the CB1 receptor, 
and others as yet undiscovered. For example, recent data 
indicate that activation of CB1 mediates neurogenesis and 
neural progenitor proliferation in response to excitotoxic 
injury in hippocampus [96]. In microglia, CB1-mediated 
induction of a mitogen activated protein kinase phosphatase 
limits the inflammatory response [97]. As mentioned above, 
there is also emerging evidence that endocannabinoids (and 
CB1 agonists such as HU-210 and WIN-551212) exhibit 
neuroprotective effects via activation of PARP receptors in 
cell nuclei (review, [26]). 

 Over forty years ago, 
9
-tetrahydrocannabinol (THC) 

was identified as the active ingredient in Cannabis sativa
[98]. Decades later investigators established that the central 
effects of THC are mediated primarily by CB1 receptors, 
including hypothermia, catalepsy, analgesia and hypoactivity 
(at higher doses). Plant or phytocannabinoids are oxygen-
containing aromatic hydrocarbons that lack nitrogen, and the 
structural characterization of THC provided a basis for syn-
thesis and functional analysis of a variety of synthetic ana-
logues (review, [99]). For example, it was possible to deter-
mine the stereoselectivity of cannabinoids, a property ex-
pected of ligands that transduce their response by binding to 
a biological receptor. A pair of enantiomers known as HU-
210 and HU-211 (dexanabinol or sinnabidol) serves to dem-
onstrate that cannabinoids are highly stereospecific [100]. 
HU-210 and 211 are referred to as classical cannabinoids 
because they are structurally similar to THC (Fig. 6B). Intro-
duction of a hydroxyl group at C-11 and replacement of the 
n-pentyl side chain with a 1,1-dimethyl heptyl side chain in 
THC enhances cannabimimetic activity. Behavioral testing 
in mice, rats and pigeons revealed that HU-210 is ~100 times 
more psychoactive than THC. In contrast, HU-211 lacks 
cannabimimetic activity even when used at 1000 times the 
dosage of its psychoactive enantiomer. Specifically, the po-
tency ratio for HU-210:HU-211 exceeded 1000 for inhibition 
of cAMP, and 1500 for binding to the CB1 receptor [101]. 
Earlier reports that the stereochemical requirements for can-
nabimimetic activity were rather low have been attributed to 
the presence of impurities, namely the (-)-(3R, 4R) enanti-
omer, in preparations of HU-211 [100, 101].  

 Because it lacks cannabimimetic i.e., psychotropic activ-
ity at CB1 receptors, HU-211 is actually preferred over HU-
210 as therapy for TBI. It is a pluripotent agent that acts as 
an uncompetitive NMDA receptor antagonist [102], an in-
hibitor of cytokine production [103], and a free-radical scav-
enger likely due to its multi-ring backbone with conjugated 
double bonds and phenolic moieties [104]. Similar to me-
mantine, it also lacks psychotropic effects associated with 
several NR blockers (review, [49]). Because it does not acti-
vate CB1 receptors, HU-211 does not induce cannabimimetic 
side-effects such as cognitive, affective, sensory or somatic 
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disturbances. In a weight-drop model of closed head injury 
in rats, HU-211 improved both motor and cognitive function 
with a therapeutic window of 4 hours post injury [105]. 
Phase I and II clinical trials demonstrated its safety and evi-
dence supporting an improved intracranial pressure profile in 
severe TBI patients [106]. Though not significant, there was 
also evidence of improved neurological outcome for HU-211 
recipients using the Glasgow Outcome Scale. Results of a 
phase III randomized, placebo-controlled, clinical trial con-
firmed the safety of HU-211, but showed no significant effi-
cacy in TBI patients [107]. However, all recipients were se-
vere TBI patients, leaving open the possibility that HU-211 
may be therapeutically useful in those with mild or moderate 
injuries. Also, development of an analogue that is less lipo-
philic and therefore more soluble in aqueous solutions could 
improve efficacy by enhancing delivery. 

 Development of non-classical CB1 agonists that exert 
neuroprotection at lower doses than those that elicit can-

nabimimetic side effects is also of interest. In the early 
1990s, the aminoalkylindoles were introduced as full CB1 
agonists that were not based on the structure of THC, with R-
(+)-WIN55212 (Fig. 6C) being the best characterized [108, 
109]. In hippocampal cultures, R-(+)-WIN55212 prevented 
excitotoxicity in a CB1-dependent manner [110] and there is 
also evidence for antiinflammatory/antioxidative effects via
activation of nuclear PARPs (review, [26]). Of recent inter-
est in TBI, a diarylether sulfonylester designated as BAY 38-
7271 or KN38-7271 that demonstrates high affinity for CB1 
receptors is under study because its neuroprotective actions 
are achieved at lower doses than its psychomimetic effects 
(Fig. 6C). Drug discrimination, hyptothermia, and in vitro
binding assays all indicate that BAY 38-7271 is a full CB1 
agonist, being slightly less potent than HU-210 and substan-
tially more potent than 

9
THC [111, 112]. It demonstrated 

significant neuroprotection against an acute subdural hema-
toma (SDH) model of TBI in the rat [111]. It has a therapeu-
tic window of at least five hours, and also reduced intracra-

Fig. (6). Chemical structures of selected endocannabinoids, classical cannabinoids and non-classical cannabinoids. Anandamide = 

(5Z,8Z,11Z,14Z)-N-(2-hydroxyethyl)icosa-5,8,11,14-tetraenamide. 2-Arachidonoylglycerol = 1,3-dihydroxypropan-2-yl (5Z,8Z,11Z,14Z)-

icosa-5,8,11,14-tetraenoate. 9-tetrahydrocannabinol = (6aR,10aR)-6,6,9-trimethyl-3-pentyl-6a,7,8,10a-tetrahydrobenzo[139]chromen-1-

ol. HU-210 = (6aR,10aR)-9-(hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10a-tetrahydrobenzo[139]chromen-1-ol. HU-211

= (6aS,10aS)-9-(hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10a-tetrahydrobenzo[139]chromen-1-ol. Bay 38-7271 = (-)-

(R)-3-(2-hydroxymethylindanyl-4-oxy)phenyl-4,4,4-trifluoro-1-sulfonate. WIN55212 = (R)(+)-[2,3-dihydro-5-methyl-3-[(4-morpholinyl) 

methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-yl]-(1-naphthalenyl)methanone mesylate. 
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nial pressure and brain water content when assayed 24 hours 
post-SDH injury, suggesting multiple mechanisms of action 
[113]. Neuroprotection with BAY 38-7271 is abolished by a 
CB1 selective antagonist, suggesting that at least some of its 
therapeutic benefit is due to suppression of glutamate release 
from presynaptic terminals, and suppression of inflammation 
through microglia CB1 receptors. As mentioned, other bene-
ficial CB1-mediated effects are likely to be identified as re-
search in this area progresses. Importantly, the neuroprotec-
tive effects are unrelated to hypothermia, and occur at doses 
that do not elicit cannabimimetic side effects. A Phase I 
study demonstrated that the drug was well tolerated and safe 
in healthy male volunteers [113]. The favorable therapeutic 
window and efficacy of BAY 38-7271 at doses well below 
those eliciting cannabinoid-like side effects are encouraging, 
and Phase II clinical trials for the treatment of TBI are un-
derway, with results expected in late 2008 (KeyNeurotek 
Pharmaceticals). In addition, further investigation of struc-
turally similar compounds appears warranted. For example, 
an analogue designated as BAY 59-3074 containing 2-cyano-
3 trifluoromethyl phenoxy moieties is a partial agonist at 
CB1 receptors, and based on preclinical studies in rat, holds 
promise for the treatment of diverse chronic pain [114]. 

  A different strategy is to better utilize the neuroprotec-
tive effects of endocannabinoids by developing agents that 
inhibit their metabolism. Endocannabinoid generation is sig-
nificantly increased in a variety of brain injury paradigms 
including TBI [115], possibly as part of a compensatory neu-
roprotective in response to injury. When administered ex-
ogenously, endocannabinoids significantly reduce the extent 
of brain damage [116]. The neuroprotective effects of endo-
cannabinoids appear to be mediated by CB1 receptors, as 
mice rendered null for CB1 exhibited little spontaneous re-
covery after closed head injury compared to control mice 
[117, 118]. Thus, by preventing their metabolism, the protec-
tive actions of the endocannabinoids can be further mobi-
lized, particularly in regions sustaining injury. A brief sche-
matic diagram of endocannabinoid synthesis and degradation 
is reviewed in Fig. (7), with a focus on anandamide/AEA, an 
affinity-driven agonist with greater efficacy at CB1 (Ki 61
nM) than CB2 (Ki 1930 nM) receptors. For a thorough and 
recent review of endocannabinoid metabolism, see Basavara-
jappa [119]. Briefly, the precursor of AEA is N-arachi-
donylphosphatidylethanolamine (N-ArPE). Production of 
this precursor is mediated by a calcium-dependent N-acyl-
transacylase. Accordingly, a synaptic NMDA receptor-driven 
pathway can stimulate endocannabinoid synthesis [120, 121] 
as expected under conditions of glutamate excitotoxicity. N-
ArPE is cleaved by a specific phospholipase D (PLD), des-
ignated as N-acylphosphatidylethanolamine (NAPE)-specific 
PLD, generating AEA and phosphatidic acid. NAPE-PLD is 
a member of the zinc metallohydrolase family and is struc-
turally and functionally distinct from other known PLDs 
[122]. After release in the synapse, AEA acts as a retrograde 
messenger to inhibit neurotransmitter release from presynap-
tic terminals via activation of CB1 and effects on calcium 
and potassium channels. It is rendered inactive by enzymatic 
hydrolysis, primarily by a membrane bound fatty acid amide 
hydrolase (FAAH). Consistent with this, mice rendered null 
for FAAH demonstrated 10-15-fold increases in AEA and 
related ethanolamines [123, 124], and exogenous administra-

tion of AEA elicited behaviors expected of CB1 agonists 
[123]. In general, there is good complementarity between 
anatomical expression of CB1 and FAAH [125], but regions 
of divergence are presumably available as targets for can-
nabinoid-like drugs that engage non-CB1-mediated neuro-
protective mechanisms.  

 FAAH has been crystallized and shows several structur-
ally unusual features [126] that lend themselves to design of 
specific inhibitors. In particular, the core catalytic domain is 
composed of a serine-serine-lysine triad (S241-S217-K142) 
that distinguishes it from the serine-histidine-aspartate triad 
usually observed in other serine hydrolases, thus offering 
opportunities for development of highly selective inhibitors. 
It also contains domains that appear to mediate access to 
both cytoplasmic and membrane compartments that may 
facilitate catalytic turnover. First generation FAAH inhibi-
tors, such as phenylmethylsulfonyl fluoride (PMSF), are 
fatty-acid based compounds that resemble the structure of 
anandamide (Fig. 8). Palmitylsulfonyl fluoride (AM374) is 
an irreversible inhibitor of FAAH, a weak CB1 ligand, and 
substantially more potent than PMSF in preventing anan-
damide hydrolysis [127]. In rats, it prolonged damage-
induced elevation of anandamide in several brain areas, pro-
tected against kainate-induced hippocampal damage, and 
improved functional recovery when injected intraperitoneally 
immediately after kainate administration [128]. It has been 
argued, however, that AM374 and other fatty acid sulfonyl 
fluorides lack the necessary selectivity and bioavailability to 
be therapeutically beneficial in humans (review, [129]). A 
potentially promising second generation agent is cyclo-
hexlcarbamic acid 3’-carbamoylbiphenyl-3-yl-ester, com-
monly referred to as KDS-4103 or URB597. It is more struc-
turally complex (Fig. 8; review, [129]). KDS-4103 is a 

Fig. (7). Simplified schematic diagram showing the role of FAAH in 

anandamide degradation. 
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highly potent and selective inhibitor of FAAH that does not 
interact substantially with CB1 receptors, a host of non-
cannabinoid brain receptors and channels, or other cannabi-
noid-related targets at doses that effectively raise brain anan-
damide levels in rats and mice. KDS-4103 is being explored 
as an anxiolytic and antidepressant, and has not been used in 
TBI studies. It enhanced hypothermia in response to a sub-
threshold dose of anandamide in a CB1 dependent fashion, 
yet did not influence body temperature when administered 
alone. Furthermore, this effect was not observed in mice 
rendered null for FAAH, pointing to a selective action on the 
enzyme. Altogether, these studies indicate that development 
of selective FAAH antagonists for use in TBI is warranted. 
For detailed chemical considerations, Boger and associates 
have performed extensive analyses of the structure-activity 
relationships that determine the potency of FAAH inhibitors 
[130-134]. 

Fig. (8). Chemical structures of selected FAAH inhibitors. Phen-

ylmethylsulfonyl fluoride = phenylmethanesulfonyl fluoride. 

AM374 = hexadecane-1-sulfonyl fluoride. KDS-4103 = [3-(3-

carbamoylphenyl)phenyl] N-cyclohexylcarbamate.

 A distinct pathway of inactivation is reuptake by a spe-
cific transport molecule or facilitated diffusion. Characteriza-
tion of these less understood pathways for endocannabionoid 
release and reuptake could provide additional opportunities 
for drug development. For example, the putative transport 
inhibitor N- (4-hydroxyphenyl)-arachidonamide (AM404) 
used in combination with AM374 produced additive, CB1-
mediated neuroprotection against hippocampal damage when 
coinjected with an excitotoxin [135]. Similar strategies can 
be applied to metabolism of 2-AG, though one study has 
questioned the contribution of this endocannabinoid to neu-
roprotection after brain injury (e.g., [136]). In this case, both 
FAAH and monoacylglycerol lipase may need to be targeted 
as both contribute to 2-AG inactivation (review, [137]). 

CONCLUSIONS 

 Numerous and diverse pharmacological agents are neu-
roprotective in TBI in preclinical but not clinical trials. To 
effectively treat TBI in humans, several considerations are 
warranted. First, it is necessary to further characterize neuro-

pathological distinctions between mild, moderate and severe 
TBI that can be quickly used by the clinician to categorize 
the injury, including the onset on injury. Such characteriza-
tions must include relevant pathophysiologic cascades and 
timing of activation of these cascades relative to the primary 
damage. Second, having done this, it is critical to systemati-
cally determine which agents or combinations of agents are 
likely to provide benefit based on an in-depth knowledge of 
their mechanisms of action and pharmacokinetic profiles. To 
date, the majority of clinical trials have involved patients 
with severe TBI and drugs are often administered at times 
exceeding several hours post injury. Possibly, the patients 
most likely to benefit from agents showing preclinical bene-
fit are those with moderate or mild injuries. As discussed, the 
therapeutic window for several available agents lies within 
minutes or a few hours post injury, and investigators have 
achieved some successes in modifying existing compounds 
to extend their potencies and therapeutic windows. Finally, 
improved trial design and analysis may reveal clinical bene-
fits not seen using current methods [10, 138]. 
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ABBREVIATIONS 

2-AG = 2-arachidonoylglycerol  

HMG-CoA = 3-hydroxy-3-methyl-glutaryl-CoA  

apoE = Apolipoprotein E  

BBB = Blood brain barrier  

BK = Bradykinin  

CPP = Cerebral perfusion pressure  

FAAH = Fatty acid amide hydrolase  

GCS = Glasgow Coma Scale  

IL-1  = Interleukin  

ICP = Intracranial pressure  

LTP = Long term potentiation  

MVCs = Motor vehicle collisions  

AM404 = N-(-hydroxyphenyl)rachidonamide  

NAPE = N-acylphosphatidylethanolamine  

AEA = N-arachidonoylethanolamine  

N-ArPE = N-arachidonylphosphatidylethanolamine  

NOS = Nitric oxide synthase  

NR = NMDA receptor  

AM374 = Palmitylsulfonyl fluoride  

PARP = Peroxisome proliferator-activated receptors  

PMSF = Phenylmethylsulfonyl fluoride  

PLD = Phospholipase D  
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SDH = Subdural hematoma  

TPA = Tissue plasminogen activator  

TBI = Traumatic brain injury  

TNF  = Tumor necrosis factor  

CB1 = Type 1 cannabinoid receptor  

THC = 
9
-tetrahydrocannabinol  

REFERENCES 

[1] Finkelstein, E.; Corso, P.; Miller, T. The Incidence and Economic 

Burden of Injuries in the United States, Oxford University Press: 
New York, 2006.

[2] Udekwu, P.; Kromhout-Schiro, S.; Vaslef, S.; Baker, C.; Oller, D. 
J. Trauma, 2004, 56, 1084. 

[3] Bullock, M.R.; Merchant, R.E.; Choi, S.C.; Gilman, C.B.; 
Kreutzer, J.S.; Marmarou, A.; Teasdale, G.M. Neurosurg. Focus,

2002, 13, ECP1. 
[4] Murray, G.D.; Butcher, I.; McHugh, G.S.; Lu, J.; Mushkudiani, 

N.A.; Maas, A.I.; Marmarou, A.; Steyerberg, E.W. J. Neurotrauma,
2007, 24, 329. 

[5] Albers, G.W.; Bates, V.E.; Clark, W.M.; Bell, R.; Verro, P.; Hamil-
ton, S.A. JAMA, 2000, 283, 1145. 

[6] Bourekas, E.C.; Slivka, A.P.; Shah, R.; Sunshine, J.; Suarez, J.I. 
Neurosurgery, 2004, 54, 39. 

[7] Gaetz, M. Clin. Neurophysiol., 2004, 115, 4. 
[8] Pitkanen, A.; Longhi, L.; Marklund, N.; Morales, D.M.; McIntosh, 

T.K. Drug Discov. Today: Disease Mechan., 2005, 2, 409. 
[9] Unterberg, A.W.; Stover, J.; Kress, B.; Kiening, K.L. Neuroscien-

ce, 2004, 129, 1021. 
[10] Tolias, C.M.; Bullock, M.R. Neuro.Rx., 2004, 1, 71. 

[11] Thompson, H.J.; Lifshitz, J.; Marklund, N.; Grady, M.S.; Graham, 
D.I.; Hovda, D.A.; McIntosh, T.K. J. Neurotrauma, 2005, 22, 42. 

[12] Marklund, N.; Bakshi, A.; Castelbuono, D.J.; Conte, V.; McIntosh, 
T.K. Curr. Pharm. Des., 2006, 12, 1645. 

[13] Schouten, J.W. Curr. Opin. Crit. Care, 2007, 13, 134. 
[14] Lucas, S.M.; Rothwell, N.J.; Gibson, R.M. Br. J. Pharmacol.,

2006, 147 (Suppl. 1), S232. 
[15] Ray, S.K.; Dixon, C.E.; Banik, N.L. Histol. Histopathol., 2002, 17,

1137. 
[16] Hellal, F.; Pruneau, D.; Palmier, B.; Faye, P.; Croci, N.; Plotkine, 

M.; Marchand-Verrecchia, C. J. Neurotrauma, 2003, 20, 841. 
[17] Cheronis, J.C.; Whalley, E.T.; Nguyen, K.T.; Eubanks, S.R.; Allen, 

L.G.; Duggan, M.J.; Loy, S.D.; Bonham, K.A.; Blodgett, J.K. J. 
Med. Chem., 1992, 35, 1563. 

[18] Narotam, P.K.; Rodell, T.C.; Nadvi, S.S.; Bhoola, K.D.; Troha, 
J.M.; Parbhoosingh, R.; van Dellen, J.R. Acta Neurochir. (Wien),

1998, 140, 793. 
[19] Marmarou, A.; Nichols, J.; Burgess, J.; Newell, D.; Troha, J.; 

Burnham, D.; Pitts, L. J. Neurotrauma, 1999, 16, 431. 
[20] Heitsch, H. Curr. Med. Chem., 2002, 9, 913. 

[21] Klasner, B.; Lumenta, D.B.; Pruneau, D.; Zausinger, S.; Plesnila, 
N. Neurochem. Int., 2006, 49, 442. 

[22] Marmarou, A.; Guy, M.; Murphey, L.; Roy, F.; Layani, L.; Com-
bal, J.P.; Marquer, C. J. Neurotrauma, 2005, 22, 1444. 

[23] Christians, U.; Jacobsen, W.; Floren, L.C. Pharmacol. Ther., 1998,
80, 1. 

[24] Chen, S.F.; Hung, T.H.; Chen, C.C.; Lin, K.H.; Huang, Y.N.; Tsai, 
H.C.; Wang, J.Y. Life Sci., 2007, 81, 288. 

[25] Wang, H.; Lynch, J.R.; Song, P.; Yang, H.J.; Yates, R.B.; Mace, 
B.; Warner, D.S.; Guyton, J.R.; Laskowitz, D.T. Exp. Neurol.,

2007, 206, 59. 
[26] O'Sullivan, S.E. Br. J. Pharmacol., 2007.

[27] Besson, V.C.; Chen, X.R.; Plotkine, M.; Marchand-Verrecchia, C. 
Neurosci. Lett., 2005, 388, 7. 

[28] Collino, M.; Aragno, M.; Mastrocola, R.; Benetti, E.; Gallicchio, 
M.; Dianzani, C.; Danni, O.; Thiemermann, C.; Fantozzi, R. Free 

Radic. Biol. Med., 2006, 41, 579. 
[29] Chen, X.R.; Besson, V.C.; Palmier, B.; Garcia, Y.; Plotkine, M.; 

Marchand-Leroux, C. J. Neurotrauma, 2007, 24, 1119. 
[30] Kapadia, R.; Yi, J.H.; Vemuganti, R. Front Biosci., 2008, 13, 1813. 

[31] Laskowitz, D.T.; Thekdi, A.D.; Thekdi, S.D.; Han, S.K.; Myers, 

J.K.; Pizzo, S.V.; Bennett, E.R. Exp. Neurol., 2001, 167, 74. 
[32] Lynch, J.R.; Wang, H.; Mace, B.; Leinenweber, S.; Warner, D.S.; 

Bennett, E.R.; Vitek, M.P.; McKenna, S.; Laskowitz, D.T. Exp. 
Neurol., 2005, 192, 109. 

[33] Laskowitz, D.T.; McKenna, S.E.; Song, P.; Wang, H.; Durham, L.; 
Yeung, N.; Christensen, D.; Vitek, M.P. J. Neurotrauma, 2007, 24,

1093. 
[34] Cull-Candy, S.; Brickley, S.; Farrant, M. Curr. Opin. Neurobiol.,

2001, 11, 327. 
[35] Balazs, R.; Hack, N.; Jorgensen, O.S.; Cotman, C.W. Neurosci. 

Lett., 1989, 101, 241. 
[36] Chen, H.S.; Lipton, S.A. J. Neurochem., 2006, 97, 1611. 

[37] Arundine, M.; Tymianski, M. Cell Mol. Life Sci., 2004, 61, 657. 
[38] Park, C.K.; Nehls, D.G.; Graham, D.I.; Teasdale, G.M.; McCul-

loch, J. J. Cereb. Blood Flow Metab., 1988, 8, 757. 
[39] Liu, Y.; Wong, T.P.; Aarts, M.; Rooyakkers, A.; Liu, L.; Lai, T.W.; 

Wu, D.C.; Lu, J.; Tymianski, M.; Craig, A.M.; Wang, Y.T. J. Neu-
rosci., 2007, 27, 2846. 

[40] Volbracht, C.; van Beek, J.; Zhu, C.; Blomgren, K.; Leist, M. Eur. 
J. Neurosci., 2006, 23, 2611. 

[41] Karanian, D.A.; Baude, A.S.; Brown, Q.B.; Parsons, C.G.; Bahr, 
B.A. Hippocampus, 2006, 16, 834. 

[42] Rao, V.L.; Dogan, A.; Bowen, K.K.; Todd, K.G.; Dempsey, R.J. 
Eur. J. Neurosci., 2001, 13, 119. 

[43] Muir, K.W.; Lees, K.R. Stroke, 1995, 26, 503. 
[44] Willis, C.; Lybrand, S.; Bellamy, N. Cochrane Database Syst. Rev.,

2004, CD003986. 
[45] Albers, G.W.; Goldstein, L.B.; Hall, D.; Lesko, L.M. JAMA, 2001,

286, 2673. 
[46] Lipton, S.A. Nat. Rev. Neurosci., 2007, 8, 803. 

[47] Bolshakov, K.V.; Kim, K.H.; Potapjeva, N.N.; Gmiro, V.E.; Tik-
honov, D.B.; Usherwood, P.N.; Mellor, I.R.; Magazanik, L.G. Neu-

ropharmacology, 2005, 49, 144. 
[48] Bolshakov, K.V.; Gmiro, V.E.; Tikhonov, D.B.; Magazanik, L.G. 

J. Neurochem., 2003, 87, 56. 
[49] Gerber, A.M.; Vallano, M.L. Mini Rev. Med. Chem., 2006, 6, 805. 

[50] Kroppenstedt, S.N.; Schneider, G.H.; Thomale, U.W.; Unterberg, 
A.W. J. Neurotrauma, 1998, 15, 191. 

[51] Schabitz, W.R.; Li, F.; Fisher, M. Stroke, 2000, 31, 1709. 
[52] Goda, M.; Isono, M.; Fujiki, M.; Kobayashi, H. J. Neurotrauma,

2002, 19, 1445. 
[53] Du, C.; Hu, R.; Hsu, C.Y.; Choi, D.W. J. Neurotrauma, 1996, 13,

215. 
[54] Albers, G.W.; Atkinson, R.P.; Kelley, R.E.; Rosenbaum, D.M. 

Stroke, 1995, 26, 254. 
[55] Dyker, A.G.; Edwards, K.R.; Fayad, P.B.; Hormes, J.T.; Lees, K.R. 

Stroke, 1999, 30, 2038. 
[56] Muir, K.W.; Grosset, D.G.; Lees, K.R. Clin. Neuropharmacol.,

1997, 20, 311. 
[57] Parsons, C.G.; Quack, G.; Bresink, I.; Baran, L.; Przegalinski, E.; 

Kostowski, W.; Krzascik, P.; Hartmann, S.; Danysz, W. Neuro-
pharmacology, 1995, 34, 1239. 

[58] Reddy, N.L.; Hu, L.Y.; Cotter, R.E.; Fischer, J.B.; Wong, W.J.; 
McBurney, R.N.; Weber, E.; Holmes, D.L.; Wong, S.T.; Prasad, 

R.; Keana, J.F.W. J. Med. Chem., 1994, 37, 260. 
[59] Frankiewicz, T.; Potier, B.; Bashir, Z.I.; Collingridge, G.L.; Par-

sons, C.G. Br. J. Pharmacol., 1996, 117, 689. 
[60] Rao, V.L.; Dogan, A.; Todd, K.G.; Bowen, K.K.; Dempsey, R.J. 

Brain Res., 2001, 911, 96. 
[61] Hartmann, S.; Mobius, H.J. Int. Clin. Psychopharmacol., 2003, 18,

81. 
[62] Tariot, P.N.; Farlow, M.R.; Grossberg, G.T.; Graham, S.M.; 

McDonald, S.; Gergel, I. JAMA, 2004, 291, 317. 
[63] Chen, H.S.; Pellegrini, J.W.; Aggarwal, S.K.; Lei, S.Z.; Warach, S.; 

Jensen, F.E.; Lipton, S.A. J. Neurosci., 1992, 12, 4427. 
[64] Hu, L.Y.; Guo, J.; Magar, S.S.; Fischer, J.B.; Burke-Howie, K.J.; 

Durant, G.J. J. Med. Chem., 1997, 40, 4281. 
[65] Vallano, M.L. Crit. Rev. Neurobiol., 1998, 12, 177. 

[66] Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S.F. Pharmacol. 
Rev., 1999, 51, 7. 

[67] Masu, M.; Nakajima, Y.; Moriyoshi, K.; Ishii, T.; Akazawa, C.; 
Nakanashi, S. Ann. N Y Acad. Sci., 1993, 707, 153. 

[68] Laube, B.; Hirai, H.; Sturgess, M.; Betz, H.; Kuhse, J. Neuron,
1997, 18, 493. 



700    Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 7 Jennings et al. 

[69] Anson, L.C.; Chen, P.E.; Wyllie, D.J.; Colquhoun, D.; Schoepfer, 

R. J. Neurosci., 1998, 18, 581. 
[70] Hardingham, G.E.; Fukunaga, Y.; Bading, H. Nat. Neurosci., 2002,

5, 405. 
[71] Nong, Y.; Huang, Y.Q.; Salter, M.W. Curr. Opin. Neurobiol.,

2004, 14, 353. 
[72] Perez-Otano, I.; Ehlers, M.D. Trends Neurosci., 2005, 28, 229. 

[73] Mallon, A.P.; Auberson, Y.P.; Stone, T.W. Exp. Brain Res., 2005,
162, 374. 

[74] Massey, P.V.; Johnson, B.E.; Moult, P.R.; Auberson, Y.P.; Brown, 
M.W.; Molnar, E.; Collingridge, G.L.; Bashir, Z.I. J. Neurosci.,

2004, 24, 7821. 
[75] Papadia, S.; Stevenson, P.; Hardingham, N.R.; Bading, H.; Har-

dingham, G.E. J. Neurosci., 2005, 25, 4279. 
[76] DeRidder, M.N.; Simon, M.J.; Siman, R.; Auberson, Y.P.; Raghu-

pathi, R.; Meaney, D.F. Neurobiol. Dis., 2006, 22, 165. 
[77] Tsuchida, E.; Rice, M.; Bullock, R. J. Neurotrauma, 1997, 14, 409. 

[78] Kundrotiene, J.; Cebers, G.; Wagner, A.; Liljequist, S. J. Neu-
rotrauma, 2004, 21, 83. 

[79] Merchant, R.E.; Bullock, M.R.; Carmack, C.A.; Shah, A.K.; Wil-
ner, K.D.; Ko, G.; Williams, S.A. Ann. N Y Acad. Sci., 1999, 890,

42. 
[80] Yurkewicz, L.; Weaver, J.; Bullock, M.R.; Marshall, L.F. J. Neu-

rotrauma, 2005, 22, 1428. 
[81] Bullock, M.R.; Merchant, R.E.; Carmack, C.A.; Doppenberg, E.; 

Shah, A.K.; Wilner, K.D.; Ko, G.; Williams, S.A. Ann. N Y Acad. 
Sci., 1999, 890, 51. 

[82] Biegon, A.; Fry, P.A.; Paden, C.M.; Alexandrovich, A.; Tsenter, J.; 
Shohami, E. Proc. Natl. Acad. Sci. USA, 2004, 101, 5117. 

[83] Yaka, R.; Biegon, A.; Grigoriadis, N.; Simeonidou, C.; Grigoriadis, 
S.; Alexandrovich, A.G.; Matzner, H.; Schumann, J.; Trembovler, 

V.; Tsenter, J.; Shohami, E. FASEB J., 2007, 21, 2033. 
[84] van der Stelt, M.; Veldhuis, W.B.; Maccarrone, M.; Bar, P.R.; 

Nicolay, K.; Veldink, G.A.; Di Marzo, V.; Vliegenthart, J.F. Mol. 
Neurobiol., 2002, 26, 317. 

[85] Mechoulam, R.; Spatz, M.; Shohami, E. Sci. STKE, 2002, 2002,
RE5. 

[86] Biegon, A. Curr. Pharm. Des., 2004, 10, 2177. 
[87] Grotenhermen, F. Curr. Drug Targets CNS Neurol. Disord., 2005,

4, 507. 
[88] Piomelli, D. Nat. Rev. Neurosci., 2003, 4, 873. 

[89] Matsuda, L.A.; Lolait, S.J.; Brownstein, M.J.; Young, A.C.; Bon-
ner, T.I. Nature, 1990, 346, 561. 

[90] Tanda, G.; Goldberg, S.R. Psychopharmacology (Berl), 2003, 169,
115. 

[91] Martin, B.R.; Sim-Selley, L.J.; Selley, D.E. Trends Pharmacol. 
Sci., 2004, 25, 325. 

[92] Herkenham, M.; Lynn, A.B.; Johnson, M.R.; Melvin, L.S.; de 
Costa, B.R.; Rice, K.C. J. Neurosci., 1991, 11, 563. 

[93] Mailleux, P.; Vanderhaeghen, J.J. Neuroscience, 1992, 48, 655. 
[94] Alger, B.E. Prog. Neurobiol., 2002, 68, 247. 

[95] Kreitzer, A.C.; Regehr, W.G. Curr. Opin. Neurobiol., 2002, 12,
324. 

[96] Aguado, T.; Romero, E.; Monory, K.; Palazuelos, J.; Sendtner, M.; 
Marsicano, G.; Lutz, B.; Guzman, M.; Galve-Roperh, I. J. Biol. 

Chem., 2007, 282, 23892. 
[97] Eljaschewitsch, E.; Witting, A.; Mawrin, C.; Lee, T.; Schmidt, 

P.M.; Wolf, S.; Hoertnagl, H.; Raine, C.S.; Schneider-Stock, R.; 
Nitsch, R.; Ullrich, O. Neuron, 2006, 49, 67. 

[98] Gaoni, Y.; Mechoulam, R. J. Am. Chem. Soc., 1964, 86, 1646. 
[99] Howlett, A.C.; Barth, F.; Bonner, T.I.; Cabral, G.; Casellas, P.; 

Devane, W.A.; Felder, C.C.; Herkenham, M.; Mackie, K.; Martin, 
B.R.; Mechoulam, R.; Pertwee, R.G. Pharmacol. Rev., 2002, 54,

161. 
[100] Mechoulam, R.; Feigenbaum, J.J.; Lander, N.; Segal, M.; Jarbe, 

T.U.; Hiltunen, A.J.; Consroe, P. Experientia, 1988, 44, 762. 
[101] Howlett, A.C.; Champion, T.M.; Wilken, G.H.; Mechoulam, R. 

Neuropharmacology, 1990, 29, 161. 
[102] Feigenbaum, J.J.; Bergmann, F.; Richmond, S.A.; Mechoulam, R.; 

Nadler, V.; Kloog, Y.; Sokolovsky, M. Proc. Natl. Acad. Sci. USA,
1989, 86, 9584. 

[103] Shohami, E.; Gallily, R.; Mechoulam, R.; Bass, R.; Ben-Hur, T. J. 
Neuroimmunol., 1997, 72, 169. 

[104] Eshhar, N.; Striem, S.; Kohen, R.; Tirosh, O.; Biegon, A. Eur. J. 
Pharmacol., 1995, 283, 19. 

[105] Shohami, E.; Novikov, M.; Bass, R. Brain Res., 1995, 674, 55. 

[106] Knoller, N.; Levi, L.; Shoshan, I.; Reichenthal, E.; Razon, N.; 
Rappaport, Z.H.; Biegon, A. Crit. Care Med., 2002, 30, 548. 

[107] Maas, A.I.; Murray, G.; Henney, H., 3rd; Kassem, N.; Legrand, V.; 
Mangelus, M.; Muizelaar, J.P.; Stocchetti, N.; Knoller, N. Lancet 

Neurol., 2006, 5, 38. 
[108] Pacheco, M.; Childers, S.R.; Arnold, R.; Casiano, F.; Ward, S.J. J. 

Pharmacol. Exp. Ther., 1991, 257, 170. 
[109] Bell, M.R.; D'Ambra, T.E.; Kumar, V.; Eissenstat, M.A.; 

Herrmann, J.L., Jr.; Wetzel, J.R.; Rosi, D.; Philion, R.E.; Daum, 
S.J.; Hlasta, D.J.; Kullnig, R.K.; Ackerman, J.H.; Haubrich, D.R.; 

Luttinger, D.A.; Baizman, E.R.; Miller, M.S.; Ward, S.J. J. Med. 
Chem., 1991, 34, 1099. 

[110] Shen, M.; Thayer, S.A. Mol. Pharmacol., 1998, 54, 459. 
[111] Mauler, F.; Mittendorf, J.; Horvath, E.; De Vry, J. J. Pharmacol. 

Exp. Ther., 2002, 302, 359. 
[112] De Vry, J.; Rudiger Jentzsch, K. Eur. J. Pharmacol., 2002, 457,

147. 
[113] Mauler, F.; Horvath, E.; De Vry, J.; Jager, R.; Schwarz, T.; Sand-

mann, S.; Weinz, C.; Heinig, R.; Bottcher, M. CNS Drug Rev.,
2003, 9, 343. 

[114] De Vry, J.; Denzer, D.; Reissmueller, E.; Eijckenboom, M.; Heil, 
M.; Meier, H.; Mauler, F. J. Pharmacol. Exp. Ther., 2004, 310,

620. 
[115] Panikashvili, D.; Simeonidou, C.; Ben-Shabat, S.; Hanus, L.; Breu-

er, A.; Mechoulam, R.; Shohami, E. Nature, 2001, 413, 527. 
[116] van der Stelt, M.; Veldhuis, W.B.; van Haaften, G.W.; Fezza, F.; 

Bisogno, T.; Bar, P.R.; Veldink, G.A.; Vliegenthart, J.F.; Di Mar-
zo, V.; Nicolay, K. J. Neurosci., 2001, 21, 8765. 

[117] Panikashvili, D.; Mechoulam, R.; Beni, S.M.; Alexandrovich, A.; 
Shohami, E. J. Cereb. Blood Flow Metab., 2005, 25, 477. 

[118] Kim, S.H.; Won, S.J.; Mao, X.O.; Jin, K.; Greenberg, D.A. J. 
Pharmacol. Exp. Ther., 2005, 313, 88. 

[119] Basavarajappa, B.S. Protein Pept. Lett., 2007, 14, 237. 
[120] Hashimotodani, Y.; Ohno-Shosaku, T.; Watanabe, M.; Kano, M. J. 

Physiol., 2007, 584(Pt 2), 373. 
[121] Ohno-Shosaku, T.; Hashimotodani, Y.; Ano, M.; Takeda, S.; 

Tsubokawa, H.; Kano, M. J. Physiol., 2007, 584(Pt 2), 407. 
[122] Okamoto, Y.; Morishita, J.; Tsuboi, K.; Tonai, T.; Ueda, N. J. Biol. 

Chem., 2004, 279, 5298. 
[123] Cravatt, B.F.; Demarest, K.; Patricelli, M.P.; Bracey, M.H.; Giang, 

D.K.; Martin, B.R.; Lichtman, A.H. Proc. Natl. Acad. Sci. USA,
2001, 98, 9371. 

[124] Clement, A.B.; Hawkins, E.G.; Lichtman, A.H.; Cravatt, B.F. J. 
Neurosci., 2003, 23, 3916. 

[125] Egertova, M.; Giang, D.K.; Cravatt, B.F.; Elphick, M.R. Proc. R. 
Soc. Lond. B., 1998, 265, 2081. 

[126] Bracey, M.H.; Hanson, M.A.; Masuda, K.R.; Stevens, R.C.; Cra-
vatt, B.F. Science, 2002, 298, 1793. 

[127] Deutsch, D.G.; Lin, S.; Hill, W.A.; Morse, K.L.; Salehani, D.; 
Arreaza, G.; Omeir, R.L.; Makriyannis, A. Biochem. Biophys. Res. 

Commun., 1997, 231, 217. 
[128] Karanian, D.A.; Karim, S.L.; Wood, J.T.; Williams, J.S.; Lin, S.; 

Makriyannis, A.; Bahr, B.A. J. Pharmacol. Exp. Ther., 2007, 322,
1059. 

[129] Piomelli, D.; Tarzia, G.; Duranti, A.; Tontini, A.; Mor, M.; Com-
pton, T.R.; Dasse, O.; Monaghan, E.P.; Parrott, J.A.; Putman, D. 

CNS Drug Rev., 2006, 12, 21. 
[130] Boger, D.L.; Sato, H.; Lerner, A.E.; Hedrick, M.P.; Fecik, R.A.; 

Miyauchi, H.; Wilkie, G.D.; Austin, B.J.; Patricelli, M.P.; Cravatt, 
B.F. Proc. Natl. Acad. Sci. USA, 2000, 97, 5044. 

[131] Boger, D.L.; Miyauchi, H.; Hedrick, M.P. Bioorg. Med. Chem. 
Lett., 2001, 11, 1517. 

[132] Guimaraes, C.R.; Boger, D.L.; Jorgensen, W.L. J. Am. Chem. Soc.,
2005, 127, 17377. 

[133] Romero, F.A.; Du, W.; Hwang, I.; Rayl, T.J.; Kimball, F.S.; Leung, 
D.; Hoover, H.S.; Apodaca, R.L.; Breitenbucher, J.G.; Cravatt, 

B.F.; Boger, D.L. J. Med. Chem., 2007, 50, 1058. 
[134] Hardouin, C.; Kelso, M.J.; Romero, F.A.; Rayl, T.J.; Leung, D.; 

Hwang, I.; Cravatt, B.F.; Boger, D.L. J. Med. Chem., 2007, 50,
3359. 

[135] Karanian, D.A.; Brown, Q.B.; Makriyannis, A.; Kosten, T.A.; 
Bahr, B.A. J. Neurosci., 2005, 25, 7813. 



Pharmacological Treatment of TBI Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 7    701

[136] Hansen, H.H.; Schmid, P.C.; Bittigau, P.; Lastres-Becker, I.; Ber-

rendero, F.; Manzanares, J.; Ikonomidou, C.; Schmid, H.H.; Fer-
nandez-Ruiz, J.J.; Hansen, H.S. J. Neurochem., 2001, 78, 1415. 

[137] Di Marzo, V.; Petrosino, S. Curr. Opin. Lipidol., 2007, 18, 129. 

[138] Maas, A.I.; Marmarou, A.; Murray, G.D.; Teasdale, S.G.; Steyer-

berg, E.W. J. Neurotrauma, 2007, 24, 232. 
[139] Chen, W.G.; West, A.E.; Tao, X.; Corfas, G.; Szentirmay, M.N.; 

Sawadogo, M.; C, V.; E, G.M. J. Neurosci., 2003, 23, 2572. 

Received: 12 October, 2007 Revised: 09 January, 2008 Accepted: 09 January, 2008 






