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INTRODUCTION

Early use of an anticonvulsant does not guarantee 
that seizures, once stopped, will not return. The recur-
rence of seizures is often observed in animal studies in 
several species and is of concern in human exposures. 
Although neuropathology is reduced in diazepam-
treated animals, the incidence and degree of protection 
afforded by diazepam is not complete.9,20–23 Moreover, 
switching the fielded anticonvulsant to another benzo-
diazepine, such as midazolam or lorazepam, does not 
entirely solve the problem of refractory SE.

Seizures and SE are key causes of brain damage re-
sulting from nerve agent poisoning, and their preven-
tion or alleviation should be the primary objective.24–26 
However, because of the refractory nature of seizures 
and especially SE, prevention and alleviation become 
increasingly difficult as more time elapses before 
therapy begins. Also, there is high probability that 
seizures will return when anticonvulsants wear off. 
Therefore, it is reasonable to anticipate a high incidence 
of brain damage connected to the increased survival 
rate of nerve agent victims.

Casualties exhibiting seizures and SE can be an-
ticipated not only from terrorist attacks but also from 
battlefield scenarios involving troops who were not 
in full protective ensemble at the time of the attack.27 
In the confusion following a terrorist attack or on the 
battlefield, prompt treatment of nerve agent casualties 
can be expected to be problematic, and some victims 
undergoing seizures may not receive anticonvulsants 
inside the antiseizure therapeutic window. It is also 
possible that some victims may undergo noncon-
vulsive SE, a state of continuous seizures without 
observable clinical movement.28 For these victims, 
treatment might be inadvertently delayed beyond the 
therapeutic window. Under the Small Business Innova-
tive Research Program, the US Army funds efforts to 
field a far-forward, simple seizure detector to identify 
these casualties.

This chapter presents a detailed overview of nerve-
agent–induced neuropathology and explains the mech-
anisms of action of candidate neuroprotectants that have 
shown promise in various animal and human studies, 
especially those that have received US Food and Drug 
Administration (FDA) approval for other indications.

Organophosphorus nerve agents are the principal 
chemical warfare agents known to produce brain 
injury. They block hydrolysis of the neurotransmitter 
acetylcholine by inhibiting the enzyme acetylcholin-
esterase, resulting in greatly increased postsynaptic 
acetylcholine levels. This causes a spectrum of effects, 
including miosis, excess secretions, nausea, vomiting, 
and muscle fasciculations. At moderate to high doses, 
nerve agents also cause seizures and associated con-
vulsions. If left untreated, seizures rapidly progress to 
status epilepticus (SE) and cause irreversible seizure-
related brain damage (SRBD).1,2 The International 
Classification of Epileptic Seizures defines SE as any 
seizure lasting at least 30 minutes or intermittent sei-
zures lasting longer than 30 minutes between which 
the patient does not regain consciousness.3,4

For over a decade acute therapy has effectively saved 
those poisoned by nerve agents on the battlefield,5 after 
accidental exposures,6 and in terrorist attacks, as in the 
Japan subway attacks in 1994 and 1995. One lesson 
learned from the 1995 Tokyo attack was that, lacking 
acute antidotal treatment, many survivors arrived at 
hospitals in convulsive SE. The Tokyo experience illus-
trates the necessity of acute antidotal therapy, such as 
the regimen adopted by the US military. This regimen 
is aimed primarily at treating cholinergic crisis with 
a postexposure anticholinergic (atropine sulfate) and 
an oxime reactivator (2-pralidoxime [2-PAM Cl]). In 
specific intelligence-driven situations, pyridostigmine 
bromide (PB) pretreatment is added. Although these 
medications greatly reduce morbidity and mortality, 
they do not always prevent seizures and brain damage 
in nerve agent casualties; therefore, the regimen now 
includes the anticonvulsant diazepam.2

Even with diazepam, however, the treatment regi-
men has limitations. The decision to include diazepam 
was based on animal data showing that it could 
terminate nerve-agent–induced seizures and convul-
sions and enhance survival when given in conjunction 
with the acute therapy described above.7–11 However, 
the therapeutic window for arresting seizures and 
SE with diazepam is less than an hour following on-
set; after that, both are refractory to anticonvulsant 
therapy.7,8,10–19 

Neuropathology And The Mechanism Of Nerve-Agent–Induced Damage 

Although there is little neuropathological data 
from patients who have survived nerve agent attacks, 
abundant evidence is available from animal models, 
many of which involve persistent SE. The profound 
brain damage produced by nerve agents was first 

described by Petras29; Lemercier et al30; and McLeod 
et al.31 Since then, numerous studies have greatly en-
hanced the understanding of neuropathology resulting 
from nerve agent intoxication.23,32–38 These studies have 
established that prolonged seizures and SE resulting 
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from nerve agent exposure are directly responsible 
for the vast majority, if not all, of the neuropathology 
produced by these agents. The associated damage is 
typically bilaterally symmetrical and most severe in 
temporal lobe structures (ie, piriform and entorhinal 
cortices, hippocampus, and amygdala) as well as in 
the thalamus.

Brain damage resulting from agent-induced sei-
zures is the result of the complex, multiphasic response 
of individual neurons to numerous extracelluar and 
intracellular events. Following inhibition of acetyl-
cholinesterase and accumulation of acetylcholine at 
cholinergic synapses, the hyperstimulation of cholin-
ergic receptors on postsynaptic membranes triggers 
seizures.10,39,40 Subsequently, recruitment and excessive 
activation of the glutamatergic neurotransmitter sys-
tem occurs. Glutamate, the most abundant excitatory 
neurotransmitter in the brain, is responsible for sus-
taining soman-induced seizures and promoting the 
development of SE.1,24,41–44 Large pathological eleva-
tions in the concentration of intracellular sodium and 
(especially) calcium are caused by excessive stimula-
tion of ionotropic glutamate receptors, as is prolonged 
depolarization of postsynaptic membranes. This 
initiates a harmful cascade of pathological processes, 
most of which center around a prolonged increase in 
intracellular free calcium or delayed calcium overload, 
leading to excitotoxic cell death.1,24,45–47

Transient elevation in intracellular free calcium is a 
ubiquitous signaling mechanism and regulator of in-
tracellular processes, from cell growth and metabolism 
to cell death.48–50 Cytosolic free calcium is also a critical 
neuronal mediator of learning and memory.51 How-
ever, when normal homeostatic control of intracellular 
calcium is lost and a sustained elevation occurs, the 
delayed calcium overload triggers neuronal cell death 
by necrosis or apoptosis (a form of programmed cell 
death).52–56 In neurons, the majority of calcium influx 
occurs through N-methyl d-aspartate (NMDA) iono-
tropic glutamate receptors as well as voltage-gated cal-
cium channels (eg, L-type). Calcium influx also occurs, 
though to a lesser extent, through the other two classes 
of ionotropic glutamate receptors (alpha-amino-3-
hydroxy-5-methylisoxazole-4-proprionic acid and 
kainate receptors).57 Excessive stimulation of NMDA 
receptors is the first step in glutamate excitotoxicity.24,45 

The release of intracellular stores is also responsible 
for increased cytosolic free calcium. The endoplasmic 
reticulum (ER) releases calcium following binding 
of the second messenger, inositol triphosphate, to 
ionotropic receptors located on the ER membrane. 
Calcium is released from the ER via ryanodine recep-
tors. These ionotropic receptors are also located on the 
ER membrane and open following binding of cytosolic 

calcium; thus, cytosolic free calcium augments its own 
concentration by stimulating calcium release from the 
ER.49 The ER plays a critical role in normal calcium 
homeostasis. Excessive release or impaired uptake of 
calcium has been implicated in pathology resulting 
from calcium overload.49,52 Brain mitochondria are 
important for calcium buffering as cytosolic concentra-
tions rise, and their ability to sequester calcium is de-
pendent on adenosine triphosphate (ATP).58 However, 
when calcium overload occurs, mitochondria undergo 
a permeability transition characterized by loss of 
mitochondrial transmembrane potential, curtailment 
of ATP synthesis, mitochondrial swelling, release of 
stored calcium, and neuronal death by necrosis.59–62

The majority of soman-induced SRBD results from 
glutamate excitotoxicity and the delayed calcium over-
load that follows.1,24,42,43 Delayed calcium overload in 
neurons initiates a pathological sequence characterized 
by activation of several potentially damaging enzymes. 
These include oxygenases, phospholipases, and nitric 
oxide synthase, which produce reactive oxygen spe-
cies such as superoxide radical, hydrogen peroxide, 
hydroxyl radical, nitric oxide, and peroxynitrite. 
Neuronal injury induced by reactive oxygen species 
stems from direct damage to cell membranes, DNA, 
and intracellular proteins, and also induction of cyto-
chrome C from mitochondria with subsequent caspase 
activation.62 Release of cytochrome C, caspase activa-
tion, and DNA fragmentation are molecular hallmarks 
of apoptosis (Figure 6-1).56,62,63 

Cysteine proteases called calpains are also activated 
by sustained elevations in intracellular free calcium. 
Calpains degrade various intracellular proteins, in-
cluding those of the cytoskeleton, membrane channels, 
and metabolic enzymes, and cause neuronal death by 
necrosis.56,62,63 (Necrosis produces localized inflamma-
tion, which exacerbates damage, while apoptosis is 
not associated with inflammation.) The culmination 
of these events may result in cell death hours or days 
after the initial insult.53–55

Necrosis and apoptosis are not an either/or phe-
nomena, that is, they are not completely distinct forms 
of cell death with no overlap; a necrosis versus apop-
tosis dichotomy is a misleading over-simplification.64,65 
Martin and colleagues proposed an “apoptosis-necrosis 
continuum,” reporting that dying neurons can exhibit 
intermediate forms between apoptosis and necrosis.66 
Recently, Baille and colleagues confirmed that neuronal 
injury, resulting from soman-induced seizures, exhibits 
a large variety of hybrid forms between necrosis and 
apoptosis, but that the majority show more necrotic 
features.67 Whether soman-induced neuropathology is 
mostly necrotic, as it is in the piriform cortex of rats,38 
or contains elements of apoptosis as first proposed 
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by Ballough et al in 1997 and definitively assessed 
by Baille et al is less important than the fact that both 
forms of neuronal cell death are triggered by nerve-
agent–induced seizures.38,67,68 

Candidate drugs may alter the relative propor-
tions of neurons undergoing death by necrosis versus 
apoptosis. Studies have reported that insufficient ATP 
availability is an important determinant of whether 

a cell that has been triggered to undergo apoptosis 
is instead forced to die by necrosis.55,69,70 Therefore, it 
is conceivable that a neuroprotectant candidate that 
enhances ATP availability (for example, poly(ADP-
ribose) polymerase [PARP] inhibitors) could suppress 
necrosis while facilitating apoptosis. Neither possibil-
ity should be excluded during pathological evaluations 
of neuroprotectant candidates.

Fig. 6-1. Mechanisms contributing to nerve agent-induced SRBD. Calcium plays a pivotal role in glutamate excitotoxicity. A 
number of pharmacological approaches to neuroprotection have been investigated. Various sites in this pathway have been 
targeted.  NMDA receptor antagonists block calcium entry through this glutamate ionotropic receptor. Gangliosides promote 
calcium extrusion indirectly by blocking PKC translocation (not indicated). PARP inhibitors enhance functionality of ion 
pumps and calcium extrusion by increasing ATP availability. Dantrolene blocks calcium release from intracellular stores. 
Free radical scavengers include free radical “traps” and endogenous free radical scavenging enzymes and small molecules 
prevent oxidative damage. 

Specific Relevance of Neuroprotection to Nerve Agent Survivors

The term “neuroprotection” is defined as “pharma-
cological intervention that produces enduring benefits 
by favorably influencing underlying etiology or patho-
genesis and thereby forestalling the onset of disease or 
clinical decline.”71,72 Within this broad definition, neu-
roprotection has acquired many different connotations. 
As a result, a search of the term “neuroprotection” on 

the National Library of Medicine’s PubMed search 
page produces several thousand studies, mostly on 
disease states in which subsets of neurons are specifi-
cally vulnerable and die prematurely (as happens in 
Parkinson’s disease, Huntington’s disease, frontotem-
poral dementia, and a host of metabolic disorders) or 
accumulate neuropathology seen to a slight degree in 
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normal brains but in an accelerated fashion in some 
diseases (such as Alzheimer’s disease and trisomy 21). 
However, such interventions are unlikely to be relevant 
to the survivor of a single, brief nerve agent exposure 
that has already caused sustained seizures and SE. On 
the other hand, research on neuroprotection following 
stroke has provided valuable insights and clues that 
do apply to the nerve agent survivor.

In this chapter, the term “neuroprotection” spe-
cifically refers to a putative intervention given over a 
short period, ideally closely following the diagnosis 
of nerve agent exposure or before the acute toxic 
syndrome of exposure has been adequately treated. 
The best neuroprotectant would have the longest 
therapeutic window during which administration 
would be beneficial (even if the window is still only a 
matter of hours). At the same time, for logistical and 
doctrinal reasons, the neuroprotection initiative does 
not extend to prophylactic treatments administered 
to troops likely to experience nerve agent exposure 
(which would constitute a pretreatment, such as the 
bioscavenger initiative [see Chapter 7, Nerve Agent 
Bioscavenger: Development of a New Approach 
to Protect Against Organophosphorus Exposure]). 
Therefore, in this chapter, neuroprotection refers only 
to postexposure treatment.

There are similarities between brain damage result-
ing from nerve-agent–induced seizures and secondary 
neuronal injury resulting from stroke.73,74 Although the 
immediate aspect of stroke-related neuronal injury is 
necrosis, which stems from anoxia or hypoxia, there 
is a secondary component to stroke damage that takes 
48 to 72 hours to become manifest. This component 
accounts for approximately 50% of the total damage 
resulting from the ischemic episode. Secondary stroke 
injury involves brain tissue immediately surrounding 
the necrotic core of primary injury (the penumbra). 
For the most part, glutamate excitotoxicity and ionic 
destabilization, especially intracellular calcium, induce 
penumbral damage.73–75 Thus, the similarities between 
secondary stroke damage and damage resulting from 
nerve-agent–induced seizures become apparent: they 
both involve glutamate excitotoxicity, hinge on intra-

cellular calcium destabilization, and lead to necrotic 
or apoptotic neuronal death. This similarity raises the 
possibility that neuroprotectants being developed for 
stroke may be useful for nerve agent survivors. Neu-
roprotective interventions in stroke models have been 
shown to save neurons that otherwise would have died 
via necrosis or apoptosis. There is hope, then, that a 
treatment can be found that can be administered after 
agent exposure and that, although it may not have 
any immediately discernible clinical effect, will pro-
duce a significantly improved long-term neurological 
outcome. Any of the many classes of compounds that 
have been suggested as acute stroke neuroprotectant 
candidates could be tried. This list is extensive; the 
Internet Stroke Center (http://www.strokecenter.
org), maintained by Washington University,76 offers 
a continuously updated list of compounds that have 
been tried in clinical stroke trials.

The rationale for developing a protective agent, 
especially one based on dissimilar clinical situations 
that give rise to similar neuronal pathology, assumes 
that preventing neuronal loss will produce a superior 
clinical outcome. In the case of stroke, this assumption is 
probably warranted. In the case of nerve-agent–induced 
nerve cell damage, this assumption has never been 
tested directly, but it is consistent with a wide variety 
of animal data in multiple models and species. The as-
sumption that preventing brain damage will produce 
superior behavioral outcome is even supported by 
Lashley and Hebb’s studies in the early to mid 1900s.77 
A neuroprotectant in this restricted sense should dem-
onstrate that neurons that might have been lost are now 
saved and that behavioral or neurological outcome is 
improved. An ideal database to document such neu-
roprotectants would include both neuropathological 
evidence of neuron survival and behavioral (in animals) 
or cognitive (in people) evidence that the neurologic 
outcome is superior compared to subjects that did not 
receive the neuroprotectant. Finally, the FDA must ap-
prove use of the agent if it is a medication. (In clinical 
medicine, any FDA-approved medication can be used 
off-label by licensed physicians, but in military doctrine, 
specific on-label FDA approval is mandatory.) 

Neuroprotectants with Proven Efficacy Against Nerve-Agent–induced  
Siezure-Related Brain Damage

This research comes from the consensus that nerve-
agent–induced seizures and SE lead to the develop-
ment of glutamate-mediated excitotoxicity, in which 
delayed calcium overload is the intracellular trigger of 
the final sequences leading to cell death.1,24,42,43,47,49,56,78–81 
Classes of drugs that have been tested for their abilities 
to ameliorate nerve-agent–induced SRBD by specifi-

cally mitigating delayed calcium overload include the 
following: 

	 •	 NMDA receptor antagonists that block extra-
cellular calcium influx; 

	 •	 glycosphingolipids that reduce intracellular 
calcium by blocking the translocation of 
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protein kinase C (PKC), thus enhancing the 
sodium-calcium exchange;

	 •	 ryanodine receptor antagonists that prevent 
the release of calcium from the ER; and 

	 •	 PARP inhibitors that indirectly lower intra-
cellular calcium by preventing ATP deple-
tion.82–89  

Increased ATP availability facilitates calcium ef-
flux by plasma membrane Ca2+ ATPase and calcium 
sequestration by the mitochondria, and indirectly 
enhances sodium-calcium exchange by maintaining 
sodium-potassium-ATPase functionality.58

Gangliosides

Medications that target events subsequent to calci-
um overload have been tested against soman-induced 
SRBD in an effort to circumvent neurotoxicity associ-
ated with NMDA receptor antagonism and mitigate 
established delayed calcium overload. Intracerebro-
ventricular infusion of GM1 monosialoganglioside (5 
mg/kg/day, for 5 days before and 27 h after soman 
exposure) in rats markedly reduced cross-sectional 
areas of soman-induced temporal lobe necrosis (there 
was an 85.9% lesion reduction in the piriform cortex 
and contiguous structures, compared with unpro-
tected soman-positive controls).90 In this study, all rats 
were pretreated with PB before soman exposure, and 
then treated with atropine methylnitrate (AMN ) and 
2-pralidoxime (2-PAM). Considerable neuroprotec-
tion was also obtained with the water-soluble GM1 
monosialoganglioside derivative, WILD20. As an 
adjunct to HI-6 pretreatment and AMN posttreatment, 
WILD20 (2.5 mg/kg, intraperitoneal injection [IP]) 
reduced volumetric temporal lobe necrosis by 75.2%. 
Neuroprotection by these two compounds occurred, 
and neither seizure intensity nor duration (assessed 
via electroencephalography [EEG] monitoring) was 
diminished.

Gangliosides are sialic-acid–containing glycosphin-
golipids that are natural constituents of cell mem-
branes and are particularly abundant in neurons.91–93 
The mechanism by which GM1 monosialoganglioside 
and WILD20 exert their neuroprotective effects in-
volves inhibition of PKC translocation to the plasma 
membrane.75, 82–86,94,95 PKC activation and translocation 
enhance glutamate excitotoxicity.96,97 Furthermore, 
PKC’s role in the excitotoxic process is to prolong 
NMDA receptor activation and possibly inhibit cal-
cium extrusion mechanisms.82,75,98 In addition, WILD20 
is reported to reduce inflammation by its inhibitory 
effects on specific leukocytes (neutrophils).99 Despite 
the promising results with gangliosides, further studies 

have been discontinued because of concerns of possible 
contamination by prions associated with bovine spon-
giform encephalopathy (mad cow disease).90,100

Poly(ADP-ribose) Polymerase Inhibitors

Recent studies indicate that PARP inhibition is 
neuroprotective following neuropathological insults 
involving excitotoxicity, such as cerebral ischemia 
and traumatic brain injury.101–108 PARP is an abundant 
nuclear enzyme that is activated by DNA strand 
breaks induced by reactive oxygen species.108,109 With 
moderate insults, it facilitates DNA repair by utiliz-
ing cellular nicotinamide adenine dinucleotide to 
form poly(ADP-ribose). Excessive PARP activation 
leads to nicotinamide adenine dinucleotide depletion, 
metabolic inhibition via glycolysis block, ATP insuf-
ficiency, and cell death by necrosis.104,109,110 Neurons 
are especially vulnerable to metabolic insufficiency 
resulting from PARP over-activation because glucose 
is normally the only metabolic substrate and the 
dependency on glycolysis is exceptionally high.108 In 
excitotoxic models, over-activation of PARP is closely 
linked to calcium-induced nitric oxide synthase activa-
tion, which leads to the production of nitric oxide; the 
detrimental effects of nitric oxide are mostly mediated 
through peroxynitrite, which forms when nitric oxide 
reacts with superoxide.109,111,112

In 1999 Meier et al113 reported reduced lesion vol-
umes and increased survival in soman-exposed rats 
that received the PARP inhibitor benzamide. Further 
investigation into the neuroprotective efficacy of PARP 
inhibition warrants consideration, and subsequent 
studies should include several new-generation PARP 
inhibitors that have shown increased usefulness, such 
as ONO-1924H, DR2313, and FR247304.105,107,114

Ryanodine Receptor Antagonist

Dantrolene is another drug that has shown neuro-
protective efficacy against soman-induced SRBD.88 A 
ryanodine receptor antagonist that prevents the release 
of calcium from the ER, dantrolene is FDA-approved 
for use in malignant hyperthermia. Although some 
neuroprotection is produced by diazepam alone (20 
mg/kg, intramuscular injection [IM], 40 min after sei-
zure onset), this protection is significantly augmented 
in the dorsal and lateral cortices of rats by coadminis-
tration of dantrolene (10 mg/kg, intravenous [IV]).88 
Administering the full dosage of dantrolene in a single 
injection is difficult because of insolubility problems 
associated with the medication. To overcome these 
problems and achieve the desired dantrolene dosage, 
four separate IV injections were performed between 
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40 minutes and 8 hours after seizure onset, with a 
total injection volume approximating 1 mL per rat. A 
unique formulation of dantrolene (Lyotropic Thera-
peutics, Inc, Ashland, Va) as a nanocrystal dispersion 
has also been used to obviate solubility problems. With 
this formulation, it is possible to administer a much 
higher dose of dantrolene in a much lower injection 
volume. This is critical because when dantrolene is 
administered by IP injection, liver enzymes lower the 
concentration of dantrolene reaching the brain. The 
nanocrystal formulation of dantrolene minimizes the 
effects of the liver enzymes. 

Our results with the dantrolene nanocrystal formu-
lation not only overcame the insolubility problems of 
our previous dantrolene study, but corroborated and 
extended the results of that study. The nanocrystal study 
was unable to demonstrate significant protection in the 
piriform cortex, the most severely damaged region, but 
in this study the nanocrystal dispersion of dantrolene 
(40 mg/kg, IP) plus diazepam (20 mg/kg, IM) reduced 
piriform cortical necrosis by 15.6% more than diazepam 
alone (unpublished study by US Army Medical Research 
Institute of Chemical Defense). In these experiments, all 
soman-exposed rats also received HI-6 (125 mg/kg, IP, 30 
min after soman) and AMN (2 mg/kg, IM, < 1 min after 
soman) to protect against the peripheral effects of soman 
and ensure survival. Neuroprotection by dantrolene in 
the above experiments occurred without changes in sei-
zure intensity or duration, and dantrolene produced no 
discernible effects on the electrocorticographic profiles 
of soman-exposed subjects. These findings are consistent 
with those of Frandsen and Schouosboe,115 who reported 
that dantrolene prevented glutamate neurotoxicity by 
blocking release of calcium from intracellular stores. 
The results are also consistent with those of Niebauer 
and Gruenthal,87 who examined the protective effects of 
dantrolene on hippocampal neuronal damage produced 
by SE in rats. In their study, dantrolene (10 mg/kg, IP) 
was administered either 30 or 140 minutes after the onset 
of SE. Niebauer and Gruenthal reported that early admin-
istration produced a significant reduction in neuronal 
injury in all hippocampal subregions. When dantrolene 
administration was delayed until 140 minutes after SE 
onset, some protection was still seen in hippocampal field 
CA3, but not the other subregions.87 Protection against 
kainic-acid–induced apoptosis has also been reported.116

N-methyl-d-aspartate Receptor Antagonists

MK-801 (Dizocilpine) 

The first NMDA receptor antagonist to show 
promise as a putative neuroprotectant was MK-801 
(dizocilpine); however, it has been shown to have toxic 

effects. When given in conjunction with PB, AMN, 
and 2-PAM, noncompetitive MK-801 was reported 
to reduce nerve-agent–induced SRBD in the piriform 
cortex, amygdala, hippocampus, and thalamus.43 As 
mentioned, these are among the most severely dam-
aged brain regions in SRBD resulting from soman 
exposure.29–32,35,37,38,90 In the Sparenborg study, MK-801 
(0.5, 1.0, or 5 mg/kg, IP) reduced brain damage and 
diminished or arrested seizures in guinea pigs when 
administered as a pretreatment 30 minutes before so-
man, and the effects were dose-dependent. The anti-
convulsant profile of MK-801 against soman-induced 
seizures was definitively characterized by Shih.11 He 
showed that the anticonvulsant effect of MK-801 is four 
times greater than that of diazepam, but at doses of 1 
mg/kg or higher, MK-801 potentiated the lethal effects 
of soman. Some concern arose about the use of NMDA 
antagonists when it was reported that MK-801 induces 
neuronal degeneration in the posterior cingulate, retro-
splenial cortices, and other corticolimbic regions.117,118 
This damage evidently occurs by disinhibition of mul-
tiple converging excitatory pathways.119 Specifically, 
excessive blockage of glutamatergic pathways leads 
to excessive stimulation of cholinergic function.120 This 
explanation is supported by the findings that neuro-
toxicity by MK-801 is augmented when cholinergic 
receptors (ie, muscarinic) are activated.121

Memantine

Memantine is a noncompetitive NMDA receptor 
antagonist122 that has also been tested for its anti-
convulsant effects against soman-induced seizures. 
Studies have suggested that memantine’s pharma-
cokinetics make it a safer candidate than MK-801.123,124 
McLean et al125 reported that memantine alone (18 mg/
kg, subcutaneous [SC]) blocked the onset of soman-
induced seizures and was able to terminate seizures 
when administered 15 minutes after soman injection. 
These findings, however, are inconsistent with those 
of Shih et al17 who reported that memantine by itself 
is completely ineffective as an anticonvulsant against 
soman-induced seizures. The latter authors pointed 
to a need for EEG monitoring when determining an-
ticonvulsant efficacy and suggested that McLean et al 
may have mistaken diminished convulsive behavior 
as evidence of reduced seizure activity. Neither study 
addressed the possible neuroprotective effects of me-
mantine (ie, reduced neuropathology independent of 
anticonvulsant activity). On the other hand, Koplovitz 
et al126 observed a modest reduction in piriform cortical 
damage following soman in rats treated with atropine 
and memantine, compared to those that received at-
ropine alone. There were no differences between the 



229

Neuroprotection as a Treatment for Nerve Agent Survivors

EEG power spectra of the two groups. Regardless of 
the above discrepancies, the neuroprotective benefit of 
memantine in other models of excitotoxicity is widely 
accepted.124,127 For example, in a rat model of stroke, 
memantine given 2 hours after the ischemic event 
reduced brain damage by approximately 50%.128 In 
addition, memantine is well tolerated and does not 
produce neurotoxicity at therapeutic dosages. It was 
recently approved by the FDA for treating Alzheimer’s 
disease.124

HU‑211 (Dexanabinol)

The first real proof of concept of postexposure 
neuroprotection came from work with HU‑211 (dex-
anabinol), a nonpsychotropic analogue of tetrahydro-
cannabinol, the active ingredient in marijuana. Filbert 
and colleagues129 showed that in rats exposed to high 
doses of soman, dexanabinol protected neurons in the 
piriform cortex (Figure 6-2) when given as late as 40 
minutes after the EEG-proven onset of seizures. The 
drug was not an anticonvulsant and had no effect 
upon the seizures, indicating that the results showed 
a true neuroprotective effect and not part of an anti-
convulsant effect. HU-211 has been reported to inhibit 

NMDA receptors, act as an antioxidant and free radical 
scavenger, suppress nitrous oxide and tumor necrosis 
factor-α generation, and stabilize calcium levels.130–132 
HU-211 is generally well tolerated in humans.133

When HU-211 (25 mg/kg, IP) was administered 5 
minutes after the onset of soman-induced seizures, 
in conjunction with HI-6 and AMN pretreatment 
and posttreatment, respectively, temporal lobe lesion 
volume/necrosis (assessed at 28 h after seizure onset) 
was reduced by 86%, compared with unprotected 
soman-positive controls (see Figure 6-2).134,135 HU-211 
had no effect on the strength or duration of seizure 
activity, as determined by quantitative EEG analysis. 
Significant neuroprotection was also observed when 
HU-211 administration was delayed 40 minutes after 
seizure onset. Neuroprotection by HU-211 was most 
evident in the piriform cortex and contiguous temporal 
lobe structures, such as the amygdala, entorhinal, and 
perirhinal cortices, but did not extend to the thalamus. 
Administration of HU-211 and diazepam 40 minutes 
after seizure onset did not augment the neuroprotec-
tion obtained with diazepam alone. 

In analyzing the mechanisms of neuroprotection by 
HU-211 and diazepam, it is important to differentiate 
between protection obtained by anticonvulsant effects 

Fig. 6-2. Dexanabinol (HU-211) protects against soman-induced neurological damage. Microtubule-associated protein 2 
(MAP-2) staining is neuron-specific. MAP-2 negative immunostaining indicates necrosis, except in areas of white matter. 
BL: basolateral amygdaloid nuclear group
DEn: dorsal endopiriform nucleus 
Pir: piriform cortex.
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and that produced by interfering with delayed calcium 
overload. In the above studies, HU-211 was protective, 
despite the continued presence of undiminished sei-
zures and SE, whereas diazepam attenuated (without 
stopping) seizure intensity and thereby reduced the ini-
tial insult. The anticonvulsant action of diazepam, via 
agonistic modulation of γ-aminobutyric A (GABA[A]) 
receptors, is well known. These mechanisms are non-
overlapping, and neuroprotective effects should be 
additive or synergistic. HU-211 is not approved for 
clinical use, and the company that owns the rights to 
it (Pharmos Ltd, Israel) is developing it as a possible 
adjunctive therapeutic for head trauma.

Gacyclidine

Gacyclidine (GK-11) is another NMDA receptor 
antagonist that has shown considerable neuroprotec-
tive efficacy. When GK-11 (0.01–0 .1 mg/kg, IV) was 
given to rats 10 minutes after soman exposure (in 
conjunction with PB pretreatment, and AS, 2-PAM, 
and diazepam posttreatments, 1 min after soman in-
jections), it completely blocked SRBD when assessed 3 
weeks after exposure.136 In a more realistic battlefield 
scenario, GK-11 was administered 45 minutes after an 
exposure of 8 times the median lethal dose (LD50) of so-
man in nonhuman primates. Animals also received PB 
pretreatment, followed by AS, 2-PAM, and diazepam 
posttreatments (1 min after soman exposure) equiva-
lent to a single autoinjector of each in humans. When 
brain pathology was assessed 3 weeks after exposure, 
all three GK-11–treated primates showed little or no 
evidence of pathology in the frontal and entorhinal 
cortices, amygdala, caudate nucleus, hippocampus, 
thalamus, midbrain, pons, medulla, and cerebellum, 
compared with the only surviving soman-treated ani-
mal (1 of 3) that received AS, 2-PAM, and diazepam 
but not GK-11.137 In a study that approximates casualty 
management following a terrorist attack, soman-in-
toxicated (2 times the LD50) primates did not receive 
PB pretreatment and received delayed AS, 2-PAM, 
and diazepam treatments (one human-equivalent of 
each, as above) 30 minutes postexposure, followed by 
GK-11 (0.1 mg/kg, IV). In this study, the addition of 
GK-11 restored normal EEG activity and completely 
prevented neuropathology (assessed 5 weeks after 
exposure), compared with subjects that received AS, 
2-PAM, or diazepam alone.138 GK-11 has a binding af-
finity for NMDA receptors that is only one tenth that of 
MK-801. In addition, it binds to non-NMDA receptors 
when interaction with NMDA receptors is prevented. 
For these reasons, GK-11 is considered substantially 
less neurotoxic than MK-801.139 It is currently being 
evaluated in human clinical trials for a different neu-
roprotective indication.139,140

Ketamine

Ketamine appears to be the most promising neu-
roprotectant candidate to date,141,142 and it should be 
used in combination with a benzodiazepine, such as 
diazepam. Ketamine is an FDA-approved anesthetic 
that blocks neurotransmissions without depressing 
respiratory and circulatory functions. Its actions are 
mediated by low-affinity binding to NMDA receptor 
channels and prevention of calcium influx.142–145 Ket-
amine is garnering considerable attention as a puta-
tive neuroprotectant against ischemic brain injury, 
damage resulting from seizures and SE, irrespective 
of etiology, and SRBD specifically resulting from 
nerve-agent–induced seizures.144–149 Fujikawa147re-
ported remarkable neuroprotection in 21 of 24 brain 
regions in rats when 100 mg/kg of ketamine was ad-
ministered (IP) 15 minutes after lithium-pilocarpine-
induced SE onset. Similarly, 100 mg/kg of ketamine 
(IP) prevented learning impairment in rats when 
administered immediately after lithium-pilocarpine-
induced SE.150 Borris et al151 report that ketamine (58 
mg/kg, the effective dose in 50% of those taking it 
[ED50]) can control prolonged SE in rats when admin-
istered 1 hour after onset. Cumulative evidence for 
the beneficial effects of ketamine following SE onset 
has led to its recommended use in humans when SE 
cannot be alleviated by conventional anticonvulsant 
therapy.148 

Based on its neuroprotective and anticonvulsant 
properties, Mion et al145 recommend ketamine for vic-
tims of nerve agent exposure. More recently, Dorandeu 
et al149 reported that ketamine proved effective in stop-
ping seizures, highly reducing SRBD, and improving 
guinea pig survival when administered between 30 
minutes and 2 hours after soman poisoning. Increasing 
dosages of ketamine (ie, 10–60 mg/kg, IM) were re-
quired as post-SE onset delay increased, and ketamine 
was always administered with atropine sulfate (2–10 
mg/kg); in addition, guinea pigs received pyridostig-
mine (26 mg/kg, IM) 30 minutes prior to soman and 
AMN (4 mg/kg, IM) within 1 minute following the 
soman injection. Their study also provided compelling 
evidence of neuroprotection by ketamine at dosages 
that did not modify seizures (ie, 2–10 mg/kg), and 
suggested combining ketamine and benzodiazepine 
treatments when treatment is delayed 2 hours. 

Results from the authors’ laboratory corroborate 
reports of neuroprotection by ketamine following 
soman-induced SE. The authors observed that neuro-
protection was greatly augmented by administering 
ketamine plus diazepam, compared to diazepam 
alone. When soman-exposed (1.6 times the LD50) rats 
were administered 20 mg/kg diazepam (IM) and 25 
mg/kg ketamine (IP), 40 minutes after seizure onset, 
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the mean cross-sectional area of temporal lobe necro-
sis (ie, piriform cortex and surrounding structures) 
was reduced by 85.5% compared to soman-positive 
controls (P = 0.018). The mean reduction produced by 
diazepam alone was only 39.9% and was not signifi-
cant. In the lateral dorsal thalamus and surrounding 
thalamic nuclei, diazepam plus ketamine reduced 
severe damage by 91.4% compared to soman controls 
(P < 0.001). The reduction in lateral dorsal thalamus 
damage by diazepam alone was only 27.4% and was 
not significant. Neuronal pathological assessments, 
using haematoxylin and eosin stain, confirmed these 
quantitative findings. It is likely that reduced seizure 
intensities contributed to the observed neuroprotec-
tion; however, this speculation is unconfirmed because 
EEGs were not obtained from these animals.

Taken together, the preponderance of evidence 
indicates that ketamine is a viable neuroprotectant can-
didate against nerve-agent–induced SRBD. However, 
ketamine is not FDA approved for this purpose. There 
have been no human or nonhuman primate studies to 
determine the optimal dose of ketamine to be used in 
combination with diazepam or other benzodiazepines 
to alleviate nerve-agent–induced SE. On the other 
hand, several case reports describe the effectiveness 
of ketamine, following benzodiazepine therapy, for 
refractory human SE from different causes. Therefore, 
off-label use of ketamine, as adjunct neuroprotective 
therapy following nerve agent intoxication, should be 
undertaken with caution and consideration of the best 
available evidence.

Because ketamine would be administered in con-
junction with diazepam, and because of an increased 
risk of respiratory insufficiency by the combined treat-
ments (see below), it is important to review treatment 
recommendations for diazepam. The autoinjector is-
sued by the US military contains 10 mg diazepam. For 
a 70-kg (154-lb) individual, one autoinjector delivers a 
dose (0.14 mg/kg, IM) consistent with the diazepam 
loading dosage (0.15 mg/kg, IV) recommended by the 
recent Belgian Consensus on SE.148 The autoinjector 
dose is also consistent with the diazepam dose (5–20 
mg/70 kg) recommended by Durham152 as initial treat-
ment for SE, and is in agreement with the 20-mg diaz-
epam dose (per rectum) recommended in “Treatment 
of Status Epilepticus in Adults: Columbia University 
Protocol,” as first line therapy when IV access is not 
available.153 The Belgian Consensus148 further recom-
mends 4 to 8 mg per hour IV maintenance dosing 
with diazepam. On the battlefield, medics and unit 
lifesavers are permitted to administer two additional 
10-mg dosages of diazepam. Overall there is regular-
ity in the recommended use of diazepam in the initial 
treatment of adult SE, regardless of cause. The main 
adverse effects of diazepam, and benzodiazepines in 

general, are respiratory depression, hypotension, and 
decreased consciousness.148

For intractable SE, the Belgian Consensus advocates 
an adult dosage of 50 to 100 mg ketamine as a follow 
up to diazepam for its “theoretical neuroprotective 
effects.”148 This dosage is consistent with Durham’s152 
recommendation of 50 to 100 mg ketamine followed 
by 50 to 100 mg per hour, as a “second-line” treatment 
for refractory SE. Walker et al154 report successfully 
treating an adult patient exhibiting “partial motor SE” 
with an anesthetic dosage of ketamine (ie, 100 mg/h). 
In a 13-year-old girl whose SE failed to respond to all 
standard treatments, control of clinical and electro-
graphic SE was obtained within 90 seconds following 
a bolus injection (IV) of 2 mg/kg ketamine; control was 
maintained by continuous infusion of ketamine up to 
a maximum of 7.5 mg/kg per hour.155

Adverse effects of ketamine include a transient 
decrease in respiratory rate with bolus administration 
(ie, ≥ 2 mg/kg, IV), pulmonary secretions (controllable 
with atropine), transient cardiovascular stimulation 
and possible tachycardia, intracranial hypertension 
(making it contraindicated for closed head injury), 
and undesired psychic effects.148,156 In field situations, 
ketamine is preferred above other anesthetics because 
it is relatively unlikely to cause respiratory depression. 
It is generally accepted that ketamine does not produce 
significant ventilatory depression in humans.156

Ketamine may also produce neurotoxicity typical 
of NMDA receptor antagonists. As mentioned above, 
NMDA receptor antagonists have been shown to cause 
neurotoxicity in the cingulate and retrosplenial cortices 
as well as cerebellar Purkinje cells.117,118,157,158 A case of 
possible ketamine toxicity was seen in a 44-year-old 
man treated for refractory SE.158 Control of his SE was 
achieved with an initial bolus injection of 2 mg/kg 
ketamine (IV, over 2 min), followed by a continuous 
infusion of 2 mg/kg per hour. Infusion dosages were 
progressively increased until achieving a final dose of 
7.5 mg/kg per hour after 48 hours. Dosages were then 
titrated down over the next 72 hours. The patient exhib-
ited diffuse cerebellar and cerebral atrophy consistent 
with animal models of NMDA antagonist-mediated 
neurotoxicity.158 Studies have reported that the mecha-
nism of this toxicity is indirectly mediated by exces-
sive cholinergic stimulation,119–121 and supplemental 
atropine could have an ameliorative effect. In addition, 
GABAergic stimulation is reportedly protective against 
this specific form of neurotoxicity.119–121 

However, high dosages of both diazepam and ket-
amine could exacerbate respiratory distress already 
present in nerve agent casualties. Therefore, a conser-
vative dose range for ketamine is advisable. In humans, 
a ketamine dose less than 1 mg/kg, IV, provides effec-
tive analgesia against acute and chronic pain.146,156,159 
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The anesthetic dose range in humans is 5 to 10 mg/
kg, IV.146,159 For a nerve agent victim on the battlefield, 
a ketamine dosage below 2 mg/kg, IV, should prove 
safe in combination with the high dosages of diazepam 
that are likely to be administered. While possibly not 
high enough to augment the anticonvulsant effects of 

diazepam and arrest SE, anesthetic or subanesthetic 
dosages of ketamine should provide considerable ad-
ditional neuroprotection, compared to diazepam alone. 
Moreover, the ketamine dosage can be increased once 
patients reach a medical facility where intubation and 
ventilation can be provided.

Additional Neuroprotective Approaches

Free Radical Scavengers

Damage produced by reactive oxygen species or 
free radicals is a component of seizure and SE-related 
neurotoxicity,47,160,161 including damage resulting from 
nerve agent poisoning.160 The liberation of catalytic iron 
from extravasated hemoglobin may generate reactive 
oxygen species.160,161 Reactive oxygen species could 
also be generated by xanthine oxidase or impaired 
mitochondrial electron transport,161–163 offering the 
hope that nerve-agent–induced neurotoxicity could be 
mitigated by antioxidants or free radical scavengers.

Nitrone-based free radical traps, such as alpha-
phenyl-N-tert-butylnitrone (PBN), which react with 
reactive oxygen species, have proven to be neuro-
protective following cholinesterase inhibition. Pre-
treatment with PBN prevented seizures induced by 
diisofluorophosphate, an organophosphonate and 
nerve agent simulant.164 Moreover, PBN (150 mg/kg, 
IP, 5 min after seizure onset) produced significant neu-
roprotection in the piriform cortices and other cortical 
areas of rats following lithium pilocarpine-induced 
SE.165 Unfortunately (and reminiscent of the findings 
with HU-211 discussed above), thalamic damage was 
either exacerbated or not diminished by PBN in the 
latter study. Another report describes neuroprotec-
tive effects by PBN 12 hours after ischemic insult.166 
A pilot study of PBN did not show neuroprotection 
against soman-induced injury.167 A new, centrally act-
ing, nitrone-based free radical scavenger, S34176, has 
shown superior neuroprotective properties compared 
to PBN in stroke and other glutamate excitotoxicity 
models.168 S34176 may prove useful against nerve-
agent–induced injury.

Mitochondrial Permeability Transition Inhibitors

As mentioned above, damaging stimuli can induce 
neuronal mitochondria to undergo permeability tran-
sition, forming pores that allow the release of stored 
calcium into the neuronal cytoplasm. This is accompa-
nied by curtailment of ATP synthesis, mitochondrial 
swelling, exacerbation of calcium overload, and neu-
ronal death.59–62 The assembly of mitochondrial transi-
tion pores can be blocked by cyclosporin A, an FDA 
-approved drug used in cancer chemotherapy. There is 
evidence that cyclosporin A and topiramate (another 
transition pore blocker) are neuroprotective in various 
models of excitotoxic brain injury.169–174 Bauman and 
colleagues169 found that cyclosporin A dramatically 
reduced brain injury in rats following seizures and 
SE induced by the organophosphate paraoxon. There 
is also evidence of neuroprotection by topiramate fol-
lowing pilocarpine-induced seizures and SE.170

Neuroprotective Hypothermia	

Total-body cooling is an effective nonpharmacologic 
method of treating cerebrovascular disease. Several 
stroke experts have advanced this approach as holding 
great promise in reducing the amount of ischemic brain 
damage, and in 2004 the FDA approved a catheter for 
stroke and other specific uses that cools the blood in 
a penetrating artery. Less technologically complicated 
approaches to total-body cooling have been successful 
in limited numbers of animal studies.175,176 Whether this 
approach would be practical in a battlefield situation, 
especially with mass casualties, is questionable, but it 
should be kept in mind as a possibility.

Summary

A variety of neuroprotective compounds have prov-
en useful in alleviating brain damage caused by nerve-
agent–induced seizures and SE. Of these, ketamine, me-
mantine, and dantrolene have received FDA approval 
for other indications, and several other compounds are 
in clinical trials. Based on the evidence, ketamine, in 
combination with diazepam, is the top candidate and 
most viable neuroprotectant for nerve agent survivors 

exhibiting seizures and SE. A dantrolene and diazepam 
combination is a viable possibility as well, though less 
efficacious. In addition, free radical scavengers (eg, 
S34176) and transition pore blockers (eg, cyclosporin 
A) show great promise. It is conceivable that the best 
possible neuroprotective approach will be a “cocktail” of 
two or more agents that affect, in a synergistic fashion, 
different legs of the excitotoxic pathway.177 
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