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Abstract 
Chemical warfare nerve agents continue to be a threat to both military person· 
nel and civilian populations. Organophosphorus nerve agents irreversibly 
inhibit the enzyme acetylcholinesterase, resulting in accumulation of high 
levels of the neurotransmitter acetylcholine (ACh) at muscarinic and nicotin ic 
receptors. This accumulation of ACh induces clinical symptoms including myo· 
sis, difficulty in breathing, convulsions, seizures, and can result in death. 
Current medical countermeasures for treating nerve agent intoxication increase 


survival if administered rapidly after exposure but may not fully prevent brain 
injury. The downstream neurological damage induced by nerve agent exposure 
is not well characterized . Researchers are now utilizing molecular approaches 
to understand the molecular pathways involved in nerve agent-induced brain 
injury, with the goal of developing treatment strategies that are effective when 
administered after the onset of seizures and secondary responses that lead to 
nerve agent-induced brain injury. 


1. INTRODUCTION 


C hemical weapons have been used for centuries to incapacitate or kill 
the enemy in times of war. Arrows dipped in scorpion and serpent venoms 
were used in the late Stone Age and are among the earliest documented 
chemical weapons fJl. Since then, chemical weapons have evolved and 
have been successfully used on the battlefield and in terrorist attacks f1-Sl. The 
most toxic chemical warfare agents known to date are organophosphonts (OP) 
nerve agents, which were fi rst developed in the 1930s by Gem1an scientists 
who were originally tasked with synthesizing more potent pesticides using 
organic phosphoric acid esters f3,6l (Figure 1). 


C hemist Dr. Gerhard Schrader synthesized the first Gemun nerve agent 
(or G-agent) in t 936. It was the cyanide-containing compound ethyl 
dimethylamidocyanophosphate, which was later named tabun (GA) f3l . 
After the realization that tabun was extremely toxic to humans and therefore 
unsuitable for use as a plant protectant, the Gem1an am1y immediately 
began producing it as an agent of chemical war£ue. Further studies of this 
toxic compound led Schrader and his colleagues to synthesize the fluorine­
containing nerve agent sarin (GB; isopropyl methanefluo rophosphonate) in 
1938, which was detennined to be more than 10 times as toxic as tabun. 
T he most toxic G-agent, soman (GO; o-pinacolyl methylphosphonofluor­
idate), was then synthesized by Dr. Richard Kuhn in 1944. Cyclosarin (GF; 
cyclohexyl methylphosphonofluoridate) was later synthesized by Schrader 
and colleagues in 1949 f3l. Although the German am1y produced large 
quantities of these nerve agents, there is no evidence indicating that they 
used them as chemical weapons. 
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Figure 1 Structures ofG-series and V-series o rganophosphorus nerve agents. 


Following the discovery of the G-series agents, Drs. Ranajit Ghosh and 
J. F. Newman first discovered the V-agents in 1952 at the Plant Protection 
Laboratories of Britain's Imperial Chemical Industries while studying a class 
of organophosphate compounds. As with tabun, scientists soon realized that 
these agents were too toxic to be used as plant protectants. These agents 
were further evaluated at the British Armed Forces research facility at 
Porton Down in the United Kingdom, where the most studied compound 
in this family of nerve agents, VX (o-ethyl-s-[2(diisopropylamino)ethyll 
methylphosponothioate), was synthesized in 1954. Unlike the G-series 
agents, all of the V -agents are persistent, meaning that they can remain on 
skin and other surfaces for long periods of time. T he V-series agents are,...., 10 
times more toxic than the G-agent sarin and are the most highly toxic 
chemical war£1re nerve agents synthesized to date f3,7]. 


Despite the development and military proliferation of chemical weapons 
in the first half of the twentieth century, the worldview on these weapons 
has changed in recent history. In 1991, UN Resolution 687 established the 
term "weapon of mass destmction" and called for the immediate destmc­
tion of chemical weapons in Iraq and the eventual destmction of all 
chemical weapons globally. Further, the C hemical Weapons Convention 
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of 1993 banned the production, stockpiling, and use of chemical warfare 
agents. Despite these extensive efforts to prevent their use, OP nerve agents 
still remain a threat to soldiers in time of war as well as to the civilian 
population in the event of a terrorist attack, such as the terrorist sarin attack 
on the Tokyo subway in 1995 by members of the Japanese cult Aum 
Shinrikyo. The attack resulted in 12 deaths and injuries to more than 
5500 civilians [2,4]. OP nerve agents are likely to be a weapon of choice 
for many other terrorist organizations as well because they are relatively 
accessible or simple to produce, easy to transport, and can be delivered in 
mass quantities [5,6]. 


~ 2. NERVE AGENT TOXICITY 


2 .1. Route of exposure 


The various OP nerve agents differ in their water solubility and volatility, 
which influences an agent's route of exposure and potential as a chemical 
warfare agent. Most nerve agents exist as liquids and are readily absorbed 
through the skin and eyes; however, the G-agents (especially sarin) are 
highly volatile. Therefore, inhalation exposure also poses a threat. Unlike 
the G-agents, the V-agents have an oil-like consistency; therefore, the route 
of exposure for V-agents is considered to be primarily dermal. However, it 
should be noted that VX, which is the least volatile nerve agent, can 
vaporize in high temperatures or explosive conditions. In military use, 
V -agents would most likely be aerosolized into tiny droplets or vaporized 
for dispersion, thereby easily entering the body through the skin and 
mucous membranes or through inhalation [7 ,8]. Although ingestion of 
nerve agents is expected to be relatively rare compared to inhalation 
exposure or skin contact, they are readily absorbed from the GI tract and 
are highly toxic. 


2.2. Acute toxicity of OP nerve agents 


Neurotransmitters, such as acetylcholine (ACh) , are endogenous chemicals 
that transmit signals from a neuron to a target cell across the chemical 
synapse, which allows the nervous system to connect to and control other 
systems of the body. The binding of ACh to its receptor sites on the 
postsynaptic membrane stimulates actions in the body such as breathing, 
digestion, and muscular contraction. The enzyme acetylcholinesterase 
(AChE) then inactivates ACh to terminate this synaptic transmission and 
allow the muscle, gland, or organ to relax. 


It is well established that the acute toxicity of OP nerve agents results 
from the irreversible inhibition of AChE through the formation of a 
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Figure 2 Interaction of sarin with acetylcholinesterase (AChE). (A) Sttuccures of sarin 
and AC hE. (B) Entry of sarin into the active site gorge of AC hE. (C) Orientation of 
sarin in the active site of AChE relative to the catalytic ttiad. The catalytic center of 
AChE is a triad comprising serine-200, hlstidine-440, and glutamate-327. (D) Sarin 
binding to the catalytic serine, which prevents binding of ACh. (E) Following attach­
ment to AChE, the fluoride ion of sarin (the leaving group) is cleaved from the bound 
molecule. (F) The active site serine is covalently adducted. The sarin bound to AChE 
can then undergo dealkylation in a process referred to as "aging," which results in 
irreversible enzyme inhibition. lllusttarion by Alexandre Katos. 


covalent bond between the nerve agent and the site on the enzyme where 
ACh normally undergoes hydrolysis (Figure 2). The catalytic center of 
AChE is a triad comprising serine-200, histidine-440, and glutamate-327 . 
Nerve agents bind to the catalytic serine, thereby preventing AC h binding 
and inhibiting cholinesterase (ChE) activity. The inhibited enzyme can be 
reactivated by a strong nucleophile, such as an oxime, which removes the 
neurotoxicant from the AChE molecule. However, the efficacy of AChE 
reactivation is dependent on the nerve agent with which the ChE was 
inhibited and the therapeutic oxime used. Following attachment to 
AC hE, a portion of the nerve agent, called the leaving group, is cleaved 
from the bound molecule. OPs bound to AC hE can then undergo deal­
kylation in a process referred to as "aging." This aged complex results in 
irreversible enzyme inhibition. Oximes have no effect and cannot reactivate 
the aged OP-enzyme conjugate f9]. T he aging half-t ime for OP nerve 
agents is variable; it can be as short as 2 min for soman or as long as 48 h for 
VX fl O]. This AC hE inhibition causes a toxic accumulation of AC h at 
cholinergic synapses and results in the overstimulation of muscarinic and 
nicotinic ACh receptors (nAChRs) in the central and peripheral nervous 
system, including the neuromuscular junction f6, 11, 12]. 
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Acute exposure to an O P nerve agent initially results in symptoms such 
as myosis, tightening of the chest, difficulty breathing, and a general loss of 
bodily functions. As symptoms progress, the victim suffers from convulsive 
spasms and seizures, which can lead to death ifleft untreated [6,11- 15]. In 
animals surviving an experimental convulsive dose of nerve agent, spiking 
activity appears in the electroencephalogram (EEG) in less than 10 min , and 
it rapidly progresses into status epilepticus that lasts for hours f16, 17]. 
Although the intensity of seizures decreases over time, the EEG is still 
abnormal days after the intoxication f1 8]. 


3. CURRENT MEDICAL COUNTERMEASURES 
TO NERVE AGENT TOXICITY 


O P nerve agents can be fatal at low concentrations, but even a 
nonlethal dose can cause pennanent neurological damage if the person 
does not receive proper medical attention immediately. Based on the 
previous scientific findings discussed in the section above, current medical 
countermeasures to nerve agent intoxication include an anticholinergic 
(e.g., atropine) that blocks excess AC h at muscarinic receptors to alleviate 
parasympathetic overstimulation, an oxime (e.g., 2-pyridine aldoxime 
methylchloride [2-P AM] or 1-2- hydroxylminomethyl- 1- pyridino-3-( 4-
carbamoyl- 1-pyridino-2-oxapropane dichloride) fHI-6]) to reactivate 
inhibited AC hE molecules, and an anticonvulsant such as diazepam 
fll - 13, 19]. These therapeutics increase survival if administered within a 
short period of time following exposure, but they may no t fully prevent 
neurological damage or functional impairment [2,6, 11, 15,20-22]. This is of 
great concern because although these countermeasures are readily available 
to soldiers in a combat setting, they are not accessible to the general public 
in case of a terrorist attack. R apidly ternunating nerve agent- induced 
seizures is critical because their duration and intensity have been directly 
linked to brain damage following exposure f19 ,23-25] . Studies have shown 
signs of neuropathology present within 20 min of seizure onset and have 
demonstrated the increased difficulty in terminating seizures that have lasted 
beyond 40 min [15,23]. T hese findings are important considering that the 
anticipated response time to treat civilian casualties exposed to nerve agent is 
estimated to be at least 30 rnin f1 5], and many will have already initiated 
seizures by the time medical personnel arrive. 


Survivors of nerve agent poisoning can experience long-term neurologi­
cal and behavioral outcomes months or years following exposure [2]. Previ­
ous findings by Scremin et al. [26] revealed that sarin-exposed rats showed 
behavioral abnom1alities up to 16 weeks post-exposure. T o date, most of our 
understanding on this issue in humans comes from studies performed on 
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survivors of the Tokyo subway attack. More recently, Loh and colleagues (5] 
reported on the long-term cognitive sequelae of a soldier exposed to sarin by 
means of an improvised explosive device (JED) while he was deployed to Iraq 
in 2004. Testing performed 10 monms following exposure revealed that the 
victim suffered from reduced information processing speed, poor focused 
attention, and difficulty in motor coordination. Despite these studies, the 
long-term neurologic sequelae of nerve agent exposure are still unclear. 
Therefore, the molecular effects and biological pathways involved in nerve 
agent-induced neurodegeneration need to be examined to determine drug 
treatments that would be effective when administered after the onset of 
seizures and secondary responses that lead to brain injury. 


~ 4. GLOBAL MOLECULAR SCREENING APPROACHES 
ENABLE THE IDENTIFICATION OF MOLECULAR 
MECHANISMS OF TOXICANT EXPOSURE 


To date, most scientific investigations of nerve agent toXlclty have 
involved classical toxicology where physical symptoms of exposure, tissue 
histopathology, and AChE activity are used to indicate adverse effects of 
exposure. While these measurements are useful indicators of acute OP 
exposure, they are not as effective in studying the molecular mechanisms of 
toxicity or providing insight into the long-term effects of OP exposure. To 
help determine the molecular mechanisms of nerve agent toxicity, scientists 
have recently begun using "omics" technologies to assess the toxicological 
effects and physiological mechanisms ofOP nerve agents, expanding beyond 
AChE inhibition. In the life sciences, the suffix omics refers to the study of 
large sets ofbiological molecules [27]. This field of molecular biology includes 
genomics (focused on the genome sequence or genomic expression, also 
referred to as "transcriptomics" or "gene expression profiling"), proteomics 
(focused on large sets of proteins, the proteome), and metabolomics (focused 
on large sets of small molecules, me metabolome). These multiplex technol­
ogies offer a global screening approach for OP nerve agent toxicity, and 
subsequent bioinformatic analyses enable the identification of biological path­
ways and molecular functions significantly affected by nerve agent exposure. 


4.1. Genomics 


Before genomics, molecular biology techniques (e.g., Northern blot or 
real- time polymerase chain reaction [PCR]) were used to detect and quan­
tify the expression level of individual genes, making it difficult to see the 
"big picture" of gene function in a cell. Technological developments, such 
as the introduction of chip-based assays (e.g., DNA microarrays), have had a 







118 Kimberly D. Spradling and James F. Dillman Ill 


major impact on the resolution and throughput of omic-based studies. Since 
their development in the 1990s, DNA microarrays have had an important 
influence on the fields of molecular biology and toxicology. These arrays are 
commonly used to simultaneously measure the mRNA (mRNA) levels of 
thousands of genes in a cell and are capable of detecting even subtle changes 
in gene expression. DNA arrays monitor the expression of a gene by 
measuring its level of hybridization to a target sequence localized to a 
specific region on an array. In brief, RNA is extracted from a biological 
sample of interest and used as a template to synthesize labeled nucleic acid 
probe. Labeled probe is then hybridized to the array that contains thousands 
of gene targets and binds to complementary target sequences on the array. 
Quantitative imaging coupled with clone database infom1ation allows mea­
surement of the amount of labeled probe that hybridized to each target 
sequence, resulting in the identification and relative quantification of the 
genes expressed in the biological sample r28,29l. Given that this technique 
provides a quantitative overview of the mRNA transcripts present in a 
biological sample by detecting the genes that are up- or down-regulated 
at any given time and in any physiological situation, it can be used to 
determine which genes are differentially expressed as a result of nerve 
agent exposure and aid in identifying mechanisms of toxicity. Using a global 
approach to analyze thousands of genes in a single experiment, it is easier to 
assay the overall molecular response of a cell, tissue, or o rgan and then 
identify specific genes and/ or groups of genes altered following a chemical 
exposure. Moreover, these global molecular techniques are capable of 
identifying differentially expressed molecules between samples without 
any prior knowledge of their functions. Thus, scientists can detect poten­
tially interesting genes and molecular mechanisms that were not previously 
suspected to be important for biological processes and can generate new 
biological hypotheses r30l . 


4.2. Proteomics 


Although gene expression profiling provides many advantages for studying 
the molecular mechanisms of nerve agent toxicity, such as being able to use 
one biological sample to measure the expression of thousands of genes 
simultaneously, DNA microarrays can only monitor cellular responses at 
the mR.NA level and provide little infom1ation regarding the functional 
state of the proteins they encode. Even though all proteins are based on 
mRNA precursors, post-translational modifications and environmental inter­
actions make it impossible to predict abundance of specific proteins based on 
gene expression analysis alone. Previous studies have shown that mR.NA is 
not always translated into protein, and the amount of protein produced 
depends on the physiological state of the cell. Further, a single gene can 
give rise to a number of functionally different proteins through various 
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molecular processes such as alternative splicing of pre-mRNAs, attachment of 
carbohydrate residues to forn1 glycoproteins, or addition of phosphate groups 
to serine, threonine, or tyrosine amino acids in the protein. Thus, genomic 
data need to be complemented with protein expression data to truly deter­
mine the molecular mechanisms of toxicity of nerve agents. 


Many proteomic technologies are currently available to quantify protein 
abundance and some aspects of the activation state. Proteomic studies usually 
involve the physical separation of proteins by techniques such as sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), two­
dimensional SDS-PAGE (2D-PAGE), or column chromatography (e.g., 
ion-exchange chromatography, gel filtratio n chromatography, affinity 
chromatography, or high-pressure liquid chromatography [HPLC]). Once 
separated, proteins of interest can then be detected. The traditional methods of 
detection used in protein chemistry, such as Western blot analysis, have the 
capacity to detect only one protein at a time. Although this approach remains 
valuable for a detailed understanding of a protein of interest, it does not 
provide infonnation on the interactions between numerous proteins in a 
system, unless a large number of consecutive experiments are perfom1ed. 
Combining a protein separation method wi th mass spectrometry (MS) has 
the potential to overcome the limitations encountered in traditional protein 
analysis techniques. T he rapid evolution in MS has led to significant improve­
ments in protein identification. Combining liquid chromatography (LC) with 
MS-based analyses of complex mixtures overcomes many of the drawbacks to 
gel-based methods, such as limited dynamic range and sensitivity, as well as 
low throughput with respect to protein identificatio n f31] . Further, the 
addition of stable isotopes to the proteome allows simultaneous protein 
identification. A shotgun proteomic technique, such as iTRAQ (isobaric 
tags for relative and absolute quantitation), involves isotopic labeling of pep­
tides for the simultaneous identification and quantification of proteins in two 
or more samples in a single experiment f32]. With this method, isobaric tags of 
varying mass are used to label the primary amines of peptides from different 
biological samples. T he labeled peptides from each sample are then mixed, 
separated by t\vo-dimensional LC, and analyzed using tandem mass spectrom­
etry (MS/ MS) to identify global changes in the proteome. This approach has 
been successfully used to study global protein expression in neuronal systems 
f33]. Phosphorylation enrichment schemes, such as inunobilized metal affinity 
chromatography (!MAC) f34], can also be used prior toMS analysis to enrich 
for signaling phosphoproteins, w hich are usually of! ow abundance and/ or are 
phosphorylated at low stoichiometry. Identifying changes in the global phos­
phorylation status of the proteome upon nerve agent exposure using iTRAQ 
and !MAC techniques can be used to characterize proteome-wide signaling 
pathways by probing many signaling phosphoproteins simultaneously. This 
approach would permit the identification of molecular pathways perturbed by 
nerve agent exposure and elucidate mechanisms of toxicity. 
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The newest approach to analyzing the proteome involves the use of 
protein microarrays, which are based on the same concept as DNA micro­
arrays discussed above. The most common protein microarrays are antibody 
arrays used to profile a complex mixture of proteins and measure protein 
expression levels in the mixture [35]. Although simple in principle, protein 
microarrays are more difficult to work with than DNA microarrays because 
proteins vary in their chemistry (e.g., hydrophobic vs. hydrophilic), and 
they bind to each other by several types of non covalent interactions. Frag­
ments ofDNA, however, vary only in their nucleotide sequence and bind 
to their partners by simple W atson-Crick base pairing. Despite these 
challenges, this field of proteomic analysis is expected to make rapid prog­
ress and to move toward standardized protocols as with transcriptomics. 


4·3· Metabolomics 


The newest field of global molecular profiling is metabolomics. Metabolic 
phenotypes are the by-products that result from the interaction berween 
genetic, environmental, and other factors [27]. In contrast to the genome 
and proteome, the metabolome consists of small molecules that are also 
known as metabolites. As their name suggests, metabolites are involved in 
the energy transmission, or metabolism, in cells. Metabolic profiling is 
performed on easily collected biological samples such as urine, saliva, or 
plasma. The metabolome consists of a wide range of chemical structures, 
and like the genome and proteome, it is highly variable and time-dependent 
following toxicant exposure. The techniques currently used in metabolo­
mics give researchers the ability to make an unbiased assessment of bio­
chemical status at the cellular, tissue, or organism level. MS and nuclear 
magnetic resonance (NMR) are the primary technologies used for metabo­
lomic studies [36). Both technologies have made recent advances in sensi­
tivity and data manipulation and storage. MS is the most common 
technique due to its high accuracy and sensitivity. The main advantage of 
NMR is that it does not require any upfront chromatographic separation, and 
it does not destroy the samples during analysis. NMR has the ability to 
measure molecular compartmentalization and dynamic biochemical changes 
in real time. An important challenge of metabolom.ics is to acquire qualitative 
and quantitative information concerning the metabolites that occur under 
normal circumstances and detect perturbations in the complement of meta­
bolites as a result of changes in environmental factors [27]. 


4·4· Bioinformatic tools 


Although these global molecular techniques are powerful tools to explore 
the expression levels of thousands of genes, proteins, or metabolites after 
toxicant exposure, a major challenge lies in the interpretation of the massive 
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amounts of data collected in each scientific study. The rapid advancement of 
microarray technology increased the need for integration of higher-order 
statistical analyses and data management (e.g., [371) , and these same analysis 
tools are being applied in the field of proteomics and metabolo mics. 


In the past few years, there has been rapid advanced development of 
software programs for comprehensive pathway analysis and literature mining. 
These bioinformatic tools have enabled the interpretation oflarge, complex 
datasets and have allowed scientists to better identify biological pathways and 
molecular mechanisms involved in toxicant e.> .. :posure, such as those seen 
during nerve agent poisoning. However, w ith the continuing advancement 
of molecular techniques, it is likely that the methods used for collecting data 
will again surpass our capacity to adequately analyze the results. Therefore, 
scientists must continually develop more advanced bioinfom1atic tools and 
methods to interpret these large datasets. 


5. GLOBAL MOLECULAR TECHNIQUES SUPPORT THE 
THREE-PHASE MODEL OF NERVE AGENT TOXICITY 


T he neuropathology resulting from OP nerve agent exposure is typi­
cally thought to result from sustained seizure activity. Seizure-related brain 
damage occurs in numerous sensitive areas in the brain such as the amygdala, 
hippocampus, piriform cortex, septum, and thalamus [6, 15,23,25,38-401. 
In a three-phase model proposed by McDonough and Shih [111, seizure 
initiation is a cholinergic phenomenon that lasts from the time of exposure 
to "'5 min after seizure onset. It has been reported that a convulsant dose of 
soman immediately inhibits brain ChE with maximum inhibition within 
10 min and a large increase in ACh concentration at the time of seizure 
initiation [41,421. If seizures are not stopped immediately, a transition phase 
occurs 5-40 min post-exposure in which other neurotransmitter systems are 
perturbed. During this phase, the level of excitatory amino acids (EAAs), 
such as glutamate, increases and potentiates seizure activity [11 ,431. Shortly 
after the onset of soman- induced seizures, choline (Ch) levels increase [411, 
likely due to increased hydrolysis of phospholipids [441. This leads to the last 
phase of the model, which is predominantly a non-cholinergic phenome­
non, starting "-'40 min after seizure onset. It is postulated that the seizure 
activity is maintained from this point on by excessive glutamate stimulation, 
and that the glutamatergic hyperactivity causes an opening of N-methyl-D­
aspartate (NMDA) calcium channels, leading to subsequent increases in 
intracellular calcium [11 ,13,451, which in turn initiates signaling cascades 
that cause neuronal death. It is proposed that this excess influx of calcium is 
the ultimate cause of neuropathology following nerve agent exposure as it 
can hyperactivate enzymes such as lipases, proteases, endonucleases, kinases, 
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or phosphatases that can cause damage to cell membranes and the cytoskel­
eto n , as well as to organ elle structure and function [18,45]. 


A large am ount of data obtained from scientific studies utilizing 
global molecular techniques support the temporal model proposed by 
M cDonough and Shih [11] that links nerve agent-induced seizures to 
resulting neuropathology. Studies using microarray analysis have shown 
that many genes and signaling pathways are altered within the fi rst 15 min 
after acute sarin exposure [39,40,46]. Among these significantly altered 
genes are those involved in cholinergic signaling, catecholaminergic signal­
ing (which modulates seizure susceptibility in animal models of epilepsy 
f47]) , y-aminobutyric acid (GABA)ergic signaling, glutamate and aspartate 
signaling, calcium channels and binding proteins, neurotransmission and 
neurotransmitter transporters, neuropeptides, and ligand-gated ion channels 
that open and close in response to the binding of a neurotransmitter (e.g., 
nAC hR, GABA receptor, and NMD A receptor [46]). At 2-h post-expo­
sure, Damodaran and colleagues f 48] continued to observe sarin-induced 
alterations in the mRNA expression of neurotransmitter transporters (such 
as synaptoj anin I, syntaxin 6, and SVO), signaling receptors (such as the 
G ABA-A receptor rho-2 subunit and AMPA2), and ligand-gated ion 
channels. The transcriptional response at these early time points following 
acute sarin exposure clearly relates to the three phases of nerve agent toxicity 
and supports the model proposed by M cDonough and Shih [11] . 


Spradling and colleagues also used oligonucleotide microarrays to study 
the changes in gene expression profiles after a 1 X LD50 sarin exposure in a 
rat model over a 24-h time period [39,40]. C onsistent with the findings of 
Damodaran et al. [46,48], the findings of Spradling et al. at 15 min after 
seizure o nset support the transitio n phase of the model. For example, 
D-glutamine and D-glutam ate metabolism and glutamate receptor signaling 
were two of the canonical pathways significantly altered immediately after 
seizure onset. Previous studies have shown an increase in choline, a precur­
sor fo r AC h, 15-30 min after nerve agent exposure [ 41] due to increased 
hydrolysis of phospholipids [44), which supports the presence of phospho­
lipid degradation am ong the significant pathways at this early time point in 
the work by Spradling et a/. T he most significantly altered pathway at 
15 min was inositol metabolism. Inositol works closely with C h as a primary 
compo nent of cell membran es. It is necessary for normal nerve and brain 
function as it is required for proper action of several neurotransmitters, such 
as AC h and serotonin . Studies have shown that membrane phosphoinosi­
tide (PI) is hydrolyzed following the activation of neurotransmitter recep­
tors, such as NMDA, to yield inositol 1,4,5-triphosphate (IP3), a second 
messenger that transmits signals from the receptor into the cell by releasing 
calcium from non-mitochondrial intracellular stores [11,13,45] . 


In additio n to these earlier time points, Dam odaran and colleagues (46] 
also examined the transcriptional response at 3 months following sarin 
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exposure. The authors noted persistent alteration of calcium/ calmodulin­
dependent kinase 11 (CamKJI) from 2 h to 3 months (along with other 
calcium transporter molecules), which indicates that calcium-induced 
changes persist for a long time and likely play an important role in sarin­
induced pathology [46]. Day and Greenfield f49] suggested that CamKII, 
which is integrally involved with glutamate receptors in the processes of 
learning and memory, is activated by calcium influx through NMDA 
receptors, resulting in mitochondrial dysfunction and free radical formation, 
followed by caspase activation and apoptotic cell death of sensitive brain 
regions f46]. Uncovering the roles of calcium during nerve agent poisoning 
is complicated due to the role calcium plays in both neuronal survival and 
programmed cell death [50). 


6. GLOBAL MOLECULAR TECHNIQUES PROVIDE 
EVIDENCE FOR NoN-ACHE MECHANISMS OF OP 
NERVE AGENT TOXICITY AND REVEAL SECONDARY 
EFFECTS OF EXPOSURE 


Since the development of the three-phase model by McDonough and 
Shih f11] , studies using global molecular techniques have also indicated the 
presence of non-cholinergic and non-glutamatergic systems during the late 
phase response to nerve agents, providing critical insight into the secondary 
effects leading to nerve agent-induced neuropathology. Blanton et al. f51] 
conducted one of the first high-density gene expression profiling analyses to 
identi fy genes altered by nerve agent exposure. In this study, the authors 
employed microarray analysis to analyze gene responses following a 2-week 
low-level (0.1, 0.2, and 0.4 LD50) exposure to VX. T heir results revealed 
altered expression profiles of non-AC hE targets in the mouse hippocampus 
and cortex following exposure, which returned to normal levels by 2 weeks 
after the final exposure. In this early genomic study of nerve agent exposure, 
Blanton and colleagues used self-organizing maps (SOMs) to identify clus­
ters of genes that were similarly affected by VX poisoning. T hey identified 
neuronal genes encoding receptors, vesicle-related proteins, and molecular 
motors as well as genes associated with neurogenesis/ maintenance as being 
upregulated in the hippocampus following exposure. T hey also identified 
similar functional categories of genes being altered in the cortex. Although 
the authors identified numerous genes with altered expression patterns 
following VX exposure, they were unable to identify a complete alternate 
pathway from the dataset. 


Since the study by Blanton et al. f51], scientists have continued using 
global molecular techniques to understand in greater detail the molecular 
responses of sensitive brain regions to nerve agent exposure. T he correlation 
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between neuronal activity and the expression of specific genes has led to an 
increase of scientific data related to the long-lasting functional changes that 
underlie nerve agent toxicity f 481. Gene expression profiling has been 
successfully used to investigate the mechanisms of toxicity and resulting 
effects of sarin [39,40,46,48,521 and soman f531. In 2006, Damodaran and 
colleagues published two papers detailing sarin- induced gene expression 
changes in male Sprague-Dawley rat brains following a 0.5 X LD50 expo­
sure at 15 min [461 and 2 h f481 and a 1 X LD50 exposure at a later time point 
of 3 months. In their studies, the animals were challenged with the appro­
priate dose of sarin (im, diluted in saline), and the animals were anesthetized 
with 100 pg/ kg ketamine/ xylazine prior to brain dissection. In the study by 
Dillman et a/. f53l, male Sprague-Dawley rats were pretreated with 
125 mg/ kg of the oxime HI-6 (ip) 30 min prior to exposure of 180 pg/ 
kg soman (sc, diluted with 0.9% sodium chloride). One minute after soman 
challenge, the animals were treated with atropine methyl nitrate (2 mg/ kg, 
im). The hippocampi were immediately collected after deep anesthesia 
using sodium pentobarbital (65 mg/ kg, ip) at 1, 3, 6, 12, 24, 48, 72, 96, 
and 168 h after the onset of convulsions. The microarray studies by Sprad­
ling and colleagues in 2010 [39,401 also involved the use of male Sprague­
Dawley rats. The animals were challenged with 1 X LD50 sarin (sc, diluted in 
sabne). One minute after seizure o nset, the animals were treated with 
atropine sul£1te (2 mg/ kg) and the oxime 2-PAM (25 mg/ kg), both admi­
nistered in a single injection (im). Thirty minutes later, the animals were 
given the anticonvulsant diazepam (10 mg/ kg, sc). T he amygdala, hippo­
campus, piriform cortex, septum, and thalamus were immediately collected 
at 15 min, 1, 3, 6, and 24 h after seizure onset following decapitation. These 
studies helped uncover the secondary molecular effects of intracellular 
calcium overload that are e.ll.'j)ected to produce important cerebral biochemical 
and metabolic dismption f18l 


6.1. Oxidative stress 


Previous data have shown that the hyperactivation of enzymes resulting 
from intracellular calcium overload during nerve agent poisoning promotes 
oxidative stress [541. Results have implicated exposure to OP nerve agents 
in the generation of free radicals (e.g., hydrogen peroxide fH20 21, super­
oxide [0 2 -1. nitric oxide fNOl, and peroxynitrite fON00- 1) and the 
alteration of the antioxidative scavenging system. T he accumulation of 
reactive oxygen species during an oxidative stress response induces various 
defense mechanisms or programmed cell death. Damodaran and colleagues 
[461 noted an induction of ni tric oxide synthase (NOS)-2 mRNA expres­
sion following sarin exposure, which supported their previous finding of 
nitrotyrosine production in sarin-exposed rats [551. Further, Damodaran 
ef a/. f461 saw a reduction in mRNA expression level for glutathione 
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5-transferase A2 (GSTA2) , w hich serves as an important protective mecha­
nism for minimizing oxidative damage in the cell. T he authors speculate 
that this reduction in GST A2 may potentiate damage to dopamine and 
GABA populations due to an alteration in the m.H .. NA expression of 
dopamine receptor type 4 and GABA receptor, respectively. 


T he occurrence of oxidative stress during nerve agent poisoning can be 
linked to numerous downstream molecular effects. The macromolecular 
targets of oxidative damage include lipids, proteins, and both nuclear and 
mitochondrial DNA. Oxidative stress affects numero us genes, including 
those involved in modulating the production of free radicals, repairing 
target macromolecules, and specifYing the orderly replacement of effector 
cells [46]. O ne of the consequences of oxidative stress is lipid peroxidation, 
which has previo usly been shown in the CNS of sarin-exposed rats [56] and 
was fu rther supported by the observed alteration in lipophilin gene expres­
sion f46 j. One mechanism in which the cells suppress oxidative-induced 
toxicity is through the activation of heat shock proteins (HSPs) [57 ,58]. The 
productio n of HSPs has been observed following nerve agent exposure 
[39.40,48,59]. These proteins are thought to provide cellular protection 
during nerve agent poisoning through their roles in protein trafficking, 
protein folding, and regulation of cell death pathways. 


6.2. Mitochondrial dysfunction 


Mitochondria are responsible for producing energy through the coupling of 
oxidative ph osphorylation to respiration in order to provide ATP for most 
cellular processes that require energy. There is a large amount of evidence 
suggesting that mitochondrial dysfunction in th e CNS is linked to epileptic 
seizures [60]; therefore, it may play a role in seizure-related brain damage 
following nerve agent exposure. 


Previous studies have show n that neuro nal mi tochondria are important 
for intracellular calcium sequestration, so a major form of damage likely 
results fro m mitochondrial swelling as the mitochondria take up and scav­
enge the excess calcium produced during nerve agent poisoning. Therefore, 
mitochondria may be subjected to stress and even collapse if calcium levels 
exceed a physiological threshold [50] . 


Another important trigger for mitochondrial stress is the production of 
reactive oxygen species, which have been suggested to activate n1.itochon­
drial permeability transition pores and release mitochondrial cytochrome c. 
These Oll:ygen radicals are generated when the mitochondrial respiratory 
chain is inhibited [61 ,62]. When excess amounts of these reactive oxygen 
species are produced, they can overload the endogeno us protective enzymes 
(e.g., glutathione peroxidase, superoxide dismutase, and catalase) and result 
in the oxidative damage of proteins, phospholipids, and DNA [60]. Alter­
natively, oxygen radicals themselves can inhibit the mitochondrial 
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respiratory chain [63] to create a very toxic and vicious cycle. This cyclic 
mechanism is thought to cause the progressive respiratory chain impairment 
in the CA 1 and CA3 hippocampal subfields of pilocarpine- treated chronic 
epileptic rats [60,64]. 


In addition to the alteration of neuronal calcium homeostasis, mitochon­
drial dysfunction likely results in decreased intracellular A TP levels, which 
could increase neuronal excitability. This is supported by previous genomic 
studies indicating the significant alteration of cyclic nucleotide signaling and 
purinergic signaling within 15 min of sarin exposure [39,40,46]. Damo­
daran and colleagues [48] also noted the significant alteration of four 
A TPases and four A TP-based transporters at 2 h after sarin exposure. T he 
data obtained in these studies support earlier findings showing a large 
increase in blood glucose concentration in the first hours of soman- induced 
seizures [65] and increased glucose utilization in nerve agent-damaged brain 
areas [66]. 


Status epilepticus- induced neuronal injury by the anticholinesterase 
diisopropylfluorophosphate (DFP) or the carbamate carbofuran has been 
linked to excitotoxicity, energy impaim1ent, and oxidative stress [67]. The 
authors found an inverse relationship between an NO increase and a 
decrease in high-energy phosphates in the CNS of rats exposed to these 
AC hE inhibitors. They attributed this finding to NO-induced impairment 
of mitochondrial respiration leading to depletion of energy metabolites. 
This was supported later by the findings of Damodaran et al. [46], who 
noted alterations in the transcription levels of brain Acyl-CoA synthetase 
and leptin along with a decrease in the mRNA levels of key mitochondria­
associated proteins such as B-celllymphoma (BCL)- 2-associated X protein 
(i.e., BAX) and BCL-2-related ovarian killer protein (BOK). The authors 
suggest that OP chemicals may alter cytochrome P-450 and generate 
oxidants in their metabolic process that would subsequently oxidize a 
wide range of endogenous chemicals. 


6.3. Apoptosis 


In addition to supplying ATP for cellular functions, mitochondria also 
regulate apoptosis by controlling the release of mitochondrial proteins such 
as cytochrome c and other apoptotic factors. Members of the BCL-2 family 
are involved in the regulation of apoptosis. Some of the BCL-2 family 
members (including BCL-2, BCL- extra large [BCL-XL], and BCL-2-like 
protein 2 fBCL-Wl) are considered to be anti-apoptotic, whereas other 
members (including BCL-2-associated death promoter [BAD], BAX, and 
BCL-2 homologous antagonist/ killer [BAK]) induce apoptosis. 


Although the neurotoxic mechanism of nerve agent poisoning has yet to 
be clearly defined, much of the scientific data suggest that it involves 
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apoptotic neuronal cell death similar to that proposed following exposure to 
a micromolar concentration of L-gl utamate [46]. Scientific support for an 
apoptotic mechanism of AChE-induced cell death was provided by Day 
and Greenfield [49]. T hey used a peptide derived from the C-terminus of 
AC hE, which was homologous to ~-amyloid, along with inhibitors of 
various cellular processes to trace the cell death pathway in organotypic 
hippocampal cultures and found that pathophysiological activity was pro­
duced via an apoptotic pathway. Their results indicated that the AC hE 
peptide activated r:t.7 nicotinic ACh receptor (r:t.7 nAC hR) and resulted in 
the activation ofNMDA receptors, calcium release, mitochondrial dysfunc­
tio n, and production of free radicals, leading to apoptotic cell death. They 
demonstrated that the activation of the caspase family is likely the key step in 
the apoptotic execution process, as they were able to block apoptotic cell 
death with caspase inhibitors. Day and Greenfield [491 state that similar 
conclusions have been drawn for ~-amyloid toxicity and suggest that the 
induction of apoptotic cell death may be a common featu re shared by 
neurotoxic ~-sheet peptides. 


Further, multiple genomic studies [39,40,46,48,52] have shown signifi­
cant dysregulation of mitochondrial-associated genes, including several Bc/-
2-related genes. For example, the study by Damodaran eta/. f48l revealed 
overexpression of both anti-apoptotic (Bel-A.) and proapoptotic (Bc/21 II and 
caspase 6) genes at 2 h following sarin exposure, indicating complex cell 
death/ protection-related mechanisms soon after exposure. 


T he approach used by Pachiappan and colleagues f52l to investigate the 
mechanisms of nerve agent toxiciry differed from the other transcription 
profiling studies of nerve agent exposure because they examined gene 
expression responses in human neuronal cells (SH-SY5Y cells), rather 
than in brain tissues, following exposure. In their study, they identified 
224 genes whose expression was significantly altered by at least threefold 
following sarin exposure. Similar to the other genomic studies, they identi­
fied transcriptio nal changes related to dose and time of exposure. But unlike 
the other genomic studies, the authors identified a mitochondrial death 
pathway regulated by the transcriptio n factor ETS2 as the main neurode­
generative signaling pathway activated in response to sarin. This unique 
finding is likely due to the use of a single cell type versus whole brain tissue 
where multiple cell types are represented. 


In addition to the scientific data supporting an apoptotic mechanism of 
neuronal death, Baille et a/. f25l also provide evidence for a necrotic 
mechanism of nerve agent-induced cell death within the first 24 h following 
a convulsant dose of so man and show very few apoptotic cells foll owing the 
24-h time period. They attribute the lack of apoptotic cells to a nu mber of 
factors, including the rapid occurrence of apoptosis (suggesting that they 
would not see the apoptotic cells due to their elimination within a few 
hours). Another possibility for the lack of apoptotic cells is that apoptosis is 
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an energy-dependent process, an d since cellular energy is limited during 
nerve agent-induced excitotoxicity, cells may not have enough energy for 
apoptosis. T he presence of an inflammatory response during nerve agent 
poisoning (discussed below) also supports a necrotic mechanism of nerve 
agent-induced cell death because inflanu11ation is considered to be a key 
contributing factor to necrosis f68]. Therefore, nerve agent toxicity likely 
involves a fom1 of programmed cell death with both apoptotic and necrotic 
characteristics. 


6.4. Inflammation 


Since the development of the model proposed by McDonough and Shih 
f11l. many studies have shown that there is also an increase in proinflam­
matory cytokine mRNA and protein expression following nerve agent 
exposure that lasts hours to days later f38-40,46,48,53,69-74). Further, 
there has been increasing evidence over the past several years implicating 
inflammatory reactions in the pathogenesis of several neurodegenerative 
disorders, such as AJzhein1er's disease, Parkinson's disease, multiple sclerosis, 
and epilepsy f75,76]. Studies using various seizure models have shown an 
increase in cytokine mRNA and protein expression levels within 30 min 
following seizure induction in brain regions involved in seizure onset and 
spread f77-81). Therefore, it is likely that the late phase of the model involves 
neuroinflammatory processes that lead to neuropathology following nerve 
agent exposure. 


Spradling and colleagues recently analyzed sarin-induced gene expression 
changes in the rat amygdala, hippocampus, piriform cortex, septum, and 
thalamus f39,40], which are areas of the rat brain known to be affected by 
nerve agent- induced seizure [6, 15,23,38]. A multitude ofbiological functions 
and canonical pathways were identified as being significantly altered follow­
ing sarin-induced seizure. Many of the canonical pathways identified as being 
most significantly affected across all of the brain regions were indicative of an 
inflanunatory response and included many proinflammatory cytokines such as 
interleukin (IL)-1 p, IL-6, and tumor necrosis factor (TNF)-cx. T hese signifi­
cantly altered pathways included ataxia telangiectasia-mutated protein (ATM) 
signaling, CD 40 signaling, IL- 1 0 signaling, IL-6 signaling, macrophage 
migration inhibitory factor (MIF) regulation of innate inununity, role of 
double-stranded RNA-activated protein kinase (PKR) in interferon induc­
tion and an tiviral response, toll- like receptor signaling, and triggering recep­
tor expressed on myeloid cells 1 (TREMl) signaling. Further, 
proinflammatory cytokines were among the top de novo networks identified 
as most significantly affected in all five brain regions from sarin-exposed 
seizing animals. T wo of ilie top six networks were associated with an 
inflanunatory response. O ne network of genes was centered on TNF-cx as a 
central node and the other on IL-6 as a central node. 
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A significant increase in proinflanunatory gene expression was seen as 
early as 15 min following sarin- induced seizure onset, and this inflammatory 
response was still present at the latest observed time point of 24 h [39,40]. In 
suppo rt of this finding, Damodaran et a/. f46,48] and C hapman eta/. [721 
also observed an increase in cytokine expression following sarin-induced 
seizure activity. Damodaran et a/. f46,48] reported numerous changes in 
gene expression profi les immediately following sarin exposure with cyto­
kines being among the significantly altered signal transduction pathways. 
C hapman and colleagues f72]monitored protein expression levels ofiL-1 ~. 
IL-6, TNF-cx, and prostaglandin E2 (PGE2) in the hippocampus and cortex 
at 2, 4, 6, 8, 24, 48, and 144 h, as well as 30 days, following sarin- induced 
seizure. They observed a significant increase in cytokine expression starting 
at their earliest time point of 2 h and peaking at 2- 24 h following sarin. 


Further support of a neuroinflammatory response following nerve agent 
exposure is provided by studies of soman intoxication . Svensson et a/. 
[69,71] previously showed increases in IL-1~ mRNA and protein levels 
following soman exposure. In addition, Dhote et a/. f73] and Williams et a/. 
f70] used quantitative R T - PCR to analyze the neuroinflanunatory gene 
response following a convulsant dose of soman (1.6x LD50). Dhote et a/. 
f73] showed an increase of IL- 1 ~ . TNF- cx, IL-6, intercellular adhesion 
molecule-1 (ICAM- 1), and suppressor of cytokine signaling (SOCS) 3 
m.R.NA in the w hole cortex at 0.50, 1, 2, 6, 24, 48, and 168 h following 
soman exposure, which confirmed the earlier findings ofWilliams et a/. [70] 
wh ere they saw an initial upregulation of T N F-cx mRNA at 2 h post­
exposure followed by an increase in IL-1 ~ and IL- 6 m.R.NAs 6 h later. 
J ohnson and Kan f74] have recently quantified the protein levels of these 
cyto kines in vulnerable brain regions following soman- induced seizure 
onset. They saw a significant increase in IL- 1 ~. IL-6, and TNF-cx protein 
levels between 10 and 18 h after the peak mR NA expression levels. Dillman 
et a/. f53] used oligonucleotide arrays to analyze gene expression profiles of 
rat hippocampi at 1, 3, 6, 12, 24, 48, 72, 96, and 168 h following exposure 
to a convulsant dose of soman. In agreement with the transcriptional 
response to sarin [39,40], they saw an increasing alteration in gene expres­
sio n profiles over the fi rst 24 h following soman exposure. Within this time 
frame, they identified a strong inflammatory response with the presence of 
immunological and inflammatory disease among the top biological processes 
altered, and the top canonical signaling pathways including p38 MAPK, toll­
like receptor, IL-6, and IL- 10. Angoa-Perez and colleagues [19] recently 
studied the effects of so man on the expression of cyclooxygenase-2 (COX-
2), w hich is the initial enzyme in the biosynthetic pathway of proinflamma­
tory prostaglandins (PGEs) and a factor that has been implicated in seizure 
initiation and propagation. T hey found that the induction ofC OX-2 expres­
sio n and subsequent production ofPGEs correlated w ith seizure intensity in 
the rat brain from 4 h to 7 days, suggesting that these molecules could play a 
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role in neuronal degeneration well after the cholinergic and glutamatergic 
response. Angoa-Perez and colleagues hypothesize that seizures occurring in 
response to a PGE overload would likely not respond to th e standard 
treatment of anticholinergics and benzodiazepines, indicating that other 
therapeutics, such as COX-2 inhibitors, sho uld be added to prevent or 
minimize neuropatho logy that occurs in the later phase of the McDonough 
and Shih model P 1] . 


Proinflammatory cytokines are known to mediate cellular communication 
and play a significant role in the pathological processes involved in various 
brain diseases, such as status epilepticus [75,76,78,81.82]. Although picomolar 
or low nanomolar ranges of cytokines enhance neuronal survival, higher 
concentrations have deleterious effects on neuronal viability f83]. Based on 
the findings of Spradling et nl. and the findings of other investigators, inflam­
matory signaling pathways appear to be an important component of nerve 
agent- induced brain injury; however, the molecular mechanisms by which 
nerve agent-induced seizures produce acute neuroinflammation or how this 
phenomenon contributes to the ensuing neuropathology following exposure 
is still unclear. /11 vitro studies have shown that proinOanm1atory cytokines play 
a role in glutamate toxicity since they inhibit gl ial cells from taking up excess 
extracellular glutamate f84]. Cytokines are thought to further enhance th is 
glutamatergic hyperactivity by increasing NMDA receptor activity f85l, 
which promotes excitotoxic neuronal cell death f86,87]. 


6.5. BBB dysfunction 


T he blood-brain barrier (BBB) maintains the homeostasis of the C NS envi­
ronment to ensure proper function f88]. Previous studies have shown that 
sarin f89] and soman f90-93] can cause breakdown of the BBB in sensitive 
areas such as the thalamus. Therefore, this disruption likely plays an important 
role in nerve agent- induced cell death in the sensitive brain regions. Further 
support of these findi ngs was provided by Damodaran and colleagues f46,48] , 
w ho identified numerous BBB-related genes that were altered at 15 min, 2 h, 
and 3 months following 0.5 and l.Ox LD50 sarin exposure. T heir data 
identified multiple cell adhesio n and cytoskeleto n- related mo lecules altered 
at 15 min following sarin exposure, some of which were related to BBB 
functio n (neurexin 1-cr; neurexin 1-P, PSD-95/ SAP90-associated protein 4). 
Alteration in lipo philin mRNA levels at 15 min and 2 h indicated active 
degradation of C NS myelin. Lipophil in and myelin basic pro tein have been 
implicated for efficient axonal signal propagation and provide extrinsic trophic 
signals that affect the development and long-tem1 survival of axons. The 
authors also no ted the persistence of neurexin 1-P at 3 months, possibly 
indicating a continued dysfunctional BBB f46]. 


The mechanism by w hich nerve agents break down the BBB is still 
unknown . An increase in BBB permeability typically involves vesicular 
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transport and/ or opening of tight j unctions [94]. The findings of Grange­
M essent era/. [92] indicate that soman-induced seizure increases the number 
of endothelial vesicles, but their data did not show any structural changes in 
the endothelial tight junctions, suggesting that tight-junction opening is not 
an essential mechanism for BBB dysfunction in soman poisoning. H owever, 
it should be noted that the authors point out that vascular leakage could 
occur through very few damaged tight junctions and may not be included in 
the small tissue sample selected for study. In the microarray study by 
Damodaran et a/. f46], the authors attribu te nerve agent-induced BBB 
perme::ability to the early (15 min) alteratio n of CAMKII and MAP lcinase 
cascades followed by tyrosine phosphorylation , w hich was supported by the 
upregulation of tyrosine kinase receptor EHK-3 at 2 h post-exposure [48]. 
They speculated that this phosphorylation event might increase tight­
junction permeability, w hich was supported by their observation that 
sodium-dependent neurotransmitter transporters and A TP-based transpor­
ters were also altered. Further , they point to the role of NO, which is a 
primary mediator of injury- induced BBB dismption. Induction of NOS-2 
along with the changes in EDN3 (preproendothelin) expression indicates 
such a scenario. They speculate that agents involved in regulating vasoactive 
processes, such as vasoactive intestinal receptor- 1 (VIPRl) and 2 (VIPR2), 
may be involved in the biochemical opening of the BBB, as shown for other 
vasoactive genes like bradykinin and angiotensin [46]. 


This scenario opens the door to another possible mechanism in which 
proinflammatory cytokines could contribute to nerve agent toxicity. The 
bra in is normally isolated from the peripheral inunune system via the BBB; 
however, a neurotoxic insult, such as a convulsant dose of sarin, can induce 
both a local and peripherally recmited inflammatory response. BBB damage 
has been seen in many neurodegenerative diseases and animal models of 
seizure f95], and studies have shown that proinOanunatory cytokines includ­
ing TNF-(l, IL-1 p, IL-6, and interferon-A. are implicated in the regulation of 
BBB pem1eability f96-98]. For example, IL-1 p can affect the penneability 
of the BBB via disruption of the tight-junction organization or production of 
NO and matrix metalloproteinases in endothelial cells f98]. The observed 
gene response following sarin exposure f39,40] indicates that there could be a 
breakdown of the BBB as well. This was indicated by the upregulation of 
ICAMl and E-selectin in the amygdala, hippocampus, piriform cortex, 
septum, and thalamus. These molecules are thought to be linked to signal 
transduction cascades leading to junctional reorganization as they can interact 
with the actin cytoskeleton, w hich in turn is an indicator of infiltration of 
peripheral leukocytes into damaged brain regions through the BBB f96]. 
There was also a decrease in occludin expression levels, which is one of the 
main components of tight junctions, indicating a possible loss of tight-junction 
integrity. T he mechanism by which nerve agents cause seizure-related 
opening of the BBB is still unclear and requires further investigation. 
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6.6. Repair and recovery 


Victims of nerve agent poisoning often suffer long-tenn neurological deficits 
accompanied by brain neuronal cell death. Some survivors of the sarin Tokyo 
subway attack developed long-term chronic neurotoxicity characterized by 
CNS deficits and neurobehavioral impmm1ents. Animal sturues have also 
demonstrated that exposure to sarin caused brain neuronal cell death f89]. In 
the longer-term genonUc stu rues of nerve agent exposure by Dillman eta/. [53] 
and Damodaran eta/. [46), it is apparent that nerve agent-induced transcrip­
tional changes are still present weeks to months following exposure. 


The data presented by Dillman and colleagues f53) provide insight into 
the temporal gene response of rat hippocampi following soman exposure. 
As discussed above, the significant biological processes and canonical path­
ways appeared to represent an inflanm1atory response during the first 24 h of 
the time course, whlch was also seen in the 24 h time course of sarin toxicity 
[39,40). In the middle to late portions of the time course (24-96 h), Dillman 
and colleagues identified acute phase response pathway, complement sys­
tem, and coagulation system as being significantly impacted by soman 
exposure 48-96 h post-exposure. The authors state that these findings are 
consistent with previous studies reporting the formation of gliotic scarring 
following soman exposure f99). Collombet et a/. [99) identified increases in 
GFAP and VEGF by immunohistochemistry in the hlppocampi of soman­
exposed nUce during the time period of gliotic scar fomution , which 
corresponded to the observed significant increases in GFAP and VEGF 
mRNA levels after soman exposure in the microarray study by Dillman 
et a/. [53]. At the latest point of the time course (168 h), the significant 
biological processes and pathways appeared to follow the course of a recov­
ery response, as suggested by biological processes such as RNA damage and 
repair, connective tissue development and function, and cell-to-cell signal­
ing and interaction, and pathways such as glutamate metabolism, alanine and 
aspartate metabolism, o-glutamate metabolism, and D-glutamine metabo­
lism. The authors used principal component analysis (PCA) to identify 
sources of relative variability an1ong the hippocampal gene expression pro­
files (Figure 3). From their analysis, they identified exposure conditions (i.e., 
naive, vehicle-exposed, or soman-exposed) and post-exposure time point as 
the primary sources of variability in the dataset. The PCA in Figure 3 shows 
that sample groups for the 1, 3, 6, and 12-h time points partition progres­
sively further away from the control sample group, while the 24, 72, 96, and 
168-h sample groups partition progressively closer to the controls. Although 
these data suggest that gene expression profiles are returning to control levels, 
the three-dimensional plot indicates that none of the late time point groups 
partition with the control sample group, indicating altered gene expression at 
168 h after soman exposure. Due to the similarities during the first 24 h of 
sarin f39,40l and soman [53] intoxication, we would anticipate a similar shift 
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Figure 3 Principal component analysis (PCA) of hippocampal gene expression profLies 
from soman-exposed rats identifies exposure conditions and post-exposure time point 
as primary sources of relative variability in the dataset. Hippocampal tissues were 
isolated at the indicated time points following soman exposure and processed for 
oligonucleotide microarray analysis. The raw signal intensities were normalized using 
robust multiarray averaging (RMA) algorithm and visualized using PCA to identifY 
major sources of variability in the data. Each point on the three-dimensional graph 
represents the gene expression proftle of an individual biological sample. The distance 
be tween any two points is a function of the relative similarity between the two samples. 
Sample points that are near each other on the plot have a relatively similar gene 
expression profile, while sample points that are far apart are relatively different in a 
large number of variables. Point shape corresponds to exposure condition, and point 
color corresponds to the post-exposure time point. T he centroid of each time point 
group is shown as a sphere with an angled black line through its center. Each centroid is 
connected by vectors to each of the sample points in its corresponding time point group. 
Naive controls were unexposed, and vehicle controls received all treatments except 
soman. The principal components in the three-dimensional graph represent the varia­
bility in gene expression levels seen within the dataset. The PCA plot rendered 51 .8% 
of the total information content. Principal component 1 (PCt, .Y-a;xis) accounts fo r 25% 
of the variability in the data; PC2 (y-axis) represents 14.6% of the variability: and PC3 
(.l'-axis) represents 12.2% of the variability in gene expression levels seen within the 
dataset. Reprinted from Re( 53. Published 2009 American Chemical Society (53). 


in gene expression involving molecular processes and pathways involved in 
an injury and recovery phase following sarin exposure. However, further 
studies analyzing gene expression profiles over a I o8-h time period are 
needed to confirm this same mechanism of action fo llowi ng sarin-induced 
seizure. 


T he study by Damodaran et a/. [46] detailed multiple gene alterations 
present at 3 months following sarin exposure. They noted the presence of 
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ACCNl, SCN9A, ATPases, and ATP-based transporters, indicating that 
sarin-induced electrophysiological changes initiated early were minimized 
but did not completely return to normal. Genes classified as cytoskeletal and 
cell adhesion molecules were among the most significantly altered genes at 
3 months after sarin exposure. P-Arrestin and neurexinl-P both maintained 
their altered state at 3 months. The authors state that the continued down­
regulation of neurexin clearly supports the idea that BBB- related perturba­
tions still persist at 3 months posttreatment, while persistent upregulation of 
P-arrestin confinns the continued aberrant signaling pathways mediated by 
G-protein-coupled receptors, which was evidenced by the continued over­
expression of several classes of G-protein-coupled receptors (CAMKI and 
II, M2-AChR, GALRl, and CRLR). The authors speculate that the 
persistence of sarin-induced hyperphosphorylation causes defects in the 
tissue repair process. Therefore, long- term changes in certain molecules 
indicate that they likely play important roles in preserving, amplifying, and 
transmitting altered gene expression until a later time point, which could be 
either degenerative or regenerative in nature. 


7. fUTURE DIRECTIONS IN THE MOLECULAR 
TOXICOLOGY OF NERVE AGENTS 


The biological pathways and molecular mechanisms underlying nerve 
agent toxicity are still poorly understood. To help determine the molecular 
mechanisms of nerve agent toxicity, scientists have recently begun using 
"omics" technologies to assess the toxicological effects and physiological 
mechanisms of OP nerve agents. In a recent review f31l, Everley and 
Dillman discuss how genomic and proteomic technologies have been used 
in over 50,000 research studies since the 1990s to help detemune various 
biological processes, but there have been very few systems biology-related 
studies focusing on chenucal warfare agents, especially OP nerve agents. In 
fact, there have been no large-scale proteonuc studies of OP nerve agents. 
Previous, smaller-scale studies have shown that OP nerve agent exposure 
leads to the activation of many downstream proteins involved in numerous 
cellular signaling pathways regulated by protein phosphorylation [74,100] ; 
however, additional studies need to be perfom1ed to investigate large-scale 
protein changes after nerve agent exposure. Also, in the study by Fauvelle 
et al. [18], the largest metabolomic study of nerve agent exposure to date, 
proton high-resolution magic angle spinning nuclear magnetic resonance 
spectroscopy e H HRMAS NMR) was used to describe the complex 
metabolic changes occurring in the piriform cortex and cerebellum of 
soman-exposed nuce over a 7-day period. Using this global approach, the 
authors analyzed individual variation in the concentration of13 metabolites. 
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As this technology matures, there should be a growing number of metabo­
lomic studies involving nerve agents. These studies will provide valuable 
information regarding the molecular mechanisms of nerve agent toxicity 
leading to cell/ tissue damage and long-tem1 neurobehavioral deficits. 


The typical methodology for studying nerve agents involves the use of 
animal models. This approach requires specialized facilities and support staff 
and can be expensive and time-consuming for large studies. Another 
approach would involve the use of an in vitro model system coupled with 
global molecular techniques to establish a high-throughput screening 
method to rapidly assess the molecular targets and toxicological mechanisms 
of any nerve agent. Although this approach was recently used by Pachiappan 
et a/. [521, it should be noted that their study was perfom1ed using a 
neuroblastoma cell line (SH-SY5Y), which may not truly represent in vivo 
mechanisms. Dissociated primary nerve cell cultures, however, may more 
closely resemble in vivo biology than immortalized neuronal cells. This 
model system is well established in the field of neuroscience [101-104) and 
has previously been used to evaluate neurotoxicant effects [103]. A major 
concern of using an in vitro system involves the lack of important functional 
features, such as the BBB, heterogeneous cell-cell interactions, and seizure 
propagation that faithfully mimics what is observed in vivo. However, in vitro 
systems may offer some advantages for neurotoxicity assessment over in vivo 
models, including the ability to study the molecular effects of toxicants in 
pure populations of specific cell types. This capability not only highlights the 
vulnerability of a particular cell type (e.g., neurons or glial cells) but also 
prevents significant changes in one cell type from being "diluted out" or 
masked by the changes seen in a complex mixture of cells, such as in whole 
tissue. Moreover, me use of an in vitro model system would easily allow the 
application of other molecular technologies that are not currently feasible in 
in vivo systems. For example, RNA interference (RNAi), a method of 
posttranscriptional gene silencing, has rapidly become the high-throughput 
system of choice in the biotechnology industry for mechanistically assessing 
gene function on a global scale [104]. This technique paired with microarray 
analysis for genome-wide expression profiling has proved to be effective in 
identifYing and validating molecular mechanisms [105). 


:F 8. CONCLUSIONS 


The development of global molecular technologies has enabled scien­
tists to look at the complete complement, expression, and regulation of 
genes, proteins, and metabolites involved in the response to various tox­
icants [27). These techniques coupled with pathway modeling provide a 
powerful approach in the development of neuroprotectants against nerve 
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agent exposure since they identify potential biomarkers of exposu re and 
targets fo r therapeutic intervention. Because current countermeasures may 
not fuUy prevent neurological damage, particularly in scenarios where 
treatment is delayed (e.g., civi lian terrorist attack), this type of in-depth 
analysis is critical to examine the molecular effects following nerve agent 
exposure and to identify th erapeutics that ca n reduce or block the cascade of 
secondary events that lead to neuropathology and associated functiona l 
impairments. 


A large amount of data obtained from scientific studies utilizing global 
mo lecular techniques support the temporal model proposed by 
McDonough and Shih [111 as well as provide furth er evidence for the 
presence of non-cholinergic and non-glutamatergic systems during the 
late phase response to nerve agent poisoning (Figure 4), which was fi rst 
suggested from studies using AChE knockout mice fl061. These studies 
showed that acute nerve agent exposure alters the expression of multiple 
genes and pathways at an early time point (0.25-2 h) foUowing exposure, 
suggesting concurrent activation o f pro tective mechanisms as well as neu­
rodegenerative changes f39,40,46,48,531. T hese data also suggest that the 
persistence and magni tude of early gene expression changes predict long­
term pathological developments f461 . 


Figure 4 Overview of the neurotransmitter and nonneurotransmitter systems that are 
impacted by nerve agent intoxication. Data from a variety of sources. as described in the 
text , suggest cholinergic and non-cholinergic mechanisms involved in downstream 
sequelae after nerve agent exposure. leading to neuropathology. Jllustration by 
Alexandre Katos. 
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M itochondria are proposed to p lay a significant ro le in seizure genera­
tio n in certain fo nm o f epilepsy, and multiple genomic studies 
[39,40,46,48,521 have shown significant dysregulation of mitochondrial­
associated genes, including several BC L-2-related genes, following nerve 
agent exposure. Therefore, these mitochondrial genes should be considered 
as promising targets for future therapeutic strategies to treat nerve agent 
poisoning. Also, the rapid and persistent alteratio n of proinflanunatory 
cytokines seen in these studies strongly suggests that they may play a causal 
role in long-tenn pathological changes fo llowing exposure to OP nerve 
agents. T herefore, antagonism of proinflammatory mo lecules, as well as 
their receptors and signaling pathways, may represent a novel approach 
for the development of drug therapies that would reduce neurological 
damage w hen given after the onset of seizures and secondary responses 
that lead to brain inj ury . 


Data obtained from these global molecular assays have increased our 
understanding of the molecular response to nerve agent exposu re during the 
acute toxic response as well as during the neurodegenerative and recovery 
processes [53]. T he fi ndings of Dillman et a!. [53] show a gradual but 
incomplete return to control gene expression profiles at 168 h following 
soman exposure, but the extent of recovery at the molecular level over a 
longer t ime-frame (weeks or months) is uncertain . Even though the gene 
expression levels appear to be returning to normal after exposure, cell death 
and/ or neu ro nal rewiring that occurred during upregulation may be irre­
versible J46.53]. 


Gene expression profiling has provided insight into the mechanisms of 
nerve agent- induced brain injury by identi fying the initial molecular 
responses as well as secondary responses to nerve agent poisoning. How­
ever, determining the exact sequence of events is difficult due to the 
tempo ral overlap of many of the identified processes and pathways. The 
use of global profilin g techniques w ill fiu tber accelerate our understanding 
of nerve agent toxicity and help determine the mechanisms of toxicity. 
L1rge-scale proteomic and metabolomic studies using nerve agents have 
been lacking. Just as microarrays have been used to map signaling net­
works for sarin and s01n an, these techniques could also complement and 
expand o n that work to identifY additional signaling pathways impacting 
nerve agent toxicity [31]. Further, these "omic" techniques could be 
applied to other nerve agents (such as tabun and VX) to determine if 
these ag<:!nts have molecular effects similar to those of sarin and soman. 
The use of global molecular profilin g techniques, such as genomics, 
proteomics, and metabolomics, will further accelerate our understanding 
of the molecular mechanisms involved in nerve agent-induced toxicity 
and identi fY therapeutics that can reduce or block the cascade of second­
ary events that lead to neuropathology and associated functional 
impairments. 
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