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Abstract 

Galantamine prevents soman-induced apoptotic cell death in the guinea pig brain 

Girish S. Kulkarni, Doctor of Philosophy Candidate 

Dissertation Directed by: Dr. Edson X. Albuquerque, Professor 

Program in Toxicology and Departments of Epidemiology and Preventive Medicine and 

Pharmacology and Experimental Therapeutics 

  

 Galantamine, a drug approved for treatment of Alzheimer’s disease, prevents the 

acute toxicity and the neurodegeneration induced by organophosphorous poisons, 

including soman. The present study was designed to identify soman-induced 

neurotoxicity and its protection by galantamine. Male pre-pubertal guinea pigs were 

treated with: (i) saline (0.5 ml/kg, im), (ii) galantamine (8 mg/kg, im), (iii) 1xLD50 

soman (28 µg/kg, sc), or (iv) galantamine 30 min before soman. All animals, except those 

challenged with soman alone, survived. Only 50% of the soman-challenged, untreated 

guinea pigs survived; about 75% of the survivors had mild or severe signs of intoxication 

and were studied herein. At 24 h after each treatment, animals were euthanized, and their 

brains removed for analysis of cell viability, enzyme activity, protein expression and 

neuronal death. 

 In histological studies, large numbers of neurons were stained with Fluoro Jade-B 

(FJ-B), a fluorescent marker of neurodegeneration, in the amygdala, piriform cortex, and 

cerebral cortex, but rarely in the hippocampus of soman-injected animals. TUNEL-

positive cells were also visualized in different brain regions of soman-challenged guinea 

pigs. Caspase 3/7 activity was higher in the brains taken from animals 2h after their 



 

 

challenge with soman than in the brains of control animals. In the brains of soman-

injected guinea pigs that were pre-treated with galantamine, there were no FJ-B-positive 

cells and no TUNEL-positive cells. In addition, caspase activity in the brain of soman-

challenged guinea pigs that were treated with galantamine was comparable to control. 

These results indicate that: (i) neurodegeneration induced by soman is in part a 

result of the activation of a caspase-dependent apoptotic pathway, and (ii) pre-treatment 

with galantamine can effectively prevent soman-induced neurodegeneration. 
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Objective: 

The purpose of this study was to characterize the neurodegeneration produced by 

an acute exposure of guinea pigs to a single dose of the organophosphorous compound 

soman, and to evaluate the neuroprotective effectiveness of galantamine.  

 

Hypothesis and Specific Aims 

Galantamine is a centrally acting reversible cholinesterase (ChE) inhibitor in 

addition to being a nicotinic allosteric potentiating ligand (Albuquerque et al., 2006). 

Clinically, galantamine (Reminyl®) is used to treat mild to moderate Alzheimer's 

disease. However, previous studies have shown that galantamine at clinically relevant 

doses is an effective and safe antidote against poisoning by organophosphorus 

compounds, including the nerve agent soman (Albuquerque et al., 2006). Although nerve 

agents such as soman, sarin, VX, and tabun are chemically related to OP pesticides, they 

are far more toxic than OP insecticides used worldwide in agricultural industry. OPs 

cause an irreversible inhibition of acetylcholinesterase (AChE), the enzyme responsible 

for breakdown of the neurotransmitter acetylcholine (ACh), leading to hyperstimulation
 

at cholinergic synapses due to an increase in ACh concentrations. OPs phosphorylate the 

serine hydroxyl portion of the AChE active site, thus inhibiting the enzyme activity.  

The FDA-approved treatment of OP poisoning uses a combination of the 

muscarinic receptor antagonist atropine, the AChE reactivator pralidoxime (2-PAM), and 

the anticonvulsant diazepam. Studies have shown that soman-inhibited AChE is 

refractory to reactivation by clinically available oximes (Shih et al., 1997). Although 

these treatments are available to the public, the fatality rate from OP insecticide 
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poisoning remains extremely high. Such a far reaching impact of an OP attack suggests 

an urgent need to develop a medical countermeasure to increase the safety of the first 

responders to attend to the general population in the event of a terrorist attack and/or an 

accidental overexposure and to treat the general population.  

The molecular mechanisms triggered in response to soman exposure that lead to 

neurodegeneration are not well understood. Thus, the present study was designed to 

examine in guinea pigs, the best non-primate model to predict the effectiveness of 

therapeutic interventions against OP toxicity in humans, the neurodegeneration triggered 

by an acute exposure to soman and to evaluate the neuroprotective effectiveness of 

galantamine.  
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Based on the literature and preliminary results, we hypothesized that: 

1] Neurodegeneration induced by soman is in part due to a caspase-dependent 

mechanism; and 

 

2] Soman-induced neurodegeneration is prevented by treatment with galantamine.  

 

 

These hypotheses were tested by addressing the following specific aims: 

Specific Aim 1: To determine the extent of neurodegeneration in the brains of guinea pigs 

exposed to a single dose of soman. 

 

Specific Aim 2: To identify the effects of soman on caspase activity and on the 

expression on proteins involved in controlling cell viability in the brains of guinea pigs. 

 

Specific Aim 3: To evaluate the neuroprotective effectiveness of galantamine in soman-

challenged guinea pigs.   
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Organophosphorous compounds (OP) 

OPs are chemical compounds that contain a carbon-phosphorous bond in addition 

to other phosphate esters. Among the most toxic OP compounds are the nerve agents 

soman, sarin, and VX, some of which were used as chemical weapons of mass 

destruction during the Iran-Iraq conflict in the early 80’s and in the 1937-1945 Sino-

Japanese War (Romano and King, 2001). The threat of terrorist attacks with nerve agents 

was materialized in the Tokyo subway in 1995. Members of an extremist religious cult 

released the nerve agent sarin in the subway system causing more than 5,500 people to 

seek medical attention. Although production and stockpiling of these agents was 

outlawed by the Chemical Weapons Convention of 1993, there are reports that several 

countries, particularly in the Middle East, still harbor these weapons.  

OPs act as irreversible acetylcholinesterase (AChE) inhibitors (Newmark, 2007). 

By increasing acetylcholine (ACh) levels peripherally, OP intoxication leads to miosis, 

profuse secretion, hypotension and bradycardia as a result of muscarinic receptor 

overstimulation and skeletal muscle fasciculation, weakness and diaphragmatic failure 

due to overactivation followed by desensitization of nicotinic receptors. CNS-related 

effects include anxiety, restlessness, confusion, ataxia, tremors, seizures, coma and 

central respiratory paralysis (Pereira et al., 2002).    

In early 1930s, the German chemist Gerhard Schrader performed experiments 

with OPs as insecticides. Schrader's laboratory synthesized a series of OP compounds 

including tabun (GA), sarin (GB), cyclosarin (GC) and soman (GD). It took almost 20 

years for the British to produce the V-series of nerve agents (e.g. VX), which were more 

potent than the G-series. Post-World War II, when American companies began 
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synthesizing large quantities of the OP compounds parathion and malathion, they became 

more popular as pesticides than the generic organochlorine insecticides DDT, dieldrin 

and heptachlor, which were banned in the 70’s due to their high degree of toxicity. 

An effective OP has the following structural features – a] a terminal oxygen 

connected to phosphorus by a double bond, i.e. a phosphoryl group; b] two lipophilic 

groups bonded to the phosphorus; and c] a leaving moiety bonded to the phosphorus, 

which is often a halide e.g. chloride, bromide or iodide. As aforementioned, the main 

action of OPs is the inhibition of cholinesterases (ChEs), a group of serine hydrolases. 

OPs phosphorylate the serine residue in the enzyme’s active site to generate a stable 

conjugate. These conjugates undergo very slow hydrolytic cleavage; nucleophillic agents 

can still effectively reactivate OP-inhibited enzymes, provided that the inhibited enzymes 

have not undergone “aging” (see below). Studies have shown the use of quaternary 

oximes (Aldridge and Reiner, 1969) and fluoride ions (Froede and Wilson, 1985) to 

reactivate successfully AChE inhibited by most OP compounds.  

 

Soman 

Soman was the third of the G-series nerve agents to be discovered along 

with GA (tabun), GB (sarin) and GF (cyclosarin). Soman is a volatile, corrosive, and 

colorless liquid with a faint odor when pure, described as similar to camphor. 

The LCt50 for soman is 70 mg·min/m
3
 in humans. It is both more lethal and more 

persistent than sarin. Soman can be deployed as a binary chemical weapon, along with a 

primary nuclear weapon of choice. 
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 Since soman easily mixes with water, people could be exposed to soman-

contaminated water. Also, skin exposure to that water can be dreadful to the human body. 

Following contamination of food with soman, people can be exposed by eating the 

contaminated food. Long-term exposure to soman can be caused by exposure to clothing 

of the affected individual. Exposed clothing can release soman for about 30 minutes after 

contact with soman vapor. Soman breaks down slowly in the body, meaning that repeated 

exposures to soman and/or other nerve agents can have a cumulative effect in the body. 

Because soman vapor is heavier than air, it will sink to low-lying areas and create a 

greater exposure hazard there.  

The type, duration, and level of exposure to soman determine the extent of 

poisoning. Although vapor forms of soman induce acute toxicity within seconds to 

minutes, liquid forms and second hand exposure can induce acute toxicity within minutes 

to hours. Because of its high volatility, soman is an immediate, but short-lived threat and 

does not last a long time in the environment. Because soman is more volatile than the 

nerve agent VX (the most potent nerve agent), it will remain on exposed surfaces for a 

shorter period of time compared with VX.  

The FDA-approved treatment of OP poisoning includes the muscarinic receptor 

blocker atropine, the AChE reactivator pralidoxime to reactivate OP-inhibited AChE, and 

benzodiazepines (such as diazepam) to control OP-induced convulsions (Newmark, 

2007). Studies have shown that the soman-inhibited AChE cannot be reactivated by 

clinically available oximes (Kassa, 2002) and that there is no effective way of preventing 

the development of soman-induced neuropathology (Filliat et al., 1999).  
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Aging of OP-inhibited cholinesterase 

“Aging” is the process by which OP-inhibited acetylcholinesterase becomes 

resistant to reactivation. Aging is due to dealkylation of the alkoxyl group of the residue 

bound to the enzyme (Sun et al., 1979). The rate of aging is proportional to the electron-

donating capacity of the alkyl group. Once the phosphonyl group of soman covalently 

binds to serine in the active center of the enzyme, either spontaneous hydrolysis or strong 

nucleophilic agents can facilitate the release of this phosphonyl group from the serine 

residue. One of the features of the ‘aging’ process is that the ability to displace the 

phosphonyl moiety from the serine residue decreases with time. The aging process of 

phosphylated AChE aggravates any OP-related intoxication as well as minimizes the 

effectiveness of treatments.  

Site-directed mutagenesis and kinetic studies have been able to identify some of 

the residues interacting directly with the ligands, suggesting that the functional 

architecture of the enzyme, especially the residues at the active center, might be involved 

in accelerating the aging process, explaining the more efficient aging of the phophonyl 

conjugates of ChEs compared to those of corresponding serine hydrolases (van der Drift 

et al., 1985; Grunwald et al., 1989; Ordentlich et al., 1996). Studies by Shafferman et al. 

(1996) have shown that the enzymatic involvement in the acceleration of protonation as 

well as the carbonium ion formation steps account for the rapid aging of soman-inhibited 

AChE compared to other ChE conjugates.  

Studies by Sun et al. (1979) have shown that aging of the enzyme inhibited by 

soman results from the splitting of the pinacolyl residue of the bound OP. Dealkylation of 

the bound organophosphate is catalyzed by acetylcholinesterase itself, probably due to 
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the presence of an anionic group in the active center that can catalyze the dealkylation of 

the enzyme-bound OP. The resulting mono-methyl phosphate residue bound to the serine 

of the enzyme cannot be released by nucleophilic agents, due to the negative charge on 

the phosphonate group.  

 

Medical countermeasures against OP-induced toxicity 

Since 2003, pyridostigmine was approved by the FDA to be used as a 

pretreatment for military personnel at risk of exposure to nerve agents. Pyridostigmine is 

a reversible inhibitor of AChE and protects the enzyme against irreversible inhibition by 

soman, thereby preventing the cholinergic crisis. However, pyridostigmine is a 

quaternary base salt, and, hence, is unable to cross the blood–brain barrier. This 

drawback makes pyridostigmine unfit to protect the enzyme in the CNS against inhibition 

by the OPs. Potent reversible AChE inhibitors capable of crossing the blood–brain 

barrier, including physostigmine, tacrine, and huperzine A, can afford adequate 

protection against OP toxicity, but only when used at doses that are not well tolerated 

(Deshpande et al. 1986; Grunwald et al. 1994; Fricke et al. 1994).  

The effectiveness of an antidotal therapy based on reversible AChE inhibitors 

against the acute toxicity of OPs seems to depend on the generation of a reversible 

inhibitor-AChE complex that 1) protects the enzyme in the periphery and CNS from 

irreversible inhibition by OPs, and 2) rapidly dissociates in the presence of excess ACh, 

thereby releasing active enzyme to hydrolyze the substrate surplus (Tonkopii, 2009; 

Aracava et al, 2010).  
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Rivastigmine, a pseudo-irreversible ChE inhibitor, is more selective towards 

butyrylcholinesterase (BuChE) than AChE, (an endogenous OP scavenger) (Darvesh et 

al., 2004). Thus, rivastigmine has low effectiveness as an OP antidote. Donepezil is a 

noncompetitive inhibitor of AChE (Wilkinson, 1999), and, hence, excess ACh will not 

hasten the reversibility of the donepezil-AChE complex. The inhibition of AChE by 

(±)huperzine A follows a time-dependent, second-order kinetics typical of slowly 

reversible and irreversible inhibitors (Darvesh et al., 2004). The thermodynamic stability 

of the AChE-(±)huperzine A complex prevents its rapid dissociation (Ashani et al., 1992; 

Raves et al., 1997).  

 

Galantamine 

Galantamine, a drug approved by the FDA for treatment of mild-to-moderate 

Alzheimer’s disease, is an alkaloid in the bulbs and flowers of the Caucasian snowdrop, 

Galanthus woronowii and related genera.  Galantamine is a white powder in its purest 

form. Galantamine is absorbed rapidly and completely and shows linear kinetics, with an 

oral bioavailability of 85-100% (Lilienfeld,  2002). In humans, galantamine has a half-

life of 7 hours and its peak plasma concentration is seen in about 1 hour following an oral 

dose (Lilienfeld,  2002). It has a relatively low plasma protein binding of 18% (Lilienfeld  

2002). Galantamine is metabolized in the liver by the hepatic cytochrome P450 iso-

enzymes (Lilienfeld,  2002).   

 Galantamine has two major mechanisms of action. It acts as a reversible AChE 

inhibitor and as a nicotinic allosteric potentiating ligand (APL). Nicotinic APLs such as 

galantamine interact with the nicotinic receptor via binding sites that are close to, but 
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distinct from those for ACh and competitive nicotinic agonists and antagonists (Maelicke 

et al., 1995; Maelicke, 1996; Schrattenholz et al., 1996). Other examples of nicotinic 

APLs include the plant alkaloids codeine and physostigmine as well as the 

neurotransmitter, 5-hydroxytryptamine (5-HT). Most APLs are rather lipophilic 

compounds, and they contain a tertiary nitrogen that is cationic at neutral pH and located 

at a fixed distance from a phenolic hydroxyl group (Maelicke et al., 1995).  

APL binding sites are present in all the nAChR α-subunits that have been 

sequenced so far. One of the major advantages of galantamine is that the nicotinic APL 

action of galantamine produces a selective nicotinic cholinergic enhancement. Hence, the 

therapeutic application of galantamine as a drug of choice in neurodegenerative diseases 

involving nicotinic impairment is notable due to this selective nicotinic APL action 

(Samochocki et al., 2003). The structural properties of APLs are quite different from 

those of classic nicotinic agonists and antagonists (Maelicke et al., 1984). Studies have 

shown that the binding site for APLs is located in the N-terminal extracellular region of 

the α-subunit which includes Lys-125 (Schrattenholz et al., 1993). A monoclonal 

antibody raised against the APL-binding region (mAb FK1) blocks binding of APL to 

Torpedo nAChRs. However, it does not interfere with the ACh binding and with binding 

of an mAb raised against the acetylcholine site (mAb WF6) (Schroder et al., 1994). 

Various drugs can affect nicotinic neurotransmission in at least three ways: 1) by 

inhibition of acetylcholinesterase, thereby temporarily raising the synaptic [ACh] and 

hence the probability of nAChR activation; 2) by sensitization of nAChRs (e.g., by APLs 

such as galantamine); and 3) by increasing the stability of the open-channel state by 

slowing down the channel-closing rate.  
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Some of the potent cholinesterase inhibitors such as donepezil and rivastigmine 

do not exhibit nicotinic APL action, which might lead us to conclude that not all ChE 

inhibitors have APL action (Samochocki et al., 2003). For its APL action, the parent 

molecule has to have a cationic nitrogen at physiologic pH that should be at a fixed 

distance from the phenolic group (Pereira et al., 1993; Storch et al., 1995).  

It has been proposed that the effectiveness of galantamine to slow down the 

progression of AD results in part from metabotropic responses associated with nicotinic 

receptor stimulation (Maelicke et al., 2001). One of the explanations to this phenomena 

could be the relatively high Ca
2+

 permeability of the α7 nAChR subtype (Albuquerque et 

al., 1996). Once Ca
2+

 enters the cell, it is capable of inducing a large number of 

metabotropic responses, some of which may include gene transcription and regulation. 

In recent studies, galantamine emerged as an effective countermeasure against 

OP-induced neurotoxicity (Albuquerque, 2006). The lethality and acute toxicity of nerve 

agents and OP pesticides was successfully counteracted when galantamine was 

administered either before or soon after the acute exposure of guinea pigs to either soman 

or sarin. The antidotal therapy with galantamine was more effective and less toxic than 

any other alternative treatments (Albuquerque, 2006).  

 

Animal studies in the field of OP-related toxicity 

Studies investigating the soman-induced inhibition of ChE activity in the central 

nervous system of rats showed that - i) at doses greater than 0.5LD50, there was a dose-

dependent inhibition of ChE activity in brain regions; ii) there was variability in the 

degree of ChE inhibition at each soman dose in each brain region; and iii) there was a 
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variability in the severity of signs of intoxication at each dose (Jimmerson et al., 1989a). 

Although a large proportion of studies for OP toxicity involve rats and mice, guinea pig is 

considered as a better model animal for OP-related toxicity studies. This is due to the fact 

that rats and mice have high levels of circulating caboxylesterases (CBE) in their blood. 

CBEs are hydrolyzing enzymes that break down OP and hence decrease the sensitivity of 

the animal towards the compound. This is confirmed by the treatment of rats with the 

CBE inhibitor cresylbenzodioxaphosphorin oxide (CBDP), which decreases the LD50 

values of soman to near non-human primate values (Jimmerson et al., 1989b).  

In order to eliminate the sensitivity issues associated with CBEs, guinea pigs are 

more suitable as the OP toxicity model. Guinea pigs have very low levels of circulating 

CBEs. Hence, the sensitivity of guinea pigs to the toxic effects of many OP compounds is 

similar to that of non-human primates (Jimmerson et al., 1989b). As reported in 

numerous studies (Inns and Leadbeater, 1983; Lallement et al., 1997), the reference s.c. 

1xLD50 for soman in pre-pubertal male guinea pigs is 28 μg/kg. Guinea pigs were 

chosen for the present study because they are similar to humans and non-human primates 

in their sensitivity to OP compounds.  

Since guinea pigs have low levels of circulating carboxylesterases (CBEs) that 

hydrolyze and inactivate OP compounds, the LD50s for most OP nerve agents in 

monkeys or guinea pigs are much lower than those in mice and rats. For example, the s.c. 

LD50 for the OP nerve agent soman in mice and rats is approximately 4- and 10-fold 

higher than in guinea pigs and monkeys, respectively (Maxwell et al., 2006). In addition, 

several lines of evidence indicate that guinea pigs are the best small animal model to 

predict the effectiveness of medical therapies against OP intoxication in humans. Thus, 



13 

 

the guinea pig emerges as a more appropriate model than rats or mice for studies of OP 

toxicity. 

 

Mechanisms underlying the neurotoxicity of soman 

In a Magnetic Resonance Imaging (MRI) study, Gullapalli et al. (2009) reported 

structural brain damage in guinea pigs considered severely intoxicated when exposed to 

soman. These structural anomalies were specifically found in the hippocampus, 

amygdala, piriform cortex, and thalamus at 6–7 h after the initial exposure to soman. The 

areas of the brains of soman-intoxicated guinea pigs in which neuronal death was 

histologically confirmed by loss of neurogranin mRNA signal and by fluoro jade-B (FJ-

B) staining included the cerebral cortex, the piriform cortex, the hippocampus, and the 

amygdala (Gullapalli et al., 2009). Whether apoptosis contributes to the 

neurodegeneration induced by soman remains unknown. 

 

Apoptosis  

In 1972, Wylie and Kerr defined the morphological features of cells undergoing a 

type of non-necrotic cell death which they referred to as ‘apoptosis’ (Kerr et al., 1972). 

The definition of apoptosis uses the term ‘programmed cell death’ to describe the series 

of events that lead to a controlled cell death (Schwartz and Osborne, 1993). There is a 

substantial difference between the types of apoptosis. For example, cell death during 

development and the cell death during a pathologic (non-developmental) condition both 

exhibit the classical morphological characteristics of apoptosis (Kerr et al., 1972). Several 

studies done for caspases, which are the main executioners of apoptosis, have helped to 
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link the developmental physiological type of cell death with the non-developmental 

pathological cell death that occurs in adult life (Nicotera, 2000). A majority of the 

features of apoptosis, including the cleavage of nuclear substrates, DNA fragmentation, 

apoptosome formation and phagocytosis, to name a few, are results of caspase activation 

(Reed 2000). A number of features define apoptosis and differentiate it from necrosis, 

although some features are also overlapping with necrosis. Apoptotic cell death is an 

“active” process requiring protein synthesis. Apoptosis usually involves isolated single 

cells, with topographically and temporally dispersed cell death within an organ, whereas 

necrosis often occurs in a regional group of cells at a particular point in time (Honig and 

Rosenberg, 2000). 

Table 1. Pathological Features of Neuronal Cell Death by Apoptosis and Necrosis 

Difference Apoptosis Necrosis 

Pattern of death 

 

Cell shape changes 

 

Plasma membrane 

changes 

 

Organelle changes 

Individual single cells 

 

Cell shrinkage 

 

Membrane preservation, 

cell surface blebbing 

 

Involution, contraction, 

“apoptotic bodies” 

Whole groups of cells 

 

Cell swelling and lysis   

 

Early membrane breakdown  

 

 

Organelle swelling and 

disruption 

Taken from - (Honig and Rosenberg, 2000) 
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Table 1. Pathological Features of Neuronal Cell Death by Apoptosis and Necrosis 

(continued) 

Difference Apoptosis Necrosis 

Nuclear changes 

 

 

DNA breakdown 

 

 

Cell degradation 

 

Chromatin condensation and 

fragmentation 

 

Internucleosomal DNA 

fragmentation, Free 3'-ends 

 

Phagocytosis without cell 

infiltration or inflammation 

Karyolysis, pyknosis (or 

karyorrhexis) 

  

Diffuse and random DNA 

degradation 

  

Marked inflammation, 

with macrophage invasion 

Taken from - (Honig and Rosenberg, 2000) 

An important observation towards understanding apoptosis is that during 

pathological neurodegeneration, a specific subset of cells die leading to a characteristic 

pathophysiology which serves as the hallmark of that specific disease. In case of 

Huntington’s disease (HD) – the striatal neurons, in Alzheimer’s disease (AD) - the basal 

forebrain cholinergic neurons, and in Parkinson’s disease (PD) – the nigrostriatal 

dopaminergic neurons degenerate and die (Subramaniam and Unsicker, 2009).  

Although studies from animal models and tissue cultures have yielded contrasting 

results to data from human post-mortem brain tissue, apoptosis can be implicated as a 

general mechanism in many of the neurodegenerative diseases. One of the major 

hindrances to these studies is the clear detection of apoptotic cell death, which occurs 

within a few hours in cells or chronically over decades in human tissues (Jellinger, 2006). 



16 

 

Role of caspases 

Studies done in the nematode Caenorhabditis elegans showed that developmental 

cell death is controlled by a genetic pathway involving the sequential and coordinated 

action of EGL-1, CED-9, CED-4, and CED-3 (Horvitz, 1999). In mammals, a family of 

14 mammalian cysteine-containing, aspartate-specific proteases, referred to as caspases, 

show structural and functional similarity with CED-3 (Nicholson, 1999).  

Caspases are capable of auto-activating as well as activating other caspases. 

Based on their homology, caspases are broadly divided into 3 subclasses - a] apoptosis 

activators (which include caspase-2, 8, 9 and 10); b] apoptosis executioners (which 

include caspase-3, 6 and 7) and c] inflammatory mediators (which include caspase-1, 4, 

5, 11, 12, 13 and 14) (Fan et al., 2005). Procaspases have long prodomains; for example, 

the death effector domain (DED) is present in pro-caspase 8 and -10 and the caspase 

recruitment domain (CARD) in procaspase- 2 and -9 (Reed 2000).  

 There are two different pathways to activate caspases, 1] death signal-induced, 

death receptor-mediated pathway and 2] stress-induced, mitochondrion-mediated 

pathway (Fan et al., 2005).  

 Death receptor-mediated procaspase-activation pathway: In this pathway, once 

cell death ligands bind to their respective cell death receptors, the receptors get activated 

causing the emergence of the death effector domains (DEDs) and activation of 

procaspase-8 or -10, leading to the formation of the death-inducing signaling complex 

(DISC). DISC further acts directly on the cells or activates Bid (a pro-apoptotic Bcl-2 

family member), thereby triggering activation of the mitochondrion pathway and leading 

to the release of cytochrome-c and apoptosis inducing factor (AIF) causing apoptosis (Fu 
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and Fan, 2002; Arnoult et al., 2003; Lu et al., 2003; Wang et al., 2005). Another pathway 

utilizing procaspase-2 involves the formation of receptor-interacting protein (RIP) prior 

to the activation of the executioner caspases (Read et al., 2002).  

 Mitochondrion-mediated procaspase-activation pathway: In this pathway, the 

activation of pro-apoptotic proteins in response to stress leads to the opening of 

mitochondrial permeability transition pores (MPTPs), thereby releasing the cytochrome-c 

from the mitochondria into the cytosol (Reed 2000). Along with procaspase-9 and ATP, 

cytochrome-c forms a massive oligomer called apoptosome that targets the cells for 

apoptosis by activating the executioner caspases-3, -6 and -7.   

 Once activated by their upstream targets, the executioner caspases-3, -6 and -7 

subsequently cleave distinct cellular proteins such as PARP [poly (ADP-ribose) 

polymerase] and Bcl-2, leading to the characteristic morphological changes seen in 

apoptosis. Caspase-3 is a key factor in apoptosis execution and it is generated by 

cleavage of procaspase-3 by caspase-3, -8, -9, -10, granzyme B (Gran B) among others 

(Reed 2006). Downstream substrates of caspase-3 include procaspase-6, procaspase-9, 

PKCγ, PARP and other proteins (Reed 2006). Caspase-6 and caspase-7 are highly 

homologous to caspase-3. The substrates of caspase-6 include PARP, lamin and 

procaspase-3. Procaspase-7, whose substrates include PARP, procaspase-6 and steroid 

response element-binding protein, can be activated by Gran B unlike caspase-6 (Cowling 

and Downward, 2002; Sattar et al., 2003). 
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The following two schemes briefly describe the apoptosis pathway induced by 

either ligand binding (extrinsic pathway) or by stress-related activity (intrinsic pathway) 

followed by a brief introduction to the various players in the apoptosis pathway.  
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Figure 1.  Schematic representation of cell death pathway up to mitochondrial stress 
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Figure 2. Schematic representation of cell death pathway post-mitochondrial stress and MOMP 

disruption
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Bax and Bcl-2 in apoptosis 

The Bcl‑2 family can be divided into proteins that promote cell survival and those 

that promote apoptosis (Reed 2006). In Figure C, boxes outline the conserved Bcl‑2 

homology (BH) domains. Most members of the Bcl-2 family share the hydrophobic C-

terminal tail, although some (BAD, Bid, Noxa, Puma, Bmf) do not bear such an obvious 

sequence (van Delft and Huang, 2006).  

Fig 3. Sequence homology between proteins of the Bcl‑2 family.  

 

Many of the three-dimensional structures of Bcl‑2, Bcl‑xL, Bcl‑ω, and Mcl-11 

have a similar overall helical fold centered on a core hydrophobic helix with the BH1-3 

domains arranged to expose a hydrophobic groove on the molecule (Reed 2006). The 

integrity of this hydrophobic groove is required both for pro-survival activity and for the 

binding of pro-survival proteins to their cognate pro-apoptotic partners (van Delft and 

Huang, 2006).  

The BH3-only proteins (BOPs) arrange themselves into an amphipathic α-helical 

conformation inserting into the hydrophobic groove of a pro-survival protein. Once 

BOPS are dimerized, their activity to promote apoptosis is neutralized (Reed 2006). Each 
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of the BH3 domains possesses four conserved hydrophobic residues spaced at intervals of 

three to four residues apart. They lie along one face of the amphipathic α-helix inserting 

into a distinct pocket in the hydrophobic groove of the target Bcl-2 protein (van Delft and 

Huang, 2006). One of the most interesting facets of Bak/Bax physiology is that even 

though they are structurally very similar to the Bcl‑2 pro-survival proteins, Bax and Bak 

support rather than oppose apoptosis. Bax and Bak, therefore, lie downstream of the 

BOPs in the apoptotic pathway (Reed 2006).  

Bcl-2 is an oncoprotein that was discovered via chromosomal translocation in 

human follicular lymphoma (B-cell lymphoma) and it is an anti-apoptotic protein, like its 

homologous proteins such as Bcl-xL, Bcl-ω, Mcl-1 (Adams and Cory, 2007). The 

evolutionarily conserved Bcl-2 family of proteins regulates the integrity of the outer 

mitochondrial membrane. Although these proteins are sub-divided on the basis of 

structural and functional differences, all members contain at least one of four conserved 

Bcl-2 homology (BH) domains (Cory and Adams, 2002; Strasser, 2005).  

In normal cells, Bax and Bak are kept inactivated by their physical interaction 

with the pro-survival Bcl-2 proteins maintaining a balance which has to be shifted in 

order to induce cell death. Studies show that BOPs disrupt this balance between pro-

apoptotic Bax/Bak and the pro-survival Bcl-2 proteins in response to cellular stress 

(Puthalakath and Strasser, 2002).  

 Bax (Bcl-2-associated X protein) activation, which is responsible for triggering 

the release of cyt-c from the mitochondrion (Korsmeyer et al., 2000), may be initiated or 

potentiated by another death agonist, BAD (Bcl-2-associated death protein) (Yang et al., 

1997). Bax is present in the cellular environment in the form of two stable 
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conformational states: native Bax, present in the cytosol (therefore called CLIC for 

“Cytosolic Locked In Conformation”) and fully activated Bax, related to the 

mitochondrial permeabilization (therefore called CLAC for “Cytochrome c Liberation 

Associated Conformation”) (Lalier et al., 2007). Bax mainly resides in the cytosol of 

healthy cells as a soluble monomeric protein (Reed 2006). Once activated by upstream 

signals, Bax undergoes conformational changes at both its N- and C- termini, translocates 

to the mitochondrial outer membrane, and forms large oligomeric complexes (Antonsson 

et al., 2001). Bak, on the other hand, is constitutively integrated in the mitochondrial 

outer membrane but, in response to apoptotic stimuli, changes conformation and forms 

oligomeric complexes (Antonsson et al., 2001). Cross-linking studies suggest that both 

Bax and Bak complexes are homo-oligomeric although they interact with one another in 

apoptotic cells. Oligomerized Bax and Bak facilitate the release of cytochrome-c from the 

mitochondrial inter-membrane space to the cytosol, where it binds to Apaf‑1 and 

coordinates the formation of the Apaf‑1/Caspase‑9 apoptosome (Reed 2006).  

Bcl-xL is another anti-apoptotic Bcl-2 family member, which is expressed at 

relatively high levels in the nervous system. The Bcl-x gene can be alternatively spliced 

to produce two protein isoforms, Bcl-xL and Bcl-xS (Boise et al., 1993). Bcl-xS is pro-

apoptotic, but is expressed only at very low amounts, if at all, in the brain. Bcl-xL acts by 

holding the pro-apoptotic Apaf-1/Csp-9 complex inactively bound to the mitochondrial 

membrane (Reed, 2000). According to Reed (2006 and references therein), data from 

cross-linking studies have indicated that the Bcl-2 family proteins function as ‘chain 

terminating molecules’, which means that Bcl-2 and Bcl-xL attach onto the polymer-
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forming membranes of the BOPs and latch onto the ends of these polymers preventing 

further extension and pore formation.  

Fig 4. Bak/Bax oligomerization on the mitochondrial surface. 

 

 Taken from - Reed JC. (2006) Cell Death & Differentiation; 13, 1378–86. 

 

Role of Akt and BAD 

One of the main functions of Akt is to initiate downstream pathways that inhibit 

apoptosis. Studies done by Scheid and Duronio (1997) show that various cytokines 

activate the PI3k/Akt pathway, which then, promotes cell survival. Because cell survival 

was seen in absence of phosphorylation, that authors proposed that BAD phosphorylation 

can occur through MAPK-ERK pathway or by direct phosphorylation of ser-155 residue 

by protein kinase A (PKA). Studies by Cardone et al. (1998) have shown that Akt 

phosphorylates the ser-196 of caspase-9, thus inhibiting its proteolytic activity. Also, Akt 

can translocate into the nucleus and phosphorylate a pro-apoptotic transcription protein 

thus inactivating the Fas pathway of apoptosis. 
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The activity of BAD is regulated primarily by phosphorylation (Gross et al., 

1999). Pro-survival kinases, such as Akt, phosphorylate BAD in its BH3 domain (Tan et 

al., 2000; Zhou et al., 2000) and this phosphorylation is necessary for release of BAD 

from the Bcl-xL/BAD complex association (Datta et al., 2000). BAD as a pro-apoptotic 

member of the Bcl-2 family causes Bax to dimerize with Bcl-2 and Bcl-xL and promotes 

cell death (Kelekar et al., 1997). Some in vitro studies have shown that BAD forms an 

inactive complex with the 14-3-3 molecular chaperone via phosphorylation at one or 

more serine residues (ser-112, -136, -155, -170) (Zha et al., 1996). The three serine sites 

of BAD are phosphorylated by distinct kinases. The phosphorylation of BAD at serine-

112 is induced by extracellular signal regulated kinase (ERK) (Zhu et al., 2002); serine-

136 is preferentially mediated by Akt/protein kinase B (Blume-Jensen et al., 1998); 

serine-155 phosphorylation is regulated by protein kinase A (PKA) (Virdee et al., 2000). 

In the absence of anti-apoptotic signals, BAD is dephosphorylated by PP1α (a 

serine/threonine phosphatase). Once dephosphorylated, BAD dissociates from the 14-3-3 

protein and translocates to the mitochondria where it interacts with Bcl-xL and Bcl-2 to 

trigger apoptosis. There are seven different isotopes of the 14-3-3 protein, each of which 

binds to a specific target protein upon phosphorylation (Yaffe et al., 1997).  

 

Role of ERK 

The mitogen activated protein kinases (MAPKs) are common intermediates in 

intracellular signaling cascades in growth, apoptosis, and cell differentiation (Seger and 

Krebs, 1995). There are three major MAPK families – a) the extacellular signal regulated 

kinases ½ (ERK ½), b) the c-Jun terminal kinases (JNK) and c) the p38 kinases (p38 
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α,β,δ,γ). Although p38 and JNK were thought to be pro-apoptotic and ERK 1/2  were 

thought to be antiapoptotic, recent studies have suggested otherwise (Subramaniam and 

Unsicker, 2006).  

There are two isoforms of ERK, a] ERK1 or p44 MAPK and b] ERK2 or p42 

MAPK. Once activated through a sequential phosphorylation cascade, these enzymes 

amplify and transduce signals from the cell membrane to the nucleus (Cagnol and 

Chambard, 2009). ERK1 and ERK2 are 84% identical and share many functions (Lloyd, 

2006). For this reason they will be referred to here by the traditional designation ERK1/2.  

The regulatory networks controlling activation of ERK 1/2 as observed in 

mammalian cells consist mainly of 2 pathways – one involves the c-raf proto-oncogene 

and the other involves serpentine receptors via the G-protein and protein kinase C (PKC) 

(Ueda et al., 1996). Activation of receptor tyrosine kinases leads to activation of the 

Raf1-MEK-ERK1/2 cascade through Ras (Rossomando et al., 1989). Phorbol esters play 

a major role in PKC-dependent ERK1/2 activation in most cell types (Marshall, 1998). 

Although it was proposed that ERK activation leads to cell proliferation, recent studies 

have revealed that ERK is involved in apoptotic and non-apoptotic death, as well as anti-

proliferation and cell cycle arrest (Lee et al., 2004). Persistent activation of ERK 

contributes towards glutamate-induced oxidative toxicity (Stanciu et al., 2000).  

Subramaniam and Unsicker (2006 and references therein) suggest that even 

though the characteristics of ERK 1/2–mediated cell death change depending upon cell 

type and death stimulus, the ERK 1/2 pathway seems to promote a caspase-independent 

non-apoptotic mode of cell death in several different cell death models.  ERK cascade 
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signals proliferation and survival and any reduction in ERK activity induces inhibition of 

survival pathway (Xia et al., 1995; Widmann et al., 1998). 

  As an anti-apoptotic mediator, active ERK translocates into the nucleus where it 

may phosphorylate many substrates including transcription factors (Subramaniam and 

Unsicker, 2006). Alternatively, in the cytoplasm active ERK can phosphorylate a separate 

set of substrates including kinases and cytoskeletal proteins. Studies have shown that 

ERK has the potential to increase cell survival, mainly by promoting the activity of anti-

apoptotic proteins, such as Bcl-2, Bcl-XL, Mcl-1, IAP, and repressing pro-apoptotic 

proteins, such as BAD and Bim (Balmanno and Cook, 2009).  

 

Heat shock proteins HSP90, HSP70 and HSP25 as anti-apoptotic proteins 

Heat shock proteins (HSPs) have a strong cytoprotective effect and many of them 

behave as molecular chaperones for other cellular proteins (Parcellier et al., 2003a). The 

induction of HSPs occurs during different stages as and when needed by the body; such 

as development, differentiation and oncogenesis (Parcellier et al., 2003a; Lanneau et al., 

2007). Depending on their molecular sizes, HSPs are classified into five different 

subtypes – HSP100, HSP90, HSP70, HSP60 and the small HSPs (chiefly HSP25). Each 

of these HSPs is developed towards an individual target compartment and among these 

HSP 90, 70 and 25 are the most studied ones. Studies have shown that various stimuli, 

either receptor-mediated or stress-related, lead to over-expression of HSP90, HSP70 

and/or HSP25 to prevent apoptosis (Parcellier et al., 2003a). Conversely, when the 

expression of these proteins is inhibited, there is an increase in the level of apoptosis.  
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HSP90 is an ATP-dependent chaperone comprising two homologous proteins 

(HSP90α and HSP90β) encoded by separate, but highly conserved genes (Whitesell and 

Lindquist, 2005). Although most studies do not differentiate between the two 

homologues, recent studies indicate that HSP90β functions do not overlap those of 

HSP90α (Voss et al., 2000). Once bound to ATP, HSP90 changes conformation and the 

target protein is ubiquitinated and degraded. Studies done by Sato et al. (2000) have 

shown a direct link between Akt and HSP90. When bound to HSP90, Akt is not 

dephosphorylated by PP2A (Basso et al., 2002). This step is critical, because 

phosphorylated Akt can inactivate BAD and caspase-9, thus, increasing the levels of the 

pro-survival protein Bcl-2 (Cardone et al., 1998; Datta et al., 1999). When the HSP90-

Akt binding was disrupted, apoptosis increased susbtantially (Sato et al., 2000).  

Along with Akt, another pro-survival machinery that HSP90 uses is the Receptor 

Interacting Protein (RIP). Once RIP is stabilized by HSP90, it promotes the activation of 

NFkB and JNK (Parcellier et al., 2003a). HSP90 can affect apoptosis through the NFkB 

pathway as a blocker of IkK complex, the p53 protein, and the transcription factors Her-2 

and Hif1α (Parcellier et al., 2003a and references therein). A major contribution of 

HSP90 towards pro-survival is binding to Apaf-1 to inhibit its oligomerization and 

further recruitment of procaspase-9 (Parcellier et al., 2003a). Also, inhibition of HSP90β 

with a drug or siRNA inhibits the HSP90β-Bcl2 interaction which further leads to cyt-c 

release from mitochondria followed by caspase activation and apoptosis (Parcellier et al., 

2003a).  

HSP70 is also an ATP-binding protein that helps in the transport of proteins 

across cellular membranes. It also helps with folding of newly synthesized molecules and 
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misfolded proteins. Studies show that cells lacking HSP70.1 and HSP70.3, the two genes 

that code for HSP70 are susceptible to apoptosis by external stimuli. In terms of anti-

apoptotic activity, HSP70 is a very important protein as it participates in all levels of the 

apoptotic pathway. HSP70 binds to and blocks JNK1 activity at the pre-mitochondrial 

level. It also stabilizes protein kinase C (PKC) and Akt upon binding to them.  

Studies done by Stankiewicz et al. (2005) have shown that HSP70 blocks the Bax 

translocation to the outer mitochondrial wall, thus preventing cyt-c and AIF release. In 

addition to this, HSP70 binds directly to Apaf-1 thus preventing the recruitment of 

procaspase-9 to the apoptosome at the post-mitochondrial level (Beere et al., 2000). More 

importantly, HSP70 is the only survival protein that can rescue cells from a later phase of 

apoptosis – namely the digestion of chromosomal DNA by caspase-dependent DNAse 

(CAD). HSP70 regulates the enzymatic activity and proper folding of CAD (Jaattela et 

al., 1998; Sakahira and Nagata, 2002). Finally, HSP70 binds to DR4 and DR5, which are 

death receptors, and inhibits TRAIL-induced assembly and activity of Death Inducing 

Signaling Complex (DISC) (Guo et al., 2005). 

Unlike HSP90 and HSP70, HSP25 is an ATP-independent HSP that protects 

against protein aggregation (Ehrnsperger et al., 1997). Studies have shown that HSP25 

depletion leads to apoptosis via the caspase-3 pathway (Garrido et al., 1999; Rocchi et al., 

2006). HSP25 also affects caspase activation upstream of the mitochondrial level, where 

it can interact and regulate actin microfilaments dynamics thereby preventing cyto-

skeletal disruptions (Guay et al., 1997; Paul et al., 2002). HSP25 exerts a protective effect 

on neuronal cells due to its anti-oxidant properties (Wyttenbach et al., 2002). Studies 

done by Parcellier et al. (2003b) have shown that overexpression of HSP25 induces Ikβa 
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degradation leading to NFκB dependent cell survival. HSP25 also binds to Akt, which in 

turn phosphorylates HSP25, thus disrupting the Akt-HSP25 complex (Rane et al., 2003). 

From above, the ability of HSP25 to block apoptosis at different stages makes it a very 

important protein to study.  

 

Role of CaMK-IV  

Calmodulin is one of the key effectors of Ca
2+

-promoted cell survival (Gallo et 

al., 1987). Ca
2+

/calmodulin kinases (CaMKs) are serine/threonine kinases that are 

expressed in neurons. They have a highly homologus catalytic domain adjacent to a 

regulatory region that has an overlapping auto-inhibitory domain (AID) and a 

calmodulin-binding domain (CBD) (Schulman, 1993; Soderling, 1999).   

CaMKs phosphorylate numerous substrates and control gene transcription by 

phosphorylating several transcription factors including CREB family members and 

neurotrophic factors (Bito et al., 1996). Studies done by Anderson et al. (1997) have 

shown that CaMK-IV plays a role in modulation of apoptosis. Although found 

abundantly in the CNS, CaMK-IV is found in high amounts in the hippocampus, 

cerebrum and granular layer of cerebral cortex (Sakagami et al., 1999). During apoptosis, 

there is a caspase-3-dependent cleavage of CaMK-IV that further reduces CREB 

phosphorylation (See et al., 2001).  

Studies have demonstrated the importance of CaMK-IV where mice with a null 

mutation on the gene that encodes CaMKIV presented deficits in CREB 

phoshphorylation and a reduction in the CREB-mediated signal transduction by (Ho et 

al., 2000; Ribar et al., 2000). Thus, CaMK-IV and CREB form a critical component of 
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the signaling cascade that mediates the effect of Ca
2+

 on neuronal cells (Tremper-Wells et 

al., 2002). CaMK-IV activates CREB expression resulting in enhancement of both 

NMDA-mediated synaptic responses as well as long-term potentiation in rodent 

hippocampus (Marie et al., 2005).  

 

 Structure and functions of brain areas 

 In humans, temporal lobe epilepsy (TLE) is the most common form of epilepsy 

(Engel et al., 1989). In TLE patients, the epileptic focus resides either in the hippocampus 

or the amygdala, or in both regions (Dewar et al., 1996; Pitkanen and Halonen, 1998; 

Pitkanen et al., 1998; Morimoto et al., 2004). In addition, either or both the amygdala and 

the hippocampus display extensive neuropathology (Pitkanen and Halonen, 1998; 

Pitkanen et al., 1998). OP-induced seizures affect the temporal lobe structures, 

particularly the amygdala, hippocampus, and piriform cortex as seen not only with the 

rapid increases in extracellular glutamate in these brain regions after nerve agent 

exposure (Lallement et al., 1991a; Lallement et al., 1991b; Lallement et al., 1992), but 

also the profound damage caused by exposure to nerve agents (Hayward et al., 1990; 

Shih et al., 2003; Myhrer et al., 2005). 

 Some studies have shown that between the hippocampus and amygdala, the 

amygdala displays the earliest and most rapid increase in extracellular glutamate, 

suggesting an early involvement of the amygdala in the development of soman-induced 

seizures (Lallement et al., 1991a). At the same time, exposure of guinea pigs to different 

nerve agents, with or without subsequent treatment, frequently damages the amygdala, 

followed by the cerebral cortex, the caudate nucleus, the thalamus and piriform cortex, 
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and lastly the hippocampus (Shih et al., 2003). An interesting aspect of this study was the 

strong correlation between the intensity/duration of seizures after nerve agent exposure 

and the severity of neuropathology (Hayward et al., 1990; McDonough et al., 2000). 

Hence, in that study, greater severity of neuropathology is seen in the amygdala than any 

other brain region.  

 The following is a brief summary of the structure and functions of various brain 

regions known to be sensitive to the toxic effects of soman.  

 

Cerebral cortex 

 The cerebral cortex is distinctly divided into frontal, parietal, temporal and 

occipital cortices. Parietal cortical neurons integrate sensory information from different 

modalities determining spatial sense and navigation (Price, 2000). The parietal cortex 

includes the somatosensory cortex as well as the dorsal stream of the visual system 

enabling regions of the parietal cortex to map objects perceived visually into body 

coordinate positions (Price, 2000).  

 The temporal cortex lies beneath the Sylvian fissure on both cerebral hemispheres 

of the mammalian brain. Its primary role is in auditory perception as it includes the 

primary auditory cortex. The temporal lobe contains the hippocampus, which is essential 

for cognitive processing as described below. The occipital cortex contains most of the 

anatomical region of the visual cortex and is regarded as the visual processing center of 

the mammalian brain. The occipital cortex is responsible for formation and maintenance 

of dreams; hence any damage to this cortex results in visual hallucinations (Price, 2000). 
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Piriform cortex 

 The piriform cortex contains a critical, functionally defined epileptogenic trigger 

zone known as "Area Tempestas" (Loscher W et al., 1996). This is the region of the 

piriform cortex where chemically and electrically evoked seizures can be triggered 

(Loscher W et al., 1996). It is the primary site for the proconvulsant action of 

chemoconvulsants (Loscher W et al., 1996). 

 

Amygdala 

 Amygdala is a part of the limbic system and is an almond-shaped group of nuclei 

located deep within the medial temporal lobes of the brain. It plays a primary role in the 

processing and memory of emotional reactions (Amunts K et al., 2005). The regions 

described as amygdala nuclei encompass several structures such as the basolateral 

complex, the cortical nucleus, the medial nucleus, and the central nucleus.  

The amygdala sends impulses to the hypothalamus for activation of the 

sympathetic nervous system, to the thalamic reticular nucleus for increased reflexes, to 

the nuclei of the trigeminal nerve and the facial nerve, and to the ventral tegmental area 

for activation of dopamine, norepinephrine and epinephrine pathways. In humans, the 

amygdala performs primary roles in the formation and storage of memories associated 

with emotional events (Amunts K et al., 2005). Research indicates that, during fear 

conditioning, sensory stimuli reach the basolateral complexes of the amygdala, 

particularly the lateral nuclei, where they form associations with memories of the stimuli. 

The association between stimuli and the aversive events they predict is thought to be 

mediated by long-term potentiation. Damage to the amygdala impairs both the acquisition 
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as well as the expression of fear conditioning, which is considered as a form of classical 

conditioning of emotional responses (Amunts K et al., 2005). Long-term potentiation 

studies have demonstrated that the amygdala is involved in the modulation of memory 

consolidation (Amunts K et al., 2005). Following any learning event, the information 

regarding that particular event is slowly assimilated into long-term (potentially life-long) 

storage over time via long-term potentiation. However, during the consolidation period, 

memory can be modulated (Amunts K et al., 2005). It appears that emotional arousal 

following the learning event influences the strength of the subsequent memory for that 

event (Amunts K et al., 2005). Greater emotional arousal following a learning event 

enhances a person's retention of that event. In other words, more emotionally-arousing 

information increases amygdalar activity, and that activity correlates with retention 

(Amunts K et al., 2005).  

 

Hippocampus 

 Hippocampus is a part of the limbic system that plays important roles in the 

consolidation of information from short-term memory to long-term memory and spatial 

navigation (Eichenbaum H et al., 1991). In humans and other primates, the hippocampus 

is located inside the medial temporal lobe, beneath the cortical surface. It contains two 

main interlocking parts; the Ammon's horn and the dentate gyrus. If hippocampal damage 

is limited to only one hemisphere, leaving the structure intact in the other hemisphere, the 

brain retains near-normal memory functioning (Pearce J, 2001). Severe damage to the 

hippocampus in both hemispheres results in profound difficulties in forming new 

memories (anterograde amnesia), and often also affects memories formed before the 
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damage (retrograde amnesia) (Pearce J, 2001). Within the hippocampus, the flow of 

information from the entorhinal cortex (EC) is largely unidirectional, with signals 

propagating through a series of tightly packed cell layers, first to the dentate gyrus, then 

to the CA3 layer, then to the CA1 layer, then to the subiculum, then out of the 

hippocampus to the EC, mainly due to collateralization of the CA3 axons. The 

hippocampus receives modulatory input from the serotonin, norepinephrine, and 

dopamine systems, and from thalamus to field CA1. A very important projection comes 

from the medial septal area, which sends cholinergic and GABAergic fibers to all parts of 

the hippocampus. The inputs from the septal area play a key role in controlling the 

physiological state of the hippocampus: destruction of the septal area abolishes the 

hippocampal theta rhythm, and severely impairs certain types of memory (Pearce J, 

2001). The cortical region adjacent to the hippocampus is known collectively as the 

parahippocampal gyrus.  

 The hippocampus is often the focus of epileptic seizures as evident from many 

autopsy studies where hippocampal sclerosis is the most commonly visible type of tissue 

damage in temporal lobe epilepsy. It is not yet clear however, whether epilepsy is usually 

caused by hippocampal abnormalities, or the hippocampus is damaged by cumulative 

effects of seizures (Boyer et al., 2007). When repetitive seizures are artificially induced in 

animals, hippocampal damage is a frequent result, which might be due to the fact that the 

hippocampus is one of the most electrically excitable parts of the brain.  
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Dentate gyrus 

 The dentate gyrus is part of the hippocampal formation. It is thought to contribute 

to new memories as well as other functional roles (Saab et al., 2009). It is one of a select 

few brain structures currently known to have high rates of neurogenesis in adult rats 

(Bliss et al., 2010). The dentate gyrus consists of three layers of neurons: molecular, 

granular, and polymorphic. The granule cells projecting mostly to interneurons and 

pyramidal cells are the principal excitatory neurons of the dentate gyrus. The major input 

to the dentate gyrus by the perforant pathway is from layer 2 of the EC. It does not 

receive direct inputs from other cortical structures. The dentate gyrus is thought to play a 

role in depression (Malberg et al., 2000).  

 

Thalamus 

 The thalamus is situated between the cerebral cortex and the midbrain, 

surrounding the third ventricle. The major functions of the thalamus include relaying 

sensory and motor signals to the cerebral cortex, along with the regulation of 

consciousness, sleep, and alertness as well as spatial sense (Steriade et al., 1988). The 

thalamus connects sub-cortical areas with the cerebral cortex. This is supported by the 

fact that every sensory system (except the olfactory system) includes a thalamic nucleus 

that receives sensory signals and sends them to the associated primary cortical area. The 

thalamus also plays an important role in regulating states of sleep and wakefulness and in 

regulating arousal, the level of awareness, and activity (Steriade et al., 1988). Any 

damage to the thalamus can lead to a permanent comatose state (Steriade et al., 1988).  



37 

 

Overview of Experimental Design 

This work was focused on the following three specific aims which established the 

basis for the working protocol provided in Fig A. A detail description of these methods is 

provided in the ‘Materials and Methods’ section. 

 

Specific Aim 1: To determine the extent of neurodegeneration in the brain of 

guinea pigs exposed to a single dose of soman.  

Thirty-day old male guinea pigs were injected subcutaneously with 1LD50 soman 

(28 µg/kg) and over the next 24h, these guinea pigs were separated into two groups based 

on their response to soman: mildly intoxicated animals (modified Racine scale 1-2, see 

table 3, page 52) and severely intoxicated  animals (modified Racine scale 3-4, see table 

3, page 52).  

Twenty four h following the injection of soman, animals were transcardially 

perfused with formalin. Their brains were removed and fixed in 4% formalin and 

cryosectioned at 20-µm thickness for Fluorojade-B (FJ-B) staining. Once stained, the 

fluorescence intensity was visualized using a fluorescein isothiocyanate filter set and all 

FJ-B positive cells (degenerating neurons) were visualized in different areas of the brain 

under a fluorescent microscope. The areas of interest include the hippocampal region 

(CA1, CA3 and dentate gyrus), amygdala, piriform cortex, thalamus, striatum and the 

cortical region (occipital, parietal and temporal).  

These brains were also analyzed for identification of apoptotic cells with the 

terminal deoxynucleotidyl transferase [TdT]-mediated dUTP nick-end labeling (TUNEL) 

assay for frozen sections. TUNEL-positive cells (degenerating neurons) were detected in 
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different areas of the brain. The areas of specific interest include the hippocampal CA1 

region, amygdala, piriform cortex, thalamus and the cortical region. 

 

Specific Aim 2: To identify the effects of soman on caspase activity and on 

the expression on proteins involved in controlling cell viability in the brains of 30 

day old male guinea pigs 

The brains of thirty-day old male guinea pigs were harvested at 30 min, 1h, 2h, 4h 

or 24h after of the injection of  1xLD50 soman (28 µg/kg, s.c.). Whole brains were flash 

frozen after being removed from the animals, triturated in a mortar-pestle, ground into a 

fine powder and stored at -80ºC until further use.  

Proteins were extracted from these pulverized whole brains by an extraction 

buffer which contained 10mM TRIS-HCl (pH 7.8), 1% tritonX-100, 6 mM 2-mercapto 

ethanol and 1mM EGTA. The BCA protein assay was performed to determine protein 

levels in each sample extract. Aliquots of the sample proteins were loaded in a 12% bis-

tris gel. Proteins were separated by gel electrophoresis, transferred to a nitrocellulose 

membrane, and probed for ERK 1/2, Bcl-2, HSP25, HSP70, HSP90, BAD, Akt, Bax, 

Bcl-xL and CaMK-IV with commercially available attributes. To test the hypothesis that 

apoptotic mechanisms may be involved in mediating neurodegeneration, protein samples 

were also used to perform a caspase 3/7 assay in order to determine the extent of caspase 

activation using a SensoLyte
®
 Homogeneous AFC Caspase - 3/7 Assay Kit.  

 

Specific Aim 3: To investigate the protective role of galantamine against a  

single dose of soman in guinea pigs. 
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Thirty day-old male guinea pigs received an injection of 1xLD50 dose of soman 

(28 µg/kg, s.c.)  30 minutes after the treatment with galantamine (8 mg/kg, i.m.). This 

dose of galantamine was selected based on previous studies that showed its effectiveness 

against the acute toxicity of 1xLD50 soman (Aracava et al., 2008). Control animals 

received only saline. After 24 hours, the guinea pig brains were fixed with 4% 

paraformaldehyde and allowed to post-fix in 30% sucrose solution for 48 hours. 

Experiments conducted as in Specific aim 1 for visualization of FJ-B and/or TUNEL-

positive cells. 
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Working Protocol for the research study 

Figure 5. This figure illustrates the working protocol for the research study. Male pre-

pubertal guinea pigs (30-33 days old) were injected with soman 1LD50 (s.c.) or 

galantamine (8 mg/kg, i.m.) or a combination of both. Control animals received saline. In 

one part of the study, whole brains were triturated, proteins extracted and the samples 

used for performing western blots and caspase assay. In the other part, whole brains were 

fixed in paraformaldehyde and used to perform Fluoro-Jade B staining and the TUNEL 

assay. 

soman

1LD50 s.c.
galantamine

(8 mg/kg) i.m.

soman 1LD50 s.c. +
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33 day old male
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1] western blots

2] caspase assay

used to perform -

1] H&E staining

2] TUNEL assay

3] Fluoro-Jade B staining

galantamine (8 mg/kg)
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Materials and Methods:  

 

Animal care and treatment 

Male albino guinea pigs [Crl(HA)Br] purchased from Charles River Laboratories 

(Wilmington, MA) were 29-30 days old (320-350 g) upon arrival at the animal-care unit. 

They were housed in a controlled animal-care unit with constant temperature (21 ± 

0.5°C) and a 12-h light/dark cycle. Animals were handled daily and used between three 

and five days after arrival at the animal-care unit.  

Handling of nerve agents was performed by authorized personnel according to 

procedures set forth by the U.S. Army Medical Research Institute of Chemical Defense. 

On each day of the experiment a vial containing an aliquot (0.3 to 0.5 ml) of the U.S. 

Army-issued stock solution of soman (1.88-1.90 mg/ml) was used. The stock solution of 

soman was diluted by authorized personnel with sterile saline (0.9% NaCl) to appropriate 

concentrations and kept on ice for the duration of the experiment. At the end of the 

experiments, any remaining diluted organophosphate was decontaminated with 10% w/v 

sodium hydroxide prior to disposal.  

Solutions of each test drug were prepared on the day of the experiment, and 

injections were made using disposable tuberculin syringes with 25 or 26 gauge needles. 

Animals received a single s.c. injection of soman between the shoulder blades, and the 

injection volume did not exceed 0.5 ml/kg. At specific times before or after the soman 

challenge, guinea pigs were treated with galantamine (8 mg/kg, i.m.). Galantamine-HBr 

was dissolved in sterile saline (0.9% NaCl).  

After all treatments, animals were kept warm with a heat lamp for 8h and 

provided food and water ad lib. The guinea pigs were observed every 15 min for the first 
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hour and every 30 min for the next 8h after the OP challenge. Onset of convulsions was 

the time between the OP challenge and appearance of discontinuous, involuntary skeletal 

muscular contractions interrupted by intervals of relaxation. A group of three 

investigators were in charge of observing the animals. As soon as the investigators 

detected that the soman-challenged guinea pigs were showing life-threatening signs such 

as intense, unremitting motor convulsions and/or respiratory distress manifested by 

gasping, the animals were euthanized by CO2 asphyxiation followed by decapitation 

according to IACUC-approved protocols. These methods of euthanasia are consistent 

with the recommendations of the Panel on Euthanasia of the American Veterinary 

Medical Association and the University of Maryland School of Medicine IACUC 

guidelines. 

 

 Chemicals 

Stock solutions of soman (1.88-1.9 mg/ml) were obtained from the US Army 

Edgewood Chemical Biological Center via an agreement with the USAMRICD. The 

nerve agents were stored, handled and disposed of according to the regulations set forth 

by the USAMRICD. Galantamine-HBr was generously provided by Dr. Alfred Maelicke 

(Galantos Pharma, Mainz, Germany). The systematic names of the chemicals used are: a) 

Soman: methylphosphonofluoridic acid 1, 2, 2-trimethylpropyl ester; b) Galantamine: 

(4aS,6R,8aS)-5,6,9,10,11,12-hexahydro-3-methoxy-11-methyl-4aH-[1]benzofuro[3a,3,2-

ef] [2] benzazepin-6-ol. 
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Protein extraction protocol 

At specific times after the treatments, animals were euthanized according to the 

IACUC-approved protocol. Their brains were removed from the skulls, washed in saline 

(0.9% NaCl), flash frozen in liquid nitrogen, pulverized under liquid nitrogen with mortar 

and pestle and stored at -80°C until further processing. Typically, 125 mg of pulverized 

brain tissue was mixed with 500 µl of ice-cold extraction buffer, which consisted of 10 

mM TRIS-HCl (pH 7.8), 1% triton X-100, 6 mM 2-mercaptoethanol, and 1 mM EGTA, 

in addition to protease (Complete®; Roche Applied Sciences) and phosphatase 

(PhosSTOP®; Roche Applied Sciences) inhibitors. The mixture was thawed at room 

temperature and quickly frozen in liquid nitrogen. This cycle was repeated two times. 

After the second thawing, all samples were kept on regular ice and sonicated. The 

samples were transferred to microcentrifuge tubes and spun at 14,000 rpm for 30 min. 

The supernatant was collected and stored at -80
o
C for further processing. Also, 50 µl 

aliquots were made from stock extractions and stored in a microfuge tube to prevent 

repeated freeze thawing of samples, thus degrading the proteins.  

 

Protein estimation 

Protein concentrations in brain samples were determined using the BCA protein 

assay kit. For the standard curve, different volumes of a bovine serum albumin stock 

solution (2 mg/ml) were added into wells of a 96-well plate to get a serial dilution for five 

concentration points. Distilled water was added qsp 20 µl. An aliquot (1 µl) of the sample 

protein extract was added to sample wells and brought up to 20 µl with distilled water. 

Solution A (PRC-23221; Thermo Scientific) and solution B (PRC-23224; Thermo 
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Scientific) from the BCA protein assay kit were mixed at 50:1 and 200 µl of the mix was 

added to standard and sample wells. The mixture was incubated for 30 minutes at 37
o
C. 

The absorbance was read in a spectrophotometer at 562 nm. Protein concentrations are 

expressed in µg/µl. 

 

 Western Blotting 

Western blot analyses were performed using 100 μg of protein per guinea pig 

brain sample per well. The samples were loaded onto Invitrogen® NuPage 12% Bis-Tris 

12-lane gels (cat no # NP-0342). The gels were run using Invitrogen® running buffer (cat 

no # NP-0002) at 175 V for 2 h. The gels were transferred to Invitrogen® nitrocellulose 

membranes (cat no # IB-3010) using an Invitrogen iBlot® Dry Blotting system (program 

# 3 for 7 minutes). For analysis of levels of HSP25, BCl-2, Bax, HSP90, HSP70, PKC-δ, 

CaMK-IV, membranes were blocked for 1 h at room temperature with 5% non-fat dry 

milk (NFDM) in 1X Tris-Buffered Saline Tween-20 (TBST), which consisted of 8.8 g/l 

NaCl, 0.2 g/l KCl, 3 g/l Tris base, and 0.1% (v/v) Tween-20 (pH adjusted to 7.4). For 

analysis of levels of ERK, BAD-136, and Akt, membranes were incubated in 1XTSBT 

containing 5% BSA for both the phosphorylated and total proteins. Once the phospho-

proteins were quantifoed, the membranes were stripped with stripping buffer (PRC21059; 

Thermoscientific) for 30 minutes at room temperature, washed 3 times for 5 minutes each 

and then blocked with 5% NFDM. Following blocking, the membranes were probed with 

respective primary antibodies (refer to table 2, pg. 67) with gentle agitation overnight at 

4˚C. Following one 10-min wash with 1X TBST, membranes were incubated with gentle 

agitation for 2 h at room temperature with respective secondary anti-rabbit (1:15,000) or 
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anti-mouse (1:10,000) horseradish peroxidase- (HRP) conjugated IgG secondary 

antibody in 5% NFDM-containing TBST.  

Protein bands on membranes were visualized using an enhanced 

chemiluminescence (ECL) detection system (RPN2106; GE Healthcare). Membranes 

were further stripped with western blotting stripping buffer (PRC-21059; Thermo 

Scientific) and reprobed with β-actin antibody (CHM-041116; Chemicon) which serves 

as loading control. The optical density of each band was estimated using Image Quant 

software (MD applications). The changes in the protein level were determined by 

normalizing the specific protein density to its corresponding β-actin loading control. In 

case of phosphoproteins, they were normalized to their corresponding total protein.  

 

Table 2: Antibody dilution list 

Cat No Antibody Mol wt Species Dilution Manufacturer 

CST 9271 

CST 9272 

CST 4228 

CST 4292 

SC 7947 

SC 24 

SPA 801 

SC 492 

SC 493 

SC 8392 

p-Akt 

t-Akt 

p-PI3K 

t-PI3K 

HSP90 

HSP70 

HSP25 

Bcl-2 

Bax 

Bcl-xL 

60 

60 

60, 85 

85 

90 

70 

25 

26 

23 

30 

rabbit 

rabbit 

rabbit 

rabbit 

rabbit 

mouse 

rabbit 

rabbit 

rabbit 

mouse 

1 : 250 

1 : 500 

1 : 250 

1 : 500 

1 : 1K 

1 : 500 

1 : 400 

1 : 250 

1 : 200 

1 : 500 

Cell Signaling 

Cell Signaling 

Cell Signaling 

Cell Signaling 

Santa Cruz Labs 

Santa Cruz Labs 

Stressgen 

Santa Cruz Labs 

Santa Cruz Labs 

Santa Cruz Labs 
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Table 2: Antibody dilution list (continued) 

Cat No Antibody Mol wt Species Dilution Manufacturer 

CST 5286 

CST 9268 

SC 94 

V118A 

CHM041116 

111035-144 

CST 7076 

p-Bad  

t-Bad 

p-Erk 

t-Erk 

b-actin 

GAR 2°Ab 

GAM 2°Ab 

23 

21-23 

43 

42-44 

43 

 

r 

rabbit 

rabbit 

mouse 

rabbit 

mouse 

1 : 250 

1 : 250 

1 : 200 

1 : 400 

1:20K 

1:15K 

1:10K 

Cell Signaling 

Cell Signaling 

Santa Cruz Labs 

Promega 

Chemicon 

Jackson Immuno 

Cell Signaling 

 

TUNEL assay  

At selected time points, guinea pigs were anesthetized with pentobarbital (50 

mg/kg, i.p.). Once the animals were unresponsive, the thoracic cavity was opened up and 

clamped to expose the heart and provide drainage for blood and fluids. While holding the 

heart steady, a catheter needle was inserted directly into the protrusion of the left 

ventricle and secured in place by clamping. A steady flow of phosphate-buffered solution 

(PBS; approximately 20 ml/min) was maintained. When blood was cleared from the 

body, the animals were perfused with paraformaldehyde (4%)–containing PBS. After 

perfusion with approximately 100 ml, the guinea pigs were decapitated. Their brains were 

removed from the skull, placed in 10% formalin solution to be stored at 4ºC for 24 h and 

then transferred to 30% sucrose until they sank to the bottom. The brains were then stored 

till sectioned in the cryostat (Leica CM 3050, Nussloch, Germany).  
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The brains were cut frontally into an entire series of 20-µm thick sections which 

were used for identification of dying cells using the terminal deoxynucleotidyl transferase 

[TdT-mediated dUTP nick-end labeling (TUNEL)) assay for frozen sections 

(11684795910; Roche Applied Science, IN). Glass slides containing the tissue sections 

were immersed in 0.85% NaCl for 5 min and washed in PBS for 5 min. Subsequently, the 

slides were immersed in 4% formaldehyde in PBS for 15 min followed by two 5-min 

washing in PBS. The sections were permeabilized with sodium citrate (100 µl, 0.1 M) by 

incubating the slides at 4°C for 30 min.  

Following this incubation, the slides were washed in PBS for 5 min. The samples 

were labeled by the addition of 50 μl of TdT reaction mix to the tissue on an area no 

larger than 5 cm
2
 and incubated for 90 min at 37°C in a humidified chamber in the dark. 

The slides were washed three times with PBS for 5 min each and Vectashield® with 

DAPI was added to all the slides to counter stain and visualize all nuclei. Cells were 

considered apoptotic if the green fluorescence of the TUNEL staining overlapped the 

blue fluorescence of DAPI-stained nuclei.  

Slides were imaged with Nikon Eclipse 80i upright microscope equipped with a 

Ds-FiZ camera controlled by NIS-Elements BR 3.0 SP4 software (Nikon) with a 10X 

(Plan Fluor x10/0.30 DIC N2 WD 16.0), a 20X (Plan Apo x20/0.75 DIC N2 WD 1.0) and 

a 40X (Plan Apo x40/0.95 DIC M/N2 WD 0.14) objective. The FITC fluorescence 

intensity was visualized using the filter set (Ex - 465 nm and Em - 520 nm) and the DAPI 

fluorescence was visualized using the filter set (Ex - 360 nm and Em - 450 nm). Nikon 

NIS-Elements BR 3.0 software was used with the microscope, along with a DS-FiZ 

bright-field camera. All imaging was done at room temperature and files saved in jpeg 
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format with each field subjected to ‘auto-white balance’ before capturing, with no other 

manipulation.  

 

TUNEL assay quantitation 

Briefly, five brain areas (cerebral cortex, piriform cortex, amygdala, CA1 region 

of the hippocampus and thalamus) were evaluated in each animal. Neuronal apoptosis 

was quantitated for each brain by examining the damages in 15 high-magnification fields 

representing the five different brains areas. After photography, the number of positively 

labeled cells was determined through visual examination of photomicrographs. Sections 

were graded as follows: 0 – no apoptotic cells in the field of vision; 1 – one or two 

positively labeled apoptotic cells in the field of vision; 2 – three to five positively labeled 

apoptotic cells in the field of vision; 3 – six to eight positively labeled apoptotic cells in 

the field of vision; 4 – more than 9 positively labeled apoptotic cells in the field of vision. 

The mean number of apoptotic cells for each region was determined and 

statistically compared to the other experimental groups using one-way ANOVA followed 

by Tukey’s post hoc test analysis (p<0.05, n=3). 

 

 Caspase 3/7 activation assay  

Caspase 3/7 activity was assayed using the SensoLyte Homogeneous AMC 

Caspase - 3/7 Assay Kit (Cat # 71118; AnaSpec, La Jolla, CA) as per the instructions 

provided with the assay kit. Briefly, protein extracts obtained from the guinea pig brain 

tissue to were added to each well (50 ug protein per well). After incubation of protein 

samples with their substrate, assay reagents (mixed as per manufacturer’s 
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recommendation) were added to each well and incubated on a plate shaker at room 

temperature for an additional 24 hrs.  

The fluorescence peaks of AMC released as a result of caspase action on Ac-

DEVD-AMC substrate was measured using a plate reader at Ex/Em of 360/460nM and 

data were represented as relative fluorescence unit (RFU).  

 

Fluoro-Jade B (FJ-B) staining 

 All the treated guinea pigs were anesthetized with pentobarbital and transcardially 

perfused with 300 ml of 0.1 M phosphate-buffered 10% formalin via the ascending aorta, 

while clamping the descending aorta. Their brains were removed, post-fixed overnight in 

10% formalin, cryoprotected in 30% sucrose, and frozen in -75ºC isopentane. Frozen 

brains were cut into 20-µm thick slices, which were post-fixed with freshly prepared 4% 

paraformaldehyde in phosphate-buffered saline, dehydrated in 70% and 100% alcohol, 

and stored at -80ºC until further processing.  

 On the day of the staining, slides were thawed to -20ºC, then to 4ºC, and finally 

allowed to thaw further in ice-cold 100% ethanol for 5 min. This was followed by three 

washes in 70% ethanol, 50% ethanol, and water, each for 1 min. The slides were 

subsequently washed in PBS and water for 3 min each. The slides were immersed in 

0.06% potassium permanganate solution for 20 min on a rotating platform, rinsed in 

water for 1 min, and finally transferred to the FJ-B staining solution for 30 min, gently 

shaking in the dark. The staining solution was prepared from a 0.01% stock solution of 

FJ-B (Chemicon, Temecula, CA) that was made by dissolving 10 mg of the dye powder 

in 100 ml of distilled water. To make up 100 ml of staining solution, 4 ml of the stock 
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solution was added to 96 ml of 0.1% acetic acid vehicle. This results in a final dye 

concentration of 0.0004%. The stock solution, when stored in the refrigerator, was stable 

for 3 months, whereas the staining solution was prepared within 15 min of use and was 

not reused.  

Slides were rinsed with water, dried on a slide warmer (50ºC), immersed in 

xylene, and cover slipped with Cytoseal® mounting media (Richard Allan Scientific, 

Kalamazoo, MI). Slides were imaged with a Nikon Eclipse 80i upright microscope 

equipped with a Ds-FiZ camera controlled by NIS-Elements BR 3.0 SP4 software (Nikon 

Instruments Inc., Melville, NY). The fluorescence intensity was visualized using a 

fluorescein isothiocyanate filter set (excitation: 465 nm; emission: 520 nm). All imaging 

was done at room temperature and files saved as .jpeg format with each field subjected to 

‘auto-white balance’ before capturing, with no other manipulation. 

 

Counting Fluoro Jade-B-positive cells 

In order to examine various levels of OP-induced neurodegeneration, guinea pig 

brains were analyzed using FluoroJade-B, a neuronal death marker, that stains the cell 

bodies, dendrites, axons and axon terminals of degenerating neurons but does not stain 

healthy neurons, myelin, vascular elements or neuropil. Degenerating neurons stained 

with Fluoro-Jade appear bright green against a dark background.  

Briefly, five brain areas (cerebral cortex, piriform cortex, amygdala, CA1 region 

of the hippocampus and thalamus) were evaluated in each animal and each area was rated 

on a scale from 0 (no damage) to 4 (severe, >50% tissue involvement) for 

neuropathological damage. Neuronal damage was assessed for each brain using low-
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magnification fields representing the five regions of the guinea pig brain. The ideal focal 

plane was determined as the plane with the highest fluorescent intensity when viewed 

through the fluorescent microscope. Each field was photographed and the number of 

degenerate/dead neurons was determined using IP labs software (Exton, PA) and the data 

was analyzed using one-way ANOVA followed by Tukey’s post hoc test analysis 

(p<0.05, n=3). Calculations were based on the relative peak fluorescent intensities to 

distinguish between the background and the staining intensity and they were set between 

0 and 100 for each image that was analyzed using the IP labs software.  

 

Statistical Analyses 

All data were expressed as mean ± SEM. Simple descriptive statistical data 

analysis was performed using Sigma Plot (Version 11.0). The software package Stats 

Direct (StatsDirect Limited, Cheshire, UK) was used for data that required in depth 

statistical analysis. Significance among different treatment groups for different 

parameters at each time point was assessed using one-way analysis of variance 

(ANOVA). A P-value of < 0.05 was considered to be statistically significant. Results 

were compared using one-way ANOVA followed by Dunnet’s post-test for comparison 

with control groups and Tukey’s post-test for comparison within different groups. 
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Results 

Approximately 50% of the guinea pigs that were challenged subcutaneously with 

1.0xLD50 soman developed convulsions that resembled kindled motor limbic seizures 

(McLean et al., 1992). In order to define the severity of the signs of soman-induced 

toxicity we used a qualitative staging system similar to that originally validated by 

Racine (Racine, 1972) to categorize the severity of kindled motor limbic seizures and 

later adapted to describe the development of seizures in soman-challenged animals 

(McLean et al., 1992; McDonough and Shih, 1997; Gullapalli et al., 2009).  

Typically, 50% of the animals challenged with 1.0xLD50 soman reached stage 4 

within 30 min to 2h after the injection. Once the guinea pigs reached this stage, their 

condition quickly worsened with the uncontrolled convulsions leading to imminent death. 

Following the IACUC guidelines, animals were euthanized as soon as they presented life-

threatening conditions.  

Pre-treatment with galantamine (8mg/kg, i.m.) before exposure to 1LD50 soman 

prevented the lethality and the acute toxicity in the animals. 

 

Table 3- Description of the modified Racine scale used in this study 

Stage Description Rating Intoxication 

0 no abnormal gross behavior - no intoxication 

1 facial twitches, pawing at whiskers and 

mouth, chewing 

+ mildly intoxicated 
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Table 3- Description of the modified Racine scale used in this study (continued) 

Stage Description Rating Intoxication 

2 head tremor and/or nodding and sporadic short 

periods of immobility and signs of stage 1 

++ mildly 

intoxicated 

3 forelimb clonus and signs of stages 1 and 2 +++ moderately 

intoxicated 

4 rearing with no loss of balance, bruxism - 

strong grinding, gnashing or clenching of the 

teeth, clear peripheral cholinergic crisis 

characterized by profuse secretions, muscle 

fasciculation with back leg muscle partial 

paralysis, respiratory distress and signs of 

stages 1, 2 and 3 

++++ severely 

intoxicated 

5 rearing was accompanied by loss of balance and 

animals developed frank convulsions in 

addition to the signs characteristic of stages 1 to 

4 (these animals either died or were euthanized) 

+++++ severely 

intoxicated 

In the present study, soman-challenged animals were classified into two groups 

according to their signs of acute intoxication: – mildly intoxicated animals were those 

that had scores of 0 to 3 in the modified Racine scale, and severely intoxicated animals 

were those with scores of 4 to 5 in the modified Racine scale. 
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Soman-induced neurodegeneration in different parts of the guinea pig brain 

 In order to examine various levels of OP-induced neurodegeneration, guinea pig 

brains were analyzed using FluoroJade-B, a neuronal death marker, and standard 

histological techniques. In general, the staining pattern seen with Fluoro-Jade 

corresponds to the pattern of argyrophilia seen with an ideal suppressed silver method. 

Fluoro-Jade stains the cell bodies, dendrites, axons and axon terminals of degenerating 

neurons but does not stain healthy neurons, myelin, vascular elements or neuropil 

(Schmued et al., 1997). Degenerating neurons stained with Fluoro-Jade appear bright 

green against a dark background. The exact extent and pattern of Fluoro-Jade labeling 

depends on the nature of the neurotoxic insult and the ensuing survival interval (Schmued 

et al., 1997).  

When adjacent kainic acid treated tissue sections are stained respectively with 

suppressed silver and Fluoro-Jade, the distribution and staining of cells, dendrites and 

terminals are virtually identical (Schmued et al., 1997). Fluoro-Jade is able to stain the 

brain regions which are so necrotic that the tissue is only partially intact, such as the 

piriform cortex, unlike with the cupric-silver method (Schmued et al., 1997). Fluoro-Jade 

in addition to labeling degenerating neurons will only stain certain non-neuronal elements 

adjacent to the brain surfaces (e.g. meninges and choroid plexus). The exact mechanism 

by which Fluoro-Jade stains degenerating neurons is not known although there is 

speculation about the histochemical specificity of Fluoro-Jade based on its chemical 

properties playing a role (Schmued et al., 1997).  

Fluoro-Jade (FJ) labeled cells were absent in the brains of saline-treated guinea 

pigs. (Figure 6A) Twenty four hours after a single injection of a 1xLD50 soman, large 
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numbers of FJ-B-positive neurons were seen, in the amygdala (Figs 7B and 7C), piriform 

cortex (Figs 8B and 8C), thalamus (Figs 9B and 9C) and the cerebral cortex (Figs 6B and 

6C). FJ-labeled cells were seen scattered in the occipital cortex, the parietal cortex, and 

the temporal cortex. There was more amygdalar cell death in animals with severe signs of 

acute toxicity (Fig 7C) than in animals with mild signs of acute toxicity (Fig 7B). Very 

few animals showed excessive FJ-B labeling in the CA1 region. Even in severely 

intoxicated animals, only scattered FJ-labeled cells were present in the CA1 field of the 

hippocampus (Figs 10B and 10C). The CA3 field of the hippocampus and the dentate 

gyrus contained weakly-labeled FJ cells which may not have undergone death 

mechanisms till then (Fig 11B, 11C, 12B and 12C). These should not be taken as a 

positive for cell death.  

 

Neuroprotective effectiveness of galantamine against soman-induced 

neurotoxicity in guinea pigs. 

 When galantamine was already in the physiological system due to a 30 minute 

pre-treatment, guinea pigs challenged with a single injection of 1LD50 soman showed a 

total absence of  FJB-positive cells in the amygdala (Fig 7D), piriform cortex (Fig 8D), 

thalamus (Fig 9D) and the cerebral cortex (Fig 6D). There was no amygdalar cell death 

(Fig 7D) and none of the animals showed FJ-B labeling in the CA1 region (Fig 10D). The 

CA3 field of the hippocampus and the dentate gyrus remained unaffected (Fig 11D and 

12D).  

 When given alone, galantamine did not have any effect on the piriform cortex 

(Fig 8F), thalamus (Fig 9F) and the cerebral cortex (Fig 6F). There was no amygdalar cell 
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death (Fig 7F) and none of the animals showed FJ-B labeling in the CA1 region (Fig 

10F), the CA3 field of the hippocampus and the dentate gyrus (Fig 11F and 12F).  

 

Fig. 6A. FluoroJade-B labeling of cerebral cortical slices from the brain of a guinea pig 

removed at 24 h after a subcutaneous injection of saline. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm]  
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Fig. 6B. FluoroJade-B labeling of the cerebral cortical slices from the brain of a guinea 

pig classified as mildly intoxicated following the challenge with 1xLD50 soman. The 

brain was removed at 24 h after the soman challenge. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 200 µm, 

bottom left: 100 µm and bottom right: 50 µm] 
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Fig. 6C. FluoroJade-B labeling of the cerebral cortical slices from the brain of a guinea 

pig classified as severely intoxicated following the challenge with 1xLD50 soman. The 

brain was removed at 24 h after the soman challenge.. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 200 µm, 

bottom left: 100 µm and bottom right: 50 µm] 

 

 

 



59 

 

Fig. 6D. FluoroJade-B labeling for cerebral cortical slices from the brain of a guinea pig 

treated with galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 soman. 

The brains were removed after 24h after soman-challenge. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 6E. FluoroJade-B labeling of cerebral cortical slices from the brain of a guinea pig 

removed at 24 h after an intramuscular injection of galantamine (8 mg/kg). The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 100 µm and bottom: 50 µm] 
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Fig. 7A. FluoroJade-B labeling of amygdala from the brain of a guinea pig removed at 24 

h after a subcutaneous injection of saline. The slides were analyzed for degenerating 

neurons by detecting localized green fluorescence of neuronal cell bodies, axonal or 

dendritic areas by fluorescence microscopy. Slides were imaged with Nikon Eclipse 80i 

upright microscope equipped with a Ds-FiZ camera controlled by NIS-Elements BR 3.0 

SP4 software (Nikon). The fluorescence intensity was visualized using the filter set (Ex - 

465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was used with the 

microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and bottom: 50 

µm] 
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Fig. 7B. FluoroJade-B labeling of the amygdala from the brain of a guinea pig classified 

as mildly intoxicated following the challenge with 1xLD50 soman. The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 200 µm, 

bottom left: 100 µm and bottom right: 100 µm] 
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Fig. 7C. FluoroJade-B labeling of the amygdala from the brain of a guinea pig classified 

as severely intoxicated following the challenge with 1xLD50 soman. The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 200 µm, 

bottom left: 100 µm and bottom right: 50 µm] 
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Fig. 7D. FluoroJade-B labeling for amygdala from the brain of a guinea pig treated with 

galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 soman. The brains 

were removed after 24h after soman-challenge. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 7E. FluoroJade-B labeling of amygdala from the brain of a guinea pig removed at 24 

h after an intramuscular injection of galantamine (8 mg/kg). The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 8A. FluoroJade-B labeling of piriform cortex from the brain of a guinea pig removed 

at 24 h after a subcutaneous injection of saline.  The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 8B. FluoroJade-B labeling of the piriform cortex from the brain of a guinea pig 

classified as mildly intoxicated following the challenge with 1xLD50 soman. The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 200 µm, bottom left: 100 µm and bottom right: 100 µm] 
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Fig. 8C. FluoroJade-B labeling of the piriform cortex from the brain of a guinea pig 

classified as severely intoxicated following the challenge with 1xLD50 soman. The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 200 µm, bottom left: 100 µm and bottom right: 100 µm] 
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Fig. 8D. FluoroJade-B labeling for piriform cortex from the brain of a guinea pig treated 

with galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 soman. The 

brains were removed after 24h after soman-challenge. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 8E. FluoroJade-B labeling of piriform cortex from the brain of a guinea pig removed 

at 24 h after an intramuscular injection of galantamine (8 mg/kg). The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm 

and bottom: 50 µm] 
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Fig. 9A. FluoroJade-B labeling of thalamus from the brain of a guinea pig removed at 24 

h after a subcutaneous injection of saline. The slides were analyzed for degenerating 

neurons by detecting localized green fluorescence of neuronal cell bodies, axonal or 

dendritic areas by fluorescence microscopy. Slides were imaged with Nikon Eclipse 80i 

upright microscope equipped with a Ds-FiZ camera controlled by NIS-Elements BR 3.0 

SP4 software (Nikon). The fluorescence intensity was visualized using the filter set (Ex - 

465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was used with the 

microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and bottom: 50 

µm] 
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Fig. 9B. FluoroJade-B labeling of the thalamus from the brain of a guinea pig classified 

as mildly intoxicated following the challenge with 1xLD50 soman. The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm, 

bottom left: 200 µm and bottom right: 50 µm] 
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Fig. 9C. FluoroJade-B labeling of the thalamus from the brain of a guinea pig classified 

as severely intoxicated following the challenge with 1xLD50 soman. The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 200 µm, 

bottom left: 100 µm and bottom right: 100 µm] 
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Fig. 9D. FluoroJade-B labeling for thalamus from the brain of a guinea pig treated with 

galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 soman. The brains 

were removed after 24h after soman-challenge. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 9E. FluoroJade-B labeling of thalamus from the brain of a guinea pig removed at 24 

h after an intramuscular injection of galantamine (8 mg/kg). The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and 

bottom: 50 µm] 
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Fig. 10A. FluoroJade-B labeling of CA1 region from the brain of a guinea pig removed at 

24 h after a subcutaneous injection of saline.  The slides were analyzed for degenerating 

neurons by detecting localized green fluorescence of neuronal cell bodies, axonal or 

dendritic areas by fluorescence microscopy. Slides were imaged with Nikon Eclipse 80i 

upright microscope equipped with a Ds-FiZ camera controlled by NIS-Elements BR 3.0 

SP4 software (Nikon). The fluorescence intensity was visualized using the filter set (Ex - 

465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was used with the 

microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and bottom: 50 

µm] 
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Fig. 10B. FluoroJade-B labeling of the CA1 region from the brain of a guinea pig 

classified as mildly intoxicated following the challenge with 1xLD50 soman. The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 200 µm, bottom left: 100 µm and bottom right: 50 µm] 
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Fig. 10C. FluoroJade-B labeling of the CA1 region from the brain of a guinea pig 

classified as severely intoxicated following the challenge with 1xLD50 soman. The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 200 µm, bottom left: 200 µm and bottom right: 100 µm] 
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Fig. 10D. FluoroJade-B labeling for CA1 hippocampal region from the brain of a guinea 

pig treated with galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 

soman. The brains were removed after 24h after soman-challenge. The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm 

and bottom: 25 µm] 
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Fig. 10E FluoroJade-B labeling of CA1 hippocampal region from the brain of a guinea 

pig removed at 24 h after an intramuscular injection of galantamine (8 mg/kg). The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 100 µm and bottom: 50 µm] 
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Fig. 11A. FluoroJade-B labeling of the CA3 region from the brain of a guinea pig 

removed at 24 h after a subcutaneous injection of saline. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 50 µm and 

bottom: 50 µm] 
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Fig. 11B. FluoroJade-B labeling of the CA3 region from the brain of a guinea pig 

classified as mildly intoxicated following the challenge with 1xLD50 soman. The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 100 µm and bottom: 50 µm] 
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Fig. 11C. FluoroJade-B labeling of the CA3 region from the brain of a guinea pig 

classified as severely intoxicated following the challenge with 1xLD50 soman.The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 100 µm and bottom: 50 µm] 
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Fig. 11D. FluoroJade-B labeling for CA3 hippocampal region from the brain of a guinea 

pig treated with galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 

soman. The brains were removed after 24h after soman-challenge. The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 50 µm 

and bottom: 25 µm] 
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Fig. 11E. FluoroJade-B labeling of CA3 hippocampal region from the brain of a guinea 

pig removed at 24 h after an intramuscular injection of galantamine (8 mg/kg). The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 100 µm and bottom: 50 µm] 

 

 

 

 



86 

 

Fig. 12A. FluoroJade-B labeling of dentate gyrus from the brain of a guinea pig removed 

at 24 h after a subcutaneous injection of saline. The slides were analyzed for degenerating 

neurons by detecting localized green fluorescence of neuronal cell bodies, axonal or 

dendritic areas by fluorescence microscopy. Slides were imaged with Nikon Eclipse 80i 

upright microscope equipped with a Ds-FiZ camera controlled by NIS-Elements BR 3.0 

SP4 software (Nikon). The fluorescence intensity was visualized using the filter set (Ex - 

465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was used with the 

microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm and bottom: 50 

µm] 
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Fig. 12B. FluoroJade-B labeling of the dentate gyrus from the brain of a guinea pig 

classified as mildly intoxicated following the challenge with 1xLD50 soman.  The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 50 µm and bottom: 25 µm] 
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Fig. 12C. FluoroJade-B labeling of the dentate gyrus from the brain of a guinea pig 

classified as severely intoxicated following the challenge with 1xLD50 soman. The slides 

were analyzed for degenerating neurons by detecting localized green fluorescence of 

neuronal cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were 

imaged with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera 

controlled by NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity 

was visualized using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements 

BR 3.0 software was used with the microscope with DS-FiZ bright-field camera. 

[calibration, top: 50 µm and bottom: 50 µm] 
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Fig. 12D. FluoroJade-B labeling for dentate gyrus from the brain of a guinea pig treated 

with galantamine (8 mg/kg, im) 30 min before the challenge with 1xLD50 soman. The 

brains were removed after 24h after soman-challenge. The slides were analyzed for 

degenerating neurons by detecting localized green fluorescence of neuronal cell bodies, 

axonal or dendritic areas by fluorescence microscopy. Slides were imaged with Nikon 

Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by NIS-

Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized using 

the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software was 

used with the microscope with DS-FiZ bright-field camera. [calibration, top: 50 µm and 

bottom: 50 µm] 
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Fig. 12E. FluoroJade-B labeling of dentate gyrus from the brain of a guinea pig removed 

at 24 h after an intramuscular injection of galantamine (8 mg/kg). The slides were 

analyzed for degenerating neurons by detecting localized green fluorescence of neuronal 

cell bodies, axonal or dendritic areas by fluorescence microscopy. Slides were imaged 

with Nikon Eclipse 80i upright microscope equipped with a Ds-FiZ camera controlled by 

NIS-Elements BR 3.0 SP4 software (Nikon). The fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm). Nikon NIS-Elements BR 3.0 software 

was used with the microscope with DS-FiZ bright-field camera. [calibration, top: 100 µm 

and bottom: 50 µm] 
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Table 4: Severity score of neuronal damage by FluoroJade-B staining in guinea pigs that 

survived for 24h. 

Treatment 

 

Cortex Amygdala Piri 

cortex 

Thalamus CA1 

region  

saline 0 0 0 0 0 

1LD50 soman 

(mildly 

intoxicated) 

2.53 3.2 3 3.4 0.8 

1LD50 soman 

(severely 

intoxicated) 

4 4 4 4 1 

Galantamine pre-

treatment plus 

1LD50 soman 

0 0 0 0 0 

Galantamine 

alone 

0 0 0 0 0 
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Fig.13A. Quantitation of neuronal cell death in the guinea pig cortex. 

Briefly, the cerebral cortex was evaluated in each animal and the neuronal 

damage was quantitated for each brain using 15 low-magnification fields representing the 

cortex of the guinea pig brain. Each field was photographed and the number of 

degenerate/dead neurons was determined through visual examination of 

photomicrographs and the data was analyzed using one-way ANOVA followed by 

Tukey’s post hoc test analysis. (p<0.05, n=3)  
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Fig.13B. Quantitation of neuronal cell death in the guinea pig amygdala. 

Briefly, the amygdala was evaluated in each animal and the neuronal damage was 

quantitated for each brain using 15 low-magnification fields representing the amygdala of 

the guinea pig brain. There was no distinction made between the different sub-fields of 

the amygdala. Each field of vision was photographed and the number of degenerate/dead 

neurons was determined through visual examination of photomicrographs and the data 

was analyzed using one-way ANOVA followed by Tukey’s post hoc test analysis. 

(p<0.05, n=3) 
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Fig.13C. Quantitation of neuronal cell death in the guinea pig thalamus. 

Briefly, the thalamus cortex was evaluated in each animal and the neuronal 

damage was quantitated for each brain using 15 low-magnification fields representing the 

thalamus of the guinea pig brain. There was no difference made between different 

thalamic nuclei. Each field was photographed and the number of degenerate/dead neurons 

was determined through visual examination of photomicrographs and the data was 

analyzed using one-way ANOVA followed by Tukey’s post hoc test analysis. (p<0.05, 

n=3) 
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Fig.13D. Quantitation of neuronal cell death in the guinea pig piriform cortex. 

Briefly, the piriform cortex was evaluated in each animal and the neuronal 

damage was quantitated for each brain using 15 low-magnification fields representing the 

piriform cortex of the guinea pig brain. Each field was photographed and the number of 

degenerate/dead neurons was determined through visual examination of 

photomicrographs and the data was analyzed using one-way ANOVA followed by 

Tukey’s post hoc test analysis. (p<0.05, n=3) 
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Fig.13E. Quantitation of neuronal cell death in the guinea pig CA1 region. 

Briefly, only the CA1 region of the entire hippocampus was evaluated in each 

animal and the neuronal damage was quantitated for each brain using 15 low-

magnification fields representing the CA1 region of the guinea pig brain. Each field was 

photographed and the number of degenerate/dead neurons was determined through visual 

examination of photomicrographs and the data was analyzed using one-way ANOVA 

followed by Tukey’s post hoc test analysis. (p<0.05, n=3)  
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Caspase 3/7 activity in the brain of guinea pigs at various times after the 

injection of 1.0xLD50 soman (28 ug/kg, s.c.)  

 The fluorescence of AMC complex released as a result of caspase action on Ac-

DEVD-AMC substrate was measured at an excitation/emission wavelength of 

360/460nM and data represented as relative fluorescence unit (RFU). Caspase 3/7 activity 

was high in all the brains of the severely intoxicated animals post-soman challenge, when 

compared to controls which were obtained from guinea pigs at 24 hours after the 

injection of saline (Fig. 14A). The increase in caspase 3/7 activity was time dependent, 

with the highest activity being recorded 24h after soman injection. The caspase 3/7 

activity increased significantly at 30 minutes and 1 hr (1.4-fold and 1.5-fold, respectively; 

p<0.05), at 2 hrs and 4 hrs (1.8-fold, p<0.05) and was highest at 24 hr (2.2-fold, p<0.05) 

(n=3 per treatment). 
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Fig 14A. Caspase-3/7 expression in guinea pig brain: time course following 1LD50 

soman (28 ug/kg, s.c.) treatment. 

For the standard curve, different volumes of a bovine serum albumin stock 

solution (2 mg/ml) were added into wells of a 96-well plate to get a serial dilution for five 

concentration points. Caspase 3/7 activity was assayed using the SensoLyte 

Homogeneous AMC Caspase - 3/7 Assay Kit (Cat # 71118; AnaSpec, La Jolla, CA) as 

per the instructions provided with the assay kit. The absorbance was read in a 

spectrophotometer at 562 nm and the fluorescence was measured using a plate reader at 

Ex/Em of 360/460nM and data represented as relative fluorescence unit (RFU).  
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Effectiveness of galantamine to counter 1.0xLD50 soman (28 ug/kg, s.c.)- 

induced increases in caspase activity in the guinea pig brain. 

The fluorescence of AMC complex released as a result of caspase action on Ac-

DEVD-AMC substrate was measured at Ex/Em of 360/460nM and data represented as 

relative fluorescence unit (RFU). All measurements were obtained from extracts prepared 

using brains harvested 24 h after the soman injection.  

Caspase 3/7 activity was significantly higher in the brains of soman-challenged 

guinea pigs (severely intoxicated without galantamine treatment) than in control animals 

(1.80-fold increase over control, * - p<0.05; n=3). Caspase activity in the brains of 

soman-challenged guinea pigs that were pre-treated with galantamine was comparable to 

that measured in the control brains (Fig. 14B).  
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Fig 14B. Caspase-3/7 expression in guinea pig brain: Comparison of galantamine pre-

treatment with 1LD50 soman (28 ug/kg, s.c.) exposure. 

Protein concentrations in various samples were determined using the BCA protein 

assay kit. For the standard curve, different volumes of a bovine serum albumin stock 

solution (2 mg/ml) were added into wells of a 96-well plate to get a serial dilution for five 

concentration points. Protein concentrations are expressed in µg/µl. Caspase 3/7 activity 

was assayed using the SensoLyte Homogeneous AMC Caspase - 3/7 Assay Kit (Cat # 

71118; AnaSpec, La Jolla, CA) as per the instructions provided with the assay kit. The 

absorbance was read in a spectrophotometer at 562 nm and the fluorescence was 

measured using a plate reader at Ex/Em of 360/460nM and data represented as relative 

fluorescence unit (RFU).  

0

1

2

3

4

sal (30m)+ sal sal (30m) + som gal (30m) + som

ca
sp

 3
/

7 
ac

ti
v

it
y

 (
R

F
U

)

 * - p < 0.05, as compared to control

One-way ANOVA followed by Dunnett's post-hoc test 

** - p< 0.05, as compared to saline (30') + soman (1LD50)

One-way ANOVA followed by Tukey's post-hoc test

**

 

 



101 

 

 Apoptosis contributes to neurodegeneration induced by soman in the brain 

of guinea pigs 

 In order to examine the nature of OP-induced neuronal death, guinea pig brains 

were analyzed with TUNEL assay, a measure of the apoptotic cell death using standard 

histological techniques. TUNEL-labeled positive cells were absent in the brains of saline-

treated guinea pigs. In an observation akin to the Fluoro-Jade staining earlier, pre-

pubertal male guinea pigs challenged with a single injection of 1xLD50 of soman showed 

apoptotic cell death in the amygdala (Fig 16B and 16C), piriform cortex (Fig 17B and 

17C), thalamus (Fig 18B and 18C) and the cerebral cortex (Fig 15B and 15C). The CA3 

field of the hippocampus and the dentate gyrus did not contain any apoptotic cells (data 

not shown). (Describe differences between mildly and severely intoxicated animals)  

 TUNEL-positive cells were seen scattered in the occipital cortex, the parietal and 

the temporal cortex. There was more amygdalar apoptotic cell death in animals with 

severe symptoms (Fig 16C) than with less severe symptoms (Fig 16B). Very few animals 

showed excessive TUNEL-positive labeling in the CA1 region. Even in animals with 

obvious symptoms of OP toxicity, TUNEL positive cells were present in the CA1 field of 

the hippocampus (Figs 19B and 19C).  

 

Galantamine counters soman-induced apoptotic cell death in the guinea pig 

brain. 

 Pre-treatment with galantamine thirty minutes before the guinea pigs were 

challenged with a single injection of soman showed absence of apoptotic cell death in the 

piriform cortex (Fig 17D), thalamus (Fig 15D) and the cerebral cortex (Fig 15D). There 
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was no amygdalar cell death (Fig 16D) and none of the animals showed TUNEL-positive 

labeling in the CA1 region (Fig 19D).  

 When given alone, galantamine had no toxic effect on the cerebral cortex (Fig 

15E), amygdala (Fig 16E), piriform cortex (Fig 17E), thalamus (Fig 18E), and CA1 

region (Fig 19E), as judged from the absence of TUNEL-positive cells.  

 

Fig 15A. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for cerebral 

cortical slices from the brain of a guinea pig removed at 24 h after a subcutaneous 

injection of saline. The FITC fluorescence intensity was visualized using the filter set (Ex 

- 465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set 

(Ex - 360 nm and Em - 450 nm). [Calibration bar - 100 µm] (The slides were analyzed 

for positive apoptotic cells by detecting localized green fluorescence of the fluorescein-

labeled fragmented DNA within the DAPI-stained nuclei which appear blue). 
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Fig 15B. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the cerebral 

cortical slices from the brain of a guinea pig classified as mildly intoxicated following the 

challenge with 1xLD50 soman. The brain was removed at 24 h after the soman challenge. 

The FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 

520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and 

Em - 450 nm). The upper panel shows TUNEL positive cells in a low-magnification field 

and the lower panel shows TUNEL positive cells in a high-magnification field. 

[Calibration bar, top: 100 µm; bottom: 50 µm] 
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Fig 15C. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the cerebral 

cortical slices from the brain of a guinea pig classified as severely intoxicated following 

the challenge with 1xLD50 soman. The brain was removed at 24 h after the soman 

challenge. The FITC fluorescence intensity was visualized using the filter set (Ex - 465 

nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 

360 nm and Em - 450 nm). The upper panel shows TUNEL positive cells in a low-

magnification field and the lower panel shows TUNEL positive cells in a high-

magnification field. [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 15D. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for cerebral cortical 

slices from the brain of a guinea pig treated with galantamine (8 mg/kg, im) 30 min 

before the challenge with 1xLD50 soman. The brains were removed after 24h after 

soman-challenge. The FITC fluorescence intensity was visualized using the filter set (Ex 

- 465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set 

(Ex - 360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 15E. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for cerebral cortical 

slices from the brain of a guinea pig removed at 24 h after an intramuscular injection of 

galantamine (8 mg/kg). The FITC fluorescence intensity was visualized using the filter 

set (Ex - 465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the 

filter set (Ex - 360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 16A. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for amygdala from 

the brain of a guinea pig removed at 24 h after a subcutaneous injection of saline. The 

FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 

nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 

450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 16B. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the amygdala 

from the brain of a guinea pig classified as mildly intoxicated following the challenge 

with 1xLD50 soman. The brain was removed at 24 h after the soman challenge. The 

FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 

nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 

450 nm). The upper panel shows TUNEL positive cells in a low-magnification field and 

the lower panel shows TUNEL positive cells in a high-magnification field. [calibration 

bar, top: 50 µm; bottom: 100 µm] 
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Fig 16C. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the amygdala 

from the brain of a guinea pig classified as severely intoxicated following the challenge 

with 1xLD50 soman. The brain was removed at 24 h after the soman challenge. The 

FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 

nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 

450 nm). The upper panel shows TUNEL positive cells in a low-magnification field and 

the lower panel shows TUNEL positive cells in a high-magnification field. [calibration 

bar, top: 50 µm; bottom: 100 µm] 
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Fig 16D. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for amygdala from 

the brain of a guinea pig treated with galantamine (8 mg/kg, im) 30 min before the 

challenge with 1xLD50 soman. The brains were removed after 24h after soman-

challenge. The FITC fluorescence intensity was visualized using the filter set (Ex - 465 

nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 

360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 16E. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for amygdala from the 

brain of a guinea pig removed at 24 h after an intramuscular injection of galantamine (8 

mg/kg). The FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm 

and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 

nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 17A. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for piriform cortex 

from the brain of a guinea pig removed at 24 h after a subcutaneous injection of saline. 

The FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 

520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and 

Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 17B. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the piriform 

cortex from the brain of a guinea pig classified as mildly intoxicated following the 

challenge with 1xLD50 soman. The brain was removed at 24 h after the soman challenge. 

The FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 

520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and 

Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 17C. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the piriform 

cortex from the brain of a guinea pig classified as severely intoxicated following the 

challenge with 1xLD50 soman. The brain was removed at 24 h after the soman challenge. 

The brains were removed after 24h. The FITC fluorescence intensity was visualized 

using the filter set (Ex - 465 nm and Em - 520 nm) and the DAPI fluorescence was 

visualized using the filter set (Ex - 360 nm and Em - 450 nm). The upper panel shows 

TUNEL positive cells in a low-magnification field and the lower panel shows TUNEL 

positive cells in a high-magnification field. [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 17D. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for piriform cortex 

from the brain of a guinea pig treated with galantamine (8 mg/kg, im) 30 min before the 

challenge with 1xLD50 soman. The brains were removed after 24h after soman-

challenge. The FITC fluorescence intensity was visualized using the filter set (Ex - 465 

nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 

360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 17E. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for piriform cortex 

from the brain of a guinea pig removed at 24 h after an intramuscular injection of 

galantamine (8 mg/kg). The FITC fluorescence intensity was visualized using the filter 

set (Ex - 465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the 

filter set (Ex - 360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 18A. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for thalamus from the 

brain of a guinea pig removed at 24 h after a subcutaneous injection of saline. The FITC 

fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 nm) 

and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 450 

nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 18B. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the thalamus from 

the brain of a guinea pig classified as mildly intoxicated following the challenge with 

1xLD50 soman. The brain was removed at 24 h after the soman challenge. The FITC 

fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 nm) 

and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 450 

nm). The upper panel shows TUNEL positive cells in a low-magnification field and the 

lower panel shows TUNEL positive cells in a high-magnification field. [calibration bar, 

top: 50 µm; bottom: 100 µm] 
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Fig 18C. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the thalamus from 

the brain of a guinea pig classified as severely intoxicated following the challenge with 

1xLD50 soman. The brain was removed at 24 h after the soman challenge. The FITC 

fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 nm) 

and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 450 

nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 18D. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for thalamus from the 

brain of a guinea pig treated with galantamine (8 mg/kg, im) 30 min before the challenge 

with 1xLD50 soman. The brains were removed after 24h after soman-challenge. The 

FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm and Em - 520 

nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 nm and Em - 

450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 18E. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for thalamus from the 

brain of a guinea pig removed at 24 h after an intramuscular injection of galantamine (8 

mg/kg). The FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm 

and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 

nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 19A. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for CA1 hippocampal 

region from the brain of a guinea pig removed at 24 h after a subcutaneous injection of 

saline. The FITC fluorescence intensity was visualized using the filter set (Ex - 465 nm 

and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set (Ex - 360 

nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 19B. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the CA1 

hippocampal region from the brain of a guinea pig classified as mildly intoxicated 

following the challenge with 1xLD50 soman. The brain was removed at 24 h after the 

soman challenge. The FITC fluorescence intensity was visualized using the filter set (Ex - 

465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set 

(Ex - 360 nm and Em - 450 nm). The upper panel shows TUNEL positive cells in a low-

magnification field and the lower panel shows TUNEL positive cells in a high-

magnification field. [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 19C. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for the CA1 

hippocampal region from the brain of a guinea pig classified as severely intoxicated 

following the challenge with 1xLD50 soman. The brain was removed at 24 h after the 

soman challenge. The FITC fluorescence intensity was visualized using the filter set (Ex - 

465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set 

(Ex - 360 nm and Em - 450 nm). The upper panel shows TUNEL positive cells in a low-

magnification field and the lower panel shows TUNEL positive cells in a high-

magnification field. [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 19D. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for CA1 hippocampal 

region from the brain of a guinea pig treated with galantamine (8 mg/kg, im) 30 min 

before the challenge with 1xLD50 soman. The brains were removed after 24h after 

soman-challenge. The FITC fluorescence intensity was visualized using the filter set (Ex 

- 465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the filter set 

(Ex - 360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Fig 19E. TUNEL (TdT-mediated dUTP-biotin Nick End Labeling) for CA1 hippocampal 

region from the brain of a guinea pig removed at 24 h after an intramuscular injection of 

galantamine (8 mg/kg). The FITC fluorescence intensity was visualized using the filter 

set (Ex - 465 nm and Em - 520 nm) and the DAPI fluorescence was visualized using the 

filter set (Ex - 360 nm and Em - 450 nm). [calibration bar, top: 50 µm; bottom: 100 µm] 
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Table 5: Severity score of neuronal damage as seen in TUNEL assay in guinea pigs that 

survived for 24h. 

Treatment 

 

Cortex Amygdala Piri 

 cortex 

Thalamus CA1 region 

hippocampus 

saline 0 0 0 0 0 

1LD50 soman 

(mildly intoxicated) 

1.2 1.93 1.6 1.8 1.2 

1LD50 soman 

(severely intoxicated) 

2.8 2.6 2.53 2.73 1.86 

Galantamine pre-

treatment plus 1LD50 

soman 

0 0 0 0 0 

Galantamine alone 0 0 0 0 0 
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Fig. 20A. Quantitation of apoptotic cell death in the guinea pig cortex. 

Briefly, neuronal apoptosis was quantitated for each brain using 15 high-

magnification fields representing the cortex of the guinea pig brain. The slides were 

analyzed for positive apoptotic labeling by co-localizing the fluorescein-labeled DNA 

fragments with the DAPI-stained blue nuclei by fluorescence microscopy.  Each field 

was photographed and the numbers of TUNEL positive cells were determined through 

visual examination of photomicrographs. The mean number of apoptotic cells for each 

cortex was determined and statistically compared to the other experimental groups using 

one-way ANOVA followed by Tukey’s post hoc test analysis (p<0.05, n=3). 
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Fig. 20B. Quantitation of apoptotic cell death in the guinea pig amygdala. 

Briefly, neuronal apoptosis was quantitated for each brain using 15 high-

magnification fields representing the amygdala of the guinea pig brain. The slides were 

analyzed for positive apoptotic labeling by co-localizing the fluorescein-labeled DNA 

fragments with the DAPI-stained blue nuclei by fluorescence microscopy. Each field was 

photographed and the numbers of TUNEL positive cells were determined through visual 

examination of photomicrographs. The mean number of apoptotic cells for each 

amygdala was determined and statistically compared to the other experimental groups 

using one-way ANOVA followed by Tukey’s post hoc test analysis (p<0.05, n=3).  
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Fig. 20C. Quantitation of apoptotic cell death in the guinea pig thalamus. 

Briefly, neuronal apoptosis was quantitated for each brain using 15 high-

magnification fields representing the thalamus of the guinea pig brain. The slides were 

analyzed for positive apoptotic labeling by co-localizing the fluorescein-labeled DNA 

fragments with the DAPI-stained blue nuclei by fluorescence microscopy. Each field was 

photographed and the numbers of TUNEL positive cells were determined through visual 

examination of photomicrographs. The mean number of apoptotic cells for each thalamus 

was determined and statistically compared to the other experimental groups using one-

way ANOVA followed by Tukey’s post hoc test analysis (p<0.05, n=3).  
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Fig. 20D. Quantitation of apoptotic cell death in the guinea pig piriform cortex. 

Briefly, neuronal apoptosis was quantitated for each brain using 15 high-

magnification fields representing the piriform cortex of the guinea pig brain. The slides 

were analyzed for positive apoptotic labeling by co-localizing the fluorescein-labeled 

DNA fragments with the DAPI-stained blue nuclei by fluorescence microscopy. Each 

field was photographed and the numbers of TUNEL positive cells were determined 

through visual examination of photomicrographs. The mean number of apoptotic cells for 

each piriform cortex was determined and statistically compared to the other experimental 

groups using one-way ANOVA followed by Tukey’s post hoc test analysis (p<0.05, 

n=3).  
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Fig. 20E. Quantitation of apoptotic cell death in the guinea pig CA1 region. 

Briefly, neuronal apoptosis was quantitated for each brain using 15 high-

magnification fields representing the CA1 region of the guinea pig hippocampus. The 

slides were analyzed for positive apoptotic labeling by co-localizing the fluorescein-

labeled DNA fragments with the DAPI-stained blue nuclei by fluorescence microscopy. 

Each field was photographed and the numbers of TUNEL positive cells were determined 

through visual examination of photomicrographs. The mean number of apoptotic cells for 

the CA1 region of the brain was determined and statistically compared to the other 

experimental groups using one-way ANOVA followed by Tukey’s post hoc test analysis 

(p<0.05, n=3).  
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Effects of soman challenge on the expression and/or activity of different 

proteins known to be involved in the maintenance of cell viability 

We have used western blots to analyze the relative level of protein expression in 

different brain regions of guinea pigs at various times after the challenge with 1xLD50 

soman. In the studies that follow, relative levels of protein expression and/or 

phosphorylation were analyzed in protein extracts from the brains of guinea pigs that 

were severely intoxicated following the injection of 1xLD50 soman. 

 

Effect of soman challenge on Hsp90 expression in the guinea pig brain. 

 Levels of HSP90 expression measured in protein extracts obtained from brains 

removed at 1h, 2h, 4h and 24h after the injection of guinea pigs with 1xLD50 soman 

were higher than those measured in brain extracts from the control animals (Fig. 21).  

 

Fig 21.  Effect of soman challenge on Hsp90 expression in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for HSP90 protein.  
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Effect of soman challenge on Hsp25 expression in the guinea pig brain. 

 Levels of HSP25 expression measured in protein extracts obtained from brains 

removed at 30 min and 2h after the injection of guinea pigs with 1xLD50 soman were 

lower than those measured in brain extracts from control animals (Fig. 22). The levels of 

HSP25 expression in brain extracts obtained from animals at 4h and 24h after the soman 

challenge were higher than those measured in brain extracts from control animals and 

from animals at 30 min, 1h and 2h after the challenge.   

 

Fig 22.  Effect of soman challenge on Hsp25 expression in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for HSP25 protein.  
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Effect of soman challenge on Hsp70 expression in the guinea pig brain. 

 Levels of HSP70 expression measured in protein extracts obtained from brains 

removed at 4h and 24h after the injection of guinea pigs with 1xLD50 soman were lower 

than those measured in brain extracts from control animals (Fig. 23).  

  

Fig 23. Effect of soman challenge on Hsp70 expression in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

BCA protein assay was performed to determine protein levels in each sample after 

generating a standard curve. Once protein levels were measured in each sample, the total 

calculated sample protein was loaded in a 12% bis-tris gel, separated by electrophoresis, 

transferred to a nitrocellulose membrane and probed for HSP70 protein. 
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Effect of soman challenge on Akt activation in the guinea pig brain. 

 Akt phosphorylation was unchanged in protein extracts obtained from brains 

removed at 30 min, 1h, 2h, 4h and 24h after the injection of guinea pigs with 1xLD50 

soman as compared to those measured in brain extracts from control animals (Fig. 24).  

  

Fig 24. Effect of soman challenge on Akt activation in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for phosphor-

protein. Once the phospho-proteins bands were quantified, the blots were stripped and re-

probed with total protein antibody. The ratio of phospho-protein to the total-protein was 

taken as a measure of the activity of that protein with ratios greater than 1 considered as 

phosphorylation of the protein and ratios lower than 1 considered as dephosphorylation of 

the protein. 
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Effect of soman challenge on BAD phosphorylation in the guinea pig brain. 

 BAD phosphorylation was unchanged at 30 min and 1h in protein extracts 

obtained from brains removed at that time, and compared to those measured in brain 

extracts from the control animals (Fig. 25). BAD phosphorylation increased at 2h when 

compared to control levels. BAD was dephosphorylated significantly at 4h and 24h when 

compared to phosphorylation in control animals.  

 

Fig 25. Effect of soman challenge on BAD phosphorylation in guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for phospho-

proteins and re-probed with total protein antibody. The ratio of phospho-protein to the 

total-protein was taken as a measure of the activity of that protein with ratios greater than 

1 considered as phosphorylation of the protein and ratios lower than 1 considered as 

dephosphorylation of the protein. 
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Effect of soman challenge on ERK-1 phosphorylation in the guinea pig brain. 

 ERK-1 phosphorylation was unchanged in protein extracts obtained from brains 

removed at 30 mins, 1h and 2h after the injection of guinea pigs with 1LD50 soman as 

compared to those measured in brain extracts from control animals (Fig. 26). After 4h 

and at 24h, ERK-1 phosphorylation was significantly lower than that measured in protein 

extracts from control animals.  

  

Fig 26. Effect of soman challenge on ERK-1phosphorylation in guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for phospho-

proteins and re-probed with total protein antibody. The ratio of phospho-protein to the 

total-protein was taken as a measure of the activity of that protein with ratios greater than 

1 considered as phosphorylation of the protein and ratios lower than 1 considered as 

dephosphorylation of the protein. 
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Effect of soman challenge on ERK-2 phosphorylation in the guinea pig brain. 

 ERK-2 phosphorylation was unchanged in protein extracts obtained from brains 

removed at 30 mins, 1h, 2h, 4h and 24h after the injection of guinea pigs with 1xLD50 

soman as compared to those measured in brain extracts from control animals (Fig. 27).  

 

Fig 27. Effect of soman challenge on ERK-2 phosphorylation in guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for phospho-

proteins and re-probed with total protein antibody. The ratio of phospho-protein to the 

total-protein was taken as a measure of the activity of that protein with ratios greater than 

1 considered as phosphorylation of the protein and ratios lower than 1 considered as 

dephosphorylation of the protein. 
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Effect of soman challenge on CaMK-IV expression in the guinea pig brain. 

 Levels of CaMK-IV expression measured in protein extracts obtained from brains 

removed at 30 min, 1h and 2h after the injection of guinea pigs with 1xLD50 soman were 

unchanged when compared to those measured in brain extracts from the control animals 

(Fig. 28). The levels of CaMK-IV expression in proteins extracts in brains removed from 

guinea pigs at 4h and 24h after the soman challenge were higher than those measured in 

brain extracts from control animals and in extracts of brains removed at 30 min, 1 h, or 2 

h after the soman challenge. 

 

Fig 28. Effect of soman challenge on CaMK-IV expression in the guinea pig brain 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for CaMK-IV 

protein. 
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Effect of soman challenge on Bax expression in the guinea pig brain. 

 Levels of Bax expression measured in protein extracts obtained from brains 

removed at 30 min, 1h and 2h after the injection of guinea pigs with 1xLD50 soman were 

lower when compared to those measured in brain extracts from the control animals (Fig. 

29). The levels of Bax expression in protein extracts obtained from the brains of guinea 

pigs at 4h and 24h after the soman challenge were higher than those in brain extracts 

from control animals and in protein extracts prepared using brains removed from guinea 

pigs at 30 min, 1h or 2h after the soman challenge. 

 

Fig 29.  Effect of soman challenge on Bax expression in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the total calculated sample protein was loaded in a 12% bis-tris gel, separated by 

electrophoresis, transferred to a nitrocellulose membrane and probed for Bax protein.  
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Effect of soman challenge on Bcl-2 expression in the guinea pig brain. 

 Levels of Bcl-2 expression measured in protein extracts obtained from brains 

removed at 30 min and 1h after the injection of guinea pigs with 1xLD50 soman were 

lower than those measured in brain extracts from control animals (Fig. 30). Brain levels 

of  Bcl-2 expression at 2h, 4h and 24hafter the soman challenge were comparable to those 

seen in protein extracts from the brain of control animals.. 

 

Fig 30.  Effect of soman challenge on Bcl-2 expression in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the BCA protein assay was performed to determine protein levels in each sample after 

generating a standard curve. Once protein levels were measured in each sample, the total 

calculated sample protein was loaded in a 12% bis-tris gel, separated by electrophoresis, 

transferred to a nitrocellulose membrane and probed for Bcl-2 protein.  
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Effect of soman challenge on Bcl-xL expression in the guinea pig brain. 

 Levels of Bcl-xL expression measured in protein extracts obtained from brains 

removed at 30 min, 1h and 2h after the injection of guinea pigs with 1LD50 soman were 

unchanged when compared to those measured in brain extracts from the control animals 

(Fig. 31). The levels of Bcl-xL expression at 4h and 24h was after the soman challenge 

were lower than those measured in control animals. 

 

Fig 31.  Effect of soman challenge on Bcl-xL expression in the guinea pig brain. 

30 day old pre-pubertal male guinea pigs were administered 1LD50 soman s.c. and their 

brains were collected after 30 minutes, 1 hour, 2 hour, 4 hour and 24 hour time points. 

All animals in this group presented with acute OP toxicity symptoms manifested in the 

form of convulsions. Whole brain cell lysates were used to determine protein levels and 

the BCA protein assay was performed to determine protein levels in each sample after 

generating a standard curve. Once protein levels were measured in each sample, the total 

calculated sample protein was loaded in a 12% bis-tris gel, separated by electrophoresis, 

transferred to a nitrocellulose membrane and probed for Bcl-xL protein.  
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Discussion  

 In the present study, histochemical analyses of guinea pig whole brain slices 

obtained using Fluoro-Jade staining and TUNEL assay demonstrate that a single 

exposure of guinea pigs to 1.0xLD50 soman causes significant and long-lasting damage 

to the structural integrity of the brain. Evidence is also provided that soman-induced 

neurodegeneration is in part due to apoptosis and can be effectively prevented by pre- or 

post-treatment of the animals with galantamine. This finding is consistent with our 

published that galantamine protects the guinea pig brain from the toxic effects of a lethal 

dose of soman (Albuquerque et al., 2006; Albuquerque et al., 2009; Aracava et al., 2009; 

Fawcett et al., 2009; Gullapalli et al., 2009; Pereira et al., 2010; Mamczarz et al., 2011). 

   

OP-induced structural damage 

 In animals that developed severe signs of intoxication, the presence of a large 

number of FJB-positive cells that had the morphological features of neurons in the 

cerebral cortex, thalamus, amygdala, piriform cortex and hippocampus confirmed the 

widespread neuronal death induced by soman. In almost all the areas of the brain of the 

severely intoxicated guinea pigs that were examined, increased number of TUNEL 

labeled positive cells were accompanied by increases in FJ-B stained neurons. Further, 

the study also shows that pre-treatment of the guinea pigs with galantamine prevented the 

toxicity of soman in all these regions of the brain.  

According to the data presented here, the amygdala and the cerebral cortex were 

the most frequently damaged areas in the brains of guinea pigs that presented severe signs 

of intoxication when challenged with 1xLD50 soman, and the amygdala was the most 
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severely damaged structure, followed by the cerebral cortex, the piriform cortex, the 

thalamus and lastly the hippocampus. 

 Historically, the tendency has been to study the hippocampus as a seizurogenic 

tissue although there is evidence that the amygdala is also involved in generating seizures 

and in some cases, more so than the hippocampus (Goddard, 1967; McIntyre and Racine, 

1986). Studies have also implicated the amygdala in spreading seizures to other temporal 

brain regions (Morimoto et al., 2004). The amygdala plays a role in temporal lobe 

epilepsy (TLE) (Quesney, 1986; Pitkanen et al., 1998; Aroniadou-Anderjaska et al., 

2008), as well as in the generation and spread of seizure activity in the status epilepticus 

and kindling animal models of temporal lobe epilepsy (White and Price, 1993b; White 

and Price, 1993a; Mohapel et al., 1996). In animal models of status epilepticus, the 

amygdala suffers from extensive neuronal loss (Tuunanen et al., 1996). This correlates 

with our study where approximately 50% of the guinea pigs that were challenged 

subcutaneously with 1.0xLD50 soman developed motor convulsions that resembled 

kindled motor limbic seizures. We also found a high level of cell death in the piriform 

cortex, which is in accordance with other studies showing the piriform cortex undergoes 

substantial neuronal loss after status epilepticus (Ben-Ari, 1985; Covolan and Mello, 

2000; Druga et al., 2003; Chen and Buckmaster, 2005). It is not clear at present if there 

are also other mechanisms related to the physiology and biochemistry of the amygdala 

that make this structure more vulnerable to soman-induced neuronal damage than other 

brain regions. 
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Degree and significance of neurodegeneration 

 Nerve agent-induced AChE inhibition and the resulting overstimulation of 

nicotinic and muscarinic receptors has been shown to increase glutamate release 

(Lallement et al., 1991a; Lallement et al., 1991b) and GABAergic transmission (Santos et 

al., 2003), thereby disrupting the balance in the activity of the two major excitatory and 

inhibitory neurotransmitter systems. The current understanding is that cholinergic 

hyperactivity initiates nerve agent-induced seizures and triggers glutamatergic 

hyperactivity, which sustains and reinforces seizures and is eventually responsible for 

excitotoxic neuronal damage (Lallement et al., 1992; McDonough and Shih, 1997).  

It is well-known that temporal lobe limbic structures are the most susceptible to 

seizurogenic insults ascertained by the fact that temporal lobe epilepsy is the most 

common form of epilepsy (Engel et al., 1989), where the epileptic focus resides in either 

the hippocampus or the amygdala, or in both regions (Dewar et al., 1996; Pitkänen et al., 

1998; Morimoto et al., 2004). It is not surprising, therefore, that temporal lobe structures, 

particularly the amygdala, hippocampus, and piriform cortex appear to also play a central 

role in the generation of seizures induced by nerve agents, as suggested by the rapid 

increases in extracellular glutamate in these brain regions after nerve agent exposure 

(Lallement et al., 1991a; Lallement et al., 1991b; Lallement et al., 1992), and the 

profound damage to these brain regions after exposure to different nerve agents 

(Albuquerque et al., 2006; Gullapalli et al., 2009). 

 Lallement et al., (1991a) also reported that after exposure of rats to toxic levels of 

soman, the amygdala displays the earliest and most rapid increase in extracellular 

glutamate (measured by microdialysis), suggesting an early involvement of the amygdala 



169 

 

in the development of soman-induced seizures. Shih et al., (2003) found that after 

exposure of guinea pigs to different nerve agents, with or without subsequent treatment, 

the amygdala and the cerebral cortex were the most frequently damaged areas, and, the 

amygdala was the most severely damaged structure, followed by the cerebral cortex, the 

caudate nucleus, the thalamus and piriform cortex, and lastly the hippocampus. The same 

study supported previous suggestions that there is a strong correlation between the 

intensity/duration of seizures after nerve agent exposure and the severity of 

neuropathology (Hayward et al., 1990; McDonough et al., 2000). Therefore, the greater 

severity of neuropathology observed in the amygdala may imply that this brain structure 

suffers the strongest seizure activity after exposure to nerve agents. In our study, too, 

after exposure of guinea pigs to soman, the amygdala is the most damaged structure 

displaying significantly greater neuronal degeneration than the hippocampus. 

 

Role of caspases 

 The definition of apoptosis uses the term ‘programmed cell death’ to describe the 

series of events that lead to controlled cell death. There is substantial difference between 

the cell death during development and the cell death during a pathologic (non-

developmental) condition, although both exhibit classical morphological characteristics 

and are termed apoptosis (Kerr et al., 1972).  

Several studies done for caspases, which are the main executioners of apoptosis, 

have helped in linking the developmental physiological type of cell death with the non-

developmental pathological cell death that occurs in adult life. A majority of the features 
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of apoptosis like the cleavage of nuclear substrates, DNA fragmentation, apoptosome 

formation, phagocytosis etc. are results of caspase activation.  

Caspase-3, essential for normal brain development, is one of the frequently 

activated crucial mediators of apoptosis catalyzing the specific cleavage of many key 

cellular proteins. Caspase-3, a typical hallmark of apoptosis, is required for apoptotic 

chromatin condensation and DNA fragmentation (Porter and Janicke, 1999). Results 

presented here demonstrate that following an injection of 1.0XLD50 soman caspase 3/7 

activity in the brain increases with time. Any increase in caspase-3 levels is considered as 

a positive apoptotic modulation and the system is thus undergoing cell death. There is a 

widely held view that caspase-3 and caspase-7 are essentially redundant with respect to 

the range of substrates they cleave during apoptosis. Studies suggest that caspase-3 is the 

major effector caspase and is sufficient for proteolysis of the majority of substrates that 

are cleaved during the terminal phase of apoptosis (Walsh et al., 2008). However, an 

alternative interpretation is that caspase-3 is simply a more abundant caspase in certain 

cell types, such as Jurkat cells. Thus, caspase-7 may be capable of functionally 

substituting for caspase-3 in situations where both proteases are expressed at similar 

levels (Walsh et al., 2008). 

Following pre- or post-treatment with galantamine, caspase activity is comparable 

to, or lower than control level. This observation leads us to speculate that galantamine 

might be playing a role in countering soman- induced apoptosis. 
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Role of Bax and Bcl-2 in apoptosis and protection 

 At 2 h after the exposure to soman, guinea pigs that presented severe signs of 

intoxication had lower levels of Bax expression than control animals. This decrease in 

Bax expression might be either in response to an increase in the HSP90 expression, 

which is responsible for sequestering pro-apoptotic proteins to increase the survival 

capacity of the cell, or it may be due to the increased phosphorylation of BAD, which is 

sequestered by the 14-3-3 protein. At 4 h after the soman challenge, Bax expression 

increased significantly while BAD phosphorylation decreased. The increased expression 

of Bax may favor the pro-apoptotic effect of this protein by favoring its translocation to 

the nucleus or its dimerization with Bak at the mitochondrial outer wall, damaging it and 

releasing cytochrome-c. 

Although soman exposure had no effect on the expression of Bcl-2 protein, the 

levels of Bcl-xL expression at 4h and 24 h after the challenge were lower than those seen 

in the brain of control animals. Bcl-xL is an anti-apoptotic protein, which is expressed in 

neurons and is responsible for maintaining the Apaf-1/casp-9 complex inactively bound 

to the mitochondrial membrane. Hence, the decrease in Bcl-xL might indicate activation 

of the Apaf-1/casp-9 complex which may contribute to destabilization of the outer 

mitochondrial membrane releasing cyt-c. This complex along with cyt-c forms the 

apoptosome, which is responsible for activating the caspase cascade recruiting casp-3 and 

casp-7 and leading to apoptotic cell death. 
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Role of Akt and BAD in apoptosis and protection 

 Akt phosphorylation remained unchanged for 24h after the soman challenge, thus 

suggesting that soman-induced toxicity does not involve Akt-dependent mechanisms. It is 

noteworthy, however, that levels of phospho-BAD were lower at 4 h and 24h after the 

soman challenge than those measured in the brains of control animals. Dephosphorylated 

BAD cannot be sequestered 14-3-3 complex and the free BAD can now potentiate the 

activity of Bak/Bax. BAD is likely to displace Bax, so Bax can dimerize with Bcl-2 and 

Bcl-xL and promote cell death (Kelekar et al., 1997).  

 Although BAD is a substrated for Akt, levels of phospho-BAD were decreased at 

4 h and 24 h after the soman challenge compared to control, whereas Akt activity 

remained unchanged. Hence, it is tempting to speculate that levels of soman might lead to 

induction of a class of phosphatases such as Protein Phosphatase Type-2A (PP2A), which 

can dephosphorylate BAD.  

 

 Role of ERK in apoptosis and protection 

 Once activated through a sequential phosphorylation cascade, ERK 1/2 enzymes 

amplify and transduce signals from the cell membrane to the nucleus (Cagnol and 

Chambard, 2009). ERK-1 was dephosphorylated significantly after 4h and remained so 

even at 24h after the soman challenge. This ERK-1 dephosphorylation inactivates ERK-

1, which might be responsible for its failure to repress cell death pathways. The 

phosphorylation of ERK-2 did not change post-soman exposure at all-time points. This 

means that soman-intoxication produces different phosphorylation profiles for ERK-1 

and ERK-2. Active ERK can dimerize and translocate into the nucleus, phosphorylating 
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many substrates including transcription factors to increase cell survival by repressing pro-

apoptotic proteins BAD and Bim (Balmanno and Cook, 2009).  

   

Role of heat shock proteins HSP90, HSP70 and HSP25 in apoptosis and 

protection 

 Heat shock proteins (HSPs) behave as molecular chaperones for other cellular 

proteins and play a role in both cell survival and cell death.  

HSP90: HSP90 protein involved in the stabilization of many proteins, because it 

acts as a chaperon. We saw a significant increase in the expression of HSP90 from 1h up 

to 24h. This may be a compensatory mechanism to counter the soman-induced toxicity, 

as the major contribution of HSP90 towards pro-survival is binding to Apaf-1 to inhibit 

its oligomerization and further recruitment of procaspase-9, thus preventing cell death. 

HSP90 co-localizes with Bcl-2, and the HSP90-Bcl2 interaction inhibits cyt-c release 

from mitochondria, thus preventing caspase activation and apoptosis (Parcellier et al., 

2003a). Also, HSP90 interacts with NFkB, which is involved in tumorogenesis and 

regulation of anti-apoptotic factors. HSP90 blocks NFkB/IKB interaction resulting in the 

increased activation of NfkB which induces cell survival.  

 HSP70: After holding up for the first 2h, HSP70 expression goes down at 4h and 

at 24h. HSP70 has a number of pro-survival functions and as such, the decreased 

expression is indicative of the soman-induced toxicity. HSP70 decrease likely strips the 

cells of their anti-apoptotic ability, for example, by blocking Bax translocation into the 

outer mitochondrial wall to prevent the release of cytochrome-c and AIF as observed in 

some of the cancer studies (Stankiewicz et al., 2005). This is consistent with reports from 
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cancer cell lines where spontaneous apoptosis is observed if HSP70 is depleted as it binds 

directly to Apaf-1 thus prevent the recruitment of procaspase-9 to the apoptosome at the 

post-mitochondrial level (Beere et al., 2000).  

 HSP25: After the initial decline within the first 2h after soman exposure, HSP25 

expression increases at 4h and 24h.  HSP25 depletion leads to apoptosis via the caspase-3 

activation pathway (Garrido et al., 1999; Rocchi et al., 2006). Studies have shown that 

various stimuli, either receptor-mediated or stress-related, lead to an over-expression of 

HSP90, HSP70 and/or HSP25 to prevent apoptosis (Parcellier et al., 2003b).  

 

 Role of CaMK-IV in apoptosis and protection 

 In our study we found that at 4h and 24 hafter the soman challenge, CaMK-IV 

levels were significantly increased by almost 12 and 14 times, respectively, indicating 

that there may be a Ca
2+

-induced influx of secondary messengers leading to either a 

reactive oxygen species or a  Ca
2+

-induced excitotoxic cell death.  

This enzyme is implicated in transcriptional regulation in neurons among other 

tissues. Although found abundantly in the CNS, CaMK-IV is found in high amounts in 

the hippocampus (Sakagami et al., 1999). CaMK-IV and CREB form a critical 

component of the signaling cascade that mediates the effect of Ca
2+

 on neuronal cells 

(Tremper-Wells et al., 2002).  

  

Role of Galantamine  

 Galantamine is a reversible inhibitor of AChE that easily crosses the blood–brain 

barrier and the neuroprotective action of galantamine is well documented (Pereira et al., 
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2002; Arias et al., 2004; Kihara et al., 2004). Previous studies in the lab have shown that 

all guinea pigs that received an i.m. injection of galantamine (8 mg/kg) at 30 min prior to 

the exposure to soman (1.0XLD50) survived with no apparent sign of intoxication 

(Albuquerque, 2006; Pereira, 2010). The chances of survival among guinea pigs 

challenged with 1xLD50 soman were significantly higher when they received an i.m. 

injection of galantamine (8 mg/kg) by 30 min before to 15 min after the challenge. This 

dose of galantamine is well tolerated by guinea pigs and generates peak plasma 

concentrations that are compatible with human use (Albuquerque, 2006; Pereira, 2010). 

Galantamine produces adverse effects include chewing, hypersalivation, fasciculations, 

and tremors only when the dose exceeds 16 mg/kg (Pereira, 2010). 

 Previous studies have shown that galantamine fully prevents the acute toxicity of 

multiple lethal doses of the nerve agents soman, sarin and VX when used in conjunction 

with atropine and 2-PAM (Albuquerque et al., 2006; Hilmas et al., 2009). Studies by 

Takada-Takatori et al. (2006) have demonstrated that galantamine prevents glutamate-

induced necrotic cell death via α4- and α7-nicotinic receptors at the level of Ca
2+

 influx 

or activation of NO synthase in cultured cortical neurons. The neuroprotection afforded 

by galantamine and its ability to counter the soman-induced changes in the brain nicotinic 

cholinergic system (Alkondon et al., 2009) are likely to contribute to its effectiveness as 

an antidote against OP poisoning.  

Protein expression data from the western blots lead us to believe that BAD 

dephosphorylation is primarily responsible for shifting the balance between pro-apoptotic 

and anti-apoptotic proteins towards apoptosis. It is around the 4h time point that we 

observe changes in Bax and Bcl-xL expression levels along with ERK-1 and BAD 
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dephosphorylation. This protein expression data was obtained from whole brains that 

were flash frozen, triturated and lysated. Although it is comparable to the overall 

apoptotic cell death after exposure to soman, it is not an exact measure of the precise 

changes occurring in the guinea pig brain that we see with the TUNEL assay and 

corresponding increases in the caspase-3/7 activity. One of the ways to overcome this 

limitation is to dissect the brains into different regions and perform protein expression 

studies specific only to those areas of interest. This would give us a better understanding 

of the molecular pathways involved in apoptosis, which can then be corroborated by co-

localization studies at the cellular level. Although our data is consistent with the apoptotic 

nature of the neuronal death after exposure to soman, it would be fascinating to see the 

region-specific protein expression profile to make a clear interpretation. 
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Summary  

 The purposes of this study were to characterize the neurodegeneration produced 

by a single dose of the organophosphorous compound soman, galantamine-induced 

protection against that neurodegeneration, and to identify mechanisms that may 

contribute to soman-induced neurodegeneration in the guinea pig model of OP toxicity. 

In this study, we showed the extent of neurodegeneration produced by a single 

lethal dose of soman histologically, using FluoroJade-B staining and TUNEL assay. We 

also used biochemical assays and western blot to identify changes in protein expression 

and/or activity triggered by the exposure of guinea pigs to soman. Finally, we examined 

the neuroprotective effectiveness of galantamine in soman-challenged guinea pigs  

  

Based on the literature and results presented in this study, we can conclude that: 

 1] Soman-induced neurodegeneration is mediated in part via a caspase-dependent 

apoptotic pathway; and 

 2] Galantamine effectively counters the neurodegeneration induced by soman.   
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