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 Abstract: 

Exposure to organophosphorous (OP) compounds such as soman can result in the inhibition of 

the acetylchoninesterase (AChE) resulting in status epilepticus (SE). SE is considered the main 

cause of brain lesions, morphological changes and damage that results in epilepsy. Existing 

treatments reduce, but do not fully eliminate the damage caused by OP exposure. In this study 

the effect of diazepam (DZP) as a neuroprotectant against soman exposure was investigated.  

Male Sprague-Dawley rats exposed to soman were either treated with a single administration of 

DZP or a vehicle control. Fluoro-Jade B stained coronal slices of the brain showed that DZP 

significantly decreased the amount of damage found in the dorsal hippocampus in all three 

experimental groups. DZP also significantly decreased the amount of damage in the amygdala 

for two of the three experimental groups. There was no significant change in damage observed in 

the thalamus or piriform cortex. The DZP treated rats experienced SE for a much shorter amount 

of time, but they still developed recurrent seizures (RS) post SE. It was concluded that a single 

administration of DZP after soman exposure can significantly reduce damage to the 

hippocampus. It is possible that there are other anticonvulsants that may work, or that 

combinations of several drugs may be needed for further success in combating organophosphate 

exposure.   
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Introduction:  

Exposure to organophosphate (OP) nerve agents is a threat for soldiers on the battlefield, for 

civilians as a result of terrorism, and as a part of any demilitarization efforts in locations where 

OP agents were made, stored or released (Yourick et al., 2007). Inhalation or contact to OP nerve 

agents can cause many detrimental health effects. Exposure can lead to increased cholinergic 

stimulation with resultant muscle paralysis, bradycardia, respiratory failure, seizures, coma, and 

death (Weinbroum, 2005). Organophosphate nerve agents are known to induce cardiac and 

respiratory distress and prolonged seizures through the inhibition of acetyl-cholinesterase 

(Yourick et al.,2007). There has yet to be discovered a therapy that can completely eliminate the 

effects and damage of OP exposure.   

Soman is an inhibitor of acetyl-cholinesterase, which is responsible for regulating brain function 

in response to acetylcholine (Furtado, 2009) (Figure 1). 
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Figure 1. Chemical structure of Soman 
The organophosphate, Soman if introduced into the body, can cause severe health defects. 
 
 
 
 

Acetylcholine (ACh) is a neurotransmitter that causes depolarization of cholinergic nerve cells 

via nicotinic and muscarinic receptors (Armstrong et al., 2004). When the pre-synaptic 
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membrane action potential in the neuron is obtained, acetylcholine is released into the synaptic 

cleft. ACh then binds to the post-synaptic membrane, opening its channels to allow an influx of 

sodium (Na+). Acetylcholinesterase (AChE) is a serine protease that cleaves acetylcholine 

(Armstrong et al.,2004).  The AChE prevents ACh from over binding to the post-synaptic 

membrane and breaks down ACh into acetate and choline, allowing the channels to close. The 

combination of AChE and ACh work together to keep the neurotransmitter balanced (Figure 2). 
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Figure 2. Acetylcholine binds to two different cholinergic receptors, nicotine and muscarnic, 
based on its concentrations. 
The nicotine receptor is a channel protein that opens to allow diffusion of cations when bonded 
to acetycholine. The muscarnic receptor is a membrane protein that allows the opening of ion 
channels (Encyclopedia Britannica 2011).   
 

Acetylcholinesterase inhibitors, such as soman (a neostigmine), irreversibly bind to AChE and 

prevent the breakdown of ACh. Post-synaptic ACh receptors remain activated causing over-

firing, as well as resulting in accumulation of ACh in the synapse. This leads to the nerve cells 

being unable to repolarize and to have a constant influx of Na+  (Kassa et al., 2010) (Figure 4).   
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Figure 3. Soman Binds to AChE 
Acetylcholinesterase (AChE) inhibitors, such as soman, bind to AChE and prevent the 
breakdown of ACh and the ACh receptors remain activated causing over-firing.  
 

Acetyl-cholinesterase inhibition and acetylcholine increase generate secondary changes in 

dopamine and neuroepinephrine concentrations (McDonough and Shih, 1997).  The secondary 

changes lead to status epilepticus (SE). Status epilepticus (SE) is a condition where seizures are 

prolonged and continuous (Sloviter, 1999). Almost immediately after soman exposure the rats 

experience what is known as status epilepticus (SE). If left untreated, SE can cause severe brain 

injury in a short time. Seizures caused by soman or other OP exposure begin rapidly, can 

continue for hours and add to lengthened physical incapacitation and neuropathology (Baze, 

1993).  
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The most common treatment of SE due to OP exposure is administration of benzodiazepines 

(BZs), such as diazepam. Diazepam is widely available, relatively cheap, and fast acting (Oguto 

et al.,2001). Diazepam is an anticonvulsant administered 30 minutes post OP exposure (10 

mg/kg). Its protective effect against neuronal degeneration in this study is examined in rats, 

three, eight, and fifteen days after SE exposure (Figure 5). 
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Figure 4. Chemical Structure of Diazepam 
The most common treatment for status epilepticus is the anticonvulsant diazepam.  
  

All seizures were recorded on an electroencephalogram (EEG), through an implant in the rats’ 

brain.  After the rats experience 10-15 minutes of no seizures post soman exposure, status 

epilepticus is considered finished. The seizures following this period of rest are considered 

recurrent seizures (RS). The seizures after at least 6 days post exposure are considered 

spontaneous recurring seizures (SRS). The SE occurs because of the soman exposure. The RS 

and SRS occur because of the brain damage caused by the SE (Furtado, 2009). The seizure 

activity is defined as continuous high amplitude rhythmic spike or sharp wave activity (Myhrer 

et al.,2002). RS and SRS seizures are defined by there amplitude and wavelength patterns 

(Furtado, 2009). For the eight day study EEG analysis was performed and the SE duration and 

the number of SRS profile (recurrent seizures with SRS characteristics) seizures were recorded. 
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Sustained seizures lead to neuronal damage predominantly in the hippocampus, amygdala, 

piriform cortex, and entorhinal cortex (Myhrer et al.,2002). These areas of the brain were 

specifically analyzed in the neuropathology qualitative assessment, using a 0-4 Likert scale, 

which is currently the widely used method for evaluating brain damage in rats post soman 

exposure (McDonough et a.l, 1995, McDonough et al., 2000, and Myhrer et al., 2006). Using 

Fluoro-Jade-B staining, the degeneration of neurons can be qualitatively determined and the 

effectiveness of the initial diazepam treatment over an extended time period can be assessed. 

Damage will be characterized by Fluoro-Jade-B by apototic and necrotic cells fluorescing with 

Fluoro-Jade B after three, five and fifteen day post SE time points.   

The goal of the laboratories research is to continue to find additional or improved therapeutics 

for the exposure to OP nerve agents.  
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Materials and Methods: 

 

Implantation of EEG, Temperature and Activity Monitoring Transmitters 

Male Sprague-Dawley rats were anesthetized with an i.p. injection of ketamine (70 mg/kg) and 

xylazine (6 mg/kg). Electrodes were implanted into the left and right hemispheric cortical 

electrodes to evaluate the presence or absence of seizures. These electrodes were silastic-encased 

coils arising from a Data Sciences International F50-EET transmitter (one biopotential, body 

temperature and activity measures) and were wrapped around a screw placed in an opening in the 

skull. A reference electrode was placed at the back of the skull. The sterile transmitter was then 

inserted in the opening A 2 cm incision was made and a pocket under the skin created with a 

hemostat large enough for the opening to hold both the electrodes and a transmitter. (Yourick et 

al.,2007). 

 

OP Exposure  
 

On the day of exposure, rats were monitored for EEG, temperature and activity before and 

during treatment) followed thirty min later by soman exposure (110 μg/kg, s.c., 0.5 ml/kg). 

Atropine sulphate (2 mg/kg, 0.5 mg/ml) was then delivered one min after soman (Yourick et 

al.,2007). Atropine sulphate is introduced to begin to inhibit the excessive acetylcholine 

(Yourick et al., 2007) (Figure 6). The time of onset of seizures was noted in each animal, as was 

the convulsion score using the Racine scale (Racine R.J)[Table I]. Thirty min after soman 

administration, diazepam (10 mg/kg, s.c.) was administered to reduce lethal outcomes and 

neurotoxicity in the rats in the experimental group (Yourick et al.,2007).  
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Table I: Racine Score used to assess behavioral evaluation during seizures (1972) 
0. Immobility = No Movement 
1. Masticatory movements = Involuntary movements of the mouth  
2. Head myoclonus = Brief, involuntary twitching of the head 
3. Forelimb myoclonus = Brief, involuntary twitching of forelimbs 
4. Rearing = Involuntary tension of spine, subjects lean back on hind legs 
5. Falling and/or Tonic-convulsions = Full body, intensive involuntary movements 
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Figure 5. Chemical Structure of Atropine Sulphate 
Atropine sulphate is administered after soman exposure to start inhibiting the excessive 
acetylcholine.  
 
Electroencephalogram (EEG) Analysis 
 
EEG data was collected using MATLAB7.70(R2008b) for the rats in the 8 day study. EEG data 

from each rat was analyzed and the Status Epilepticus (SE) duration was calculated (in seconds) 

and the number of seizures with a spontaneous recurrent seizure profile was recorded. Analysis 

of treated and untreated rats was conducted and compared.  

 
 
Image Acquisition and Neuropathology 
 
Three, eight, and fifteen days after exposure all animals that survived were anesthetized and 

perfused with100 ml of saline and 250 ml of buffered 10% formalin. The brains were quickly 

removed and sent to the FD Neurotechnologies (Elliot City, MD) where 20 and 30 µm coronal 
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sections were prepared for neuropathological assessment through Fluoro-Jade-B (FJB) (Yourick 

et al.,2007). Fluoro-Jade B staining was used to identify dying neurons in the brain. 

Mosaic images were taken using 4x magnification, with slide mounted coronal sections on the 

BXUCB Olympus Microscope with Surveyor 10.04.1 scanning software (Figure 6). A grading 

system 0-4 was used to determine the extent of neuronal damage in the hippocampus, thalamus, 

amygdala, and piriform cortex (McDonough et al., 1995). This scale is based on the approximate 

percentage of tissue involvement: 0-no lesion; 1-minimal, 1-10%; 20mild, 11-25%; 3-moderate, 

26-45%, 4-severe, >45% (Myhrer et al., 2002). Qualitative analyses were made from 5 sections 

per animal and the average for each animal was recorded.  
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Figure 6: Rat coronal section stained with Fluoro-Jade-B.  
A sample of one of the five analyzed segments of brain post perfusion on the BXUCB Olympus 
Microscope with Surveyor 10.04.1 scanning software. This rat (H526) was treated with 
diazepam and perfused eight-days post soman exposure. 
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Results: 

Three individuals took each image through a neuropathological assessment and the averages 

were combined in order to determine the overall damage to each subject’s brain. These averages 

were used to determine whether diazepam successfully protected the subject’s brain after OP 

exposure (Figure 7). 
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Figure 7.  Dorsal hippocampal subregions under neuropathology analysis  
Diazepam treated groups were stained and analyzed at three days (A), eight days (C), and fifteen 
days (E).  They were then compared with vehicle treated controls at three days (B), eight days 
(D) and fifteen days (F).   

B. 
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The entire hippocampus showed significantly less damage in diazepam treated animals after 

three days (p=0.01) and fifteen days (p = 0.03).  The dorsal hippocampus showed significantly 

less damage at three days (p=0.008), eight days (p=0.04) and fifteen days (p=0.05) in animals 

treated with diazepam.  The ventral hippocampus showed significantly less damage at three days 

(p=0.007) and fifteen days (p=0.02).  The amygdyla showed significantly less damage in 

diazepam treated animals after three days (p=0.01) and eight days (p=0.001), but not after fifteen 

days.  The cortex showed significantly less damage after three days (p=0.008) but showed no 

difference at eight days or fifteen days. There was no significant difference between animals 

treated with diazepam or control at any time point in the entire thalamus or piriform complex 

(Figure 8).   
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Figure 8. Brain Region with Time-point versus Amount of Damage (Percent, %)  
Damage comparisons for the hippocampus, thalamus, amygdala, piriform and cortex were made 
at three, eight, and fifteen days after soman exposure between rats treated with diazepam (yellow 
bars) and untreated controls (red bars). Error bars indicate standard deviation * indicate 
significance at p<0.05. 
 

The Cornu Ammonus regions (CA1,CA2,CA3) showed significantly less damage in diazepam 

treated animals after three days (CA1, p=0.006; CA2 p=0.005; CA3 p=0.02).  The dentate gyrus 

showed significantly lower damage in treated animals after eight days (MoDG/GrDG/PoDG, 

p=0.003).  All other subregions of the hippocampus showed no significant difference in damage 

between animals treated with diazepam and untreated control (Figure 9). 
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Figure 9. Dorsal Hippocampus Subregions with Time-point versus Amount of Damage (percent 
%)  
 Damage comparison  of dorsal hippocampus subregions were made at three, eight, and fifteen 
days after soman exposure between rats treated with diazepam (yellow bars) and untreated 
controls (red bars). Error bars indicate standard deviation * indicate significance at p<0.05 
 
 

Damage comparisons  of ventral hippocampus subregions were made at three, eight, and fifteen 

days after soman exposure between rats treated with either diazepam or untreated controls The 

Cornu Ammonus regions showed significantly less damage in diazepam treated animals after 

three days (CA1, p=0.011; CA2 p=0.043; CA3 p=0.007).  The CA2 and CA3 fields showed 

significantly less damage at fifteen days (p= 0.008 and p=0.002, respectively), but no significant 

difference at eight days.  The dentate gyrus showed significantly lower damage in treated 

animals after three days (MoDG/GrDG/PoDG, p=0.024) and fifteen days (p=0.02) but not after 
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eight days.  All other subregions of the hippocampus showed no significant difference in damage 

between animals treated with diazepam and untreated controls.   

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. 
Ventral Hippocampus Subregions with Time-point versus Amount of damage (percent %)  
Damage comparisons  of ventral hippocampus subregions were made at three, eight, and fifteen 
days after soman exposure between rats treated with diazepam (yellow bars) and untreated 
controls (red bars). Error bars indicate standard deviation * indicate significance at p<0.05. 
 
 
 
 
 
 
The EEG data recorded during the subject’s pre, during and post exposure was configured in 

order to be analyzed by the computer program MATLAB7.70(R2008b). This program allowed 

the status epilepticus (SE) and post SE recurrent seizures to be seen clearly by the abnormal EEG 

recordings. 
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Figure 11. Profile of a spontaneous recurrent seizure (SRS) 
A characterization of spontaneous recurrent seizures that was used to identify SRS profile 
seizures post SE.  
 
 
 
 
Table II. Duration of SE and number of SRS profile for rats treated and not treated with 
diazepam  
It can be seen that the rats that had no vehicle treatment had a much longer SE but less SRS 
profiles after SE duration. 
 

Rat # DZP or No 
SE Duration 
(sec) #SRS Profile 

H526 DZP 12548 9 
H527 DZP 17256 7 
H530 DZP 10438 7 
H532 DZP 10570 7 
H539 DZP 4368 0 
H525 No 194914 0 
H528 No 197092 2 
H533 No 202 1 
H537 No 170310 1 
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Discussion: 

 Finding effective treatments for soman exposure is of great importance from both a 

military and civilian standpoint. An anti-seizure medication or combinations of anti-seizure 

medications are the best hope for finding a successful treatment to reduce the resulting brain 

injury and epilepsy post-exposure. This study analyzed the effect of a single administration of 

diazepam at three, eight, and fifteen day time-points.  

 Compared to the control group who had no vehicle treatment, the DZP treated rats’ brains 

showed a significant reduction in damage to the hippocampus. The effect can even be seen after 

many days post soman exposure. Specifically in the dorsal hippocampus The Cornu Ammonus 

regions showed significantly less damage in diazepam treated animals after three days and the 

dentate gyrus showed significantly lower damage in treated animals after eight days (Figure 9). 

In the ventral hippocampus the Cornu Ammonus regions showed significantly less damage in 

diazepam treated animals after three days and the CA2 and CA3 fields showed significantly less 

damage at fifteen days (Figure 10). The dentate gyrus showed significantly lower damage in 

treated animals after three days and fifteen days. The use of diazepam as protection for the 

hippocampus gives significant results as a part of OP exposure treatment. This neuropathological 

assessment of the hippocampus (dorsal and ventral) is comparable to other studies done using 

diazepam as the vehicle treatment. 

 The other regions of the brain that were analyzed did not show significant damage to 

deem diazepam a success in those areas (Figure 8). For example the amygdyla showed 

significantly less damage in diazepam treated animals after three days and eight but not after 

fifteen days (Figure 8). This suggests that a single administration of diazepam was not enough to 

make a lasting effect on this specific brain region. This can also be seen in the cortex where only 
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after three days does that region show significantly less damage (Figure 8). There was no 

significant difference between animals treated with diazepam or control at any time point in the 

entire thalamus or piriform complex. 

 From the EEG results, only modest conclusions can be made drawn. The 8 day study’s 

EEG data was the only data analyzed using MATLAB7.70(R2008b). The data showed that the 

rats that received the single administration of diazepam exhibited a much shorter SE duration 

than those that received no vehicle treatment (Table II). Based on the results of the EEG analysis 

diazepam appeared to lessen the effects of soman exposure during the initial SE period. 

However, the diazepam treated rats exhibited the same and/or more SRS profile seizures post SE, 

suggesting that the single administration of diazepam did not afford the long-term effect that was 

desired.  

The next step in studying preventive measures from OP exposure is to potentially repeat 

the experiment, only instead repeating the admission of diazepam to further reduce time spent in 

status epilepticus and in turn less recurrent seizures and neuronal damage. Furthermore 

alternative drug therapy may also be a possibility. There are studies beginning that are assessing 

the nonhydrolyzable β-linked peptide,β-NAAG. The nature of this peptide and its ability to not 

decompose can potentially be used to cut down recurrent seizures and resultant brain damage 

(Yourick et al.,2007).  

A single administration of DZP only significantly reduced damage significantly in the 

hippocampus region of the brain. DZP only gave modest if any protection to the other analyzed 

brain regions. This suggests that other treatments such as combination therapies or repeat 

diazepam administration may improve the outcomes of soman exposure.  
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