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GULF WAR ILLNESS: AN EVALUATION OF NEUROGLIAL CHANGES AND 

LEARNING, MEMORY, AND ANXIETY IN GWI MOUSE MODELS 

Ariel Dunamis Gonzalez Mendoza 

New College of Florida, 2013 

ABSTRACT 

Gulf War Illness (GWI) is a complex set of symptoms associated with specific 

exposures during the 1990 Gulf War (GW). These exposures include organphosphate and 

pyrethroid pesticides, and the prophylactic use of pyridostigmine bromide (PB). All these 

agents act on the cholinergic system, and it is therefore thought that cholinergic system 

alterations are a central theme in the GWI pathophysiology. In this thesis, memory, 

anxiety, and neuroglial activation were examined in three different GWI mouse models 

using behavioral and immunohistochemical data. Because all these actions utilize the 

cholinergic system, it was hypothesized that GW agent exposure would impair memory 

function and increase anxiety and neuroglia activation. Mouse models exposed to PB and 

the pyrethroid pesticide permethrin (PER) at an immediate and delayed post-exposure 

time points, and models exposed to the organophosphate pesticide chlorpyrifos (CPF), 

PB, and PER at the delayed time-point were tested for learning and memory impairments 

using the Barnes maze. It was observed that both the immediate and delayed PB + PER 

mouse models performed significantly worse than the control groups with a positive post-

exposure time correlation. The CPF + PB + PER delayed post-exposure model performed 

better than the control mice. Anxiety was examined using the foot-shock and elevated 

plus maze paradigms. During the training days, the CPF + PB + PER mice spent 

significantly more time frozen as compared to the controls, indicating heightened anxiety. 
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In the elevated plus maze however, this same model did not differ from the controls. The 

mouse models exposed to CPF + PB + PER and CPF alone at an immediate post-

exposure time point were used for immunohistochemical experiments examining for 

activated neuoglia. It was observed that both treated groups had significantly increased 

astroglial activation in different brain regions, including the amygdala, hippocampus and 

several cortex regions. Microglia activation was not significantly different between the 

treated and control mice. At the delayed post-exposure time point, PB + PER exposed 

mice were used to evaluate astroglial activation, and a significant increase in activated 

astroglia was seen in the hippocampus and amygdala. These data indicate that there are 

central nervous system (CNS) alterations that are related to GW agent exposure, namely 

memory impairments, anxiety, and astrogliosis. 

Dr. Alfred Beulig  
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INTRODUCTION 

1.1. Background 

Gulf War Illness (GWI) is a complex multi-symptomatic condition, which gets its 

name from the war thought to be its cause, namely the first Gulf War. GWI is 

characterized by a diverse spectrum of abnormalities including fatigue, headache, 

memory deficits, musculoskeletal pain and inflammation, and gastrointestinal, 

respiratory, and skin conditions. These symptoms, which comprise GWI, afflict about 25-

32% of the 700,000 veterans that served in the 1990-1992 Gulf War (GW) (Barlow et al., 

2008). To date, GWI is the most prevalent disorder among these veterans (Barlow et al., 

2008). A longitudinal study conducted over 10-years reported that deployed veterans, 

compared to their non-deployed counterparts, continue to show persistence of this multi-

symptom illness (Li et al., 2011a). The complex symptomatology and the overwhelming 

number of affected veterans make this condition a significant military health issue.  

GWI’s broad array of associated symptoms, ranging from moderate to highly 

debilitating, makes it difficult to understand GWI etiology and to treat this illness 

effectively. To tackle such an issue, it is necessary to understand what the cause/s are and 

why each symptom is present. If the causes of the symptoms are traced back to their 

origin, then it may be plausible to treat the symptoms all together or even treat each 

symptom separately in a systematic way that is most efficient. Attempts at treating 

fatigue, pain, distress, cognitive problems, and mental health functioning as symptoms of 

GWI have been largely unsuccessful. To date, there are 6 federally funded clinical trials 

for the treatment of GWI that have reached completion, and 15 others are currently 
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ongoing or have not yet started (National Institutes of Health, 2013). Two of these 

completed studies are major randomized trials, which have taken place in several 

different regions of the United States and its territories. The first was a doxycycline 

intervention trial, which was based on the hypothesis that GWI was caused by a systemic 

bacterial infection (Donta et al., 2004). The other trial used cognitive behavioral therapy 

and exercise to improve some of the musculoskeletal symptoms present in GWI (Donta et 

al., 2003). Unfortunately, neither trial significantly improved the symptoms of GWI, and 

so to this day, GWI remains an untreatable condition (Donta et al., 2003; Donta et al., 

2004) 

 Over twenty years have elapsed since the original war, and veterans with this 

condition continue to suffer from debilitating symptoms that are not completely 

understood and therefore very difficult to treat. One of the initial steps into effectively 

tackling this problem is to characterize the sequelae of this illness in order to understand 

the pathology. There is a lack of focused pre-clinical research on the central nervous 

system symptoms of GWI, and in particular the cognitive dysfunctionality. For other 

brain related conditions, such as Alzheimer’s disease, Parkinson’s disease, post-traumatic 

stress disorder, and depression, pre-clinical animal models have been extremely valuable, 

and GWI should be no different. Research and development of mouse models at the 

Roskamp Institute (2040 Whitfield Ave, Sarasota, FL 34234) have been successful in 

recapitulating the central nervous system related symptoms associated with GWI, namely 

memory impairment, anxiety, widespread pain, and motor problems (Abdullah et al., 

2011; Abdullah et al., 2012). The creation of these GWI mouse models has been helpful 

as an initial step for the characterization of the GWI pathology, and may eventually lead 
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to the translation of therapies for the treatment of GWI (Abdullah et al., 2011; Abdullah 

et al., 2012). There are three mouse models of interest, differentiated by Gulf War agent 

exposure regimen.  The first model was exposed only to chlorpyrifos (CPF); the second 

to pyridostigmine bromide (PB) and permethrin (PER); and the third to chlorpyrifos, 

pyridostigmine bromide, and permethrin. The main objective of this thesis was to use 

these three different GWI mouse models developed by Dr. Laila Abdullah to explore 

two cognitive aspects of GWI, memory impairment and anxiety.  Attention was also 

given to glial changes in the central nervous system after GW agent exposure, as 

gliosis has been associated with the symptom complex (Abdel-Rahman et al., 2002).  

1.2. GWI and the Central Nervous System  

 The idea of a central nervous system component for GWI first drew attention after 

neurobehavioral data showed that some GW veterans were displaying memory and 

behavioral alterations. In an initial survey of 249 members of a naval battalion, cognitive 

dysfunction and other neuronal abnormalities were observed as one of three major 

syndromes (Kurt, 1998; Haley et al., 1997). Lea Steele communicated that deployed GW 

veterans reported memory problems more often than their non-deployed counterparts 

(Steele, 2000). A study performed by Jeffrey Lange and colleagues demonstrated that 

compared to healthy GW veterans, those manifesting GWI symptoms had significant 

difficulty with information processing and the use of abstract concepts, particularly 

within the cognitive domains that require attention and concentration (Lange et al., 2001). 

Other groups showed that memory and cognitive alterations were more readily observed 

in deployed Gulf War veterans compared to military personnel deployed elsewhere or not 
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deployed at all (David et al., 2002; Toomey et al., 2009; White et al., 2001). Furthermore, 

reports of 1990-1991 United Kingdom GW veterans displayed similar outcomes as the 

US veterans, where subjective memory failure and general cognitive and constructional 

impairment was significant even after adjusting for depression (David et al., 2002). These 

data show that the central nervous system component manifested in GW veterans is real 

and non-discriminate between US veterans or their allies.  

The next step in elucidating the central nervous system anomaly came from brain 

imaging studies performed on GW veterans and healthy civilians. One of the most 

interesting findings in these studies was a decrease in hippocampal volume in deployed 

and reservist GW veterans compared to their healthy civilian counterparts (Vythilingam 

et al., 2005). Furthermore, when the neural metabolic activity of GW veterans was 

studied, it was noted that hypo-metabolism occurred in the hippocampuses of veterans 

with the GWI symptom complex, as compared to asymptomatic veterans who served in 

the GW (Menon et al., 2004). The connectivity passing through the hippocampus is 

extremely important for a variety of mental processes, including but not limited to 

memory formation and memory retrieval (Schmolck et al., 2002). If this important 

structure were to be compromised, then a series of cognitive deregulations would be 

apparent, as well as structural changes in the hippocampus and associated areas. Taken 

together, structural and metabolic abnormalities in the hippocampus can definitely 

account for memory alterations displayed in the neurobehavioral studies. In a recent 

report, Rosemary Toomey and colleagues communicated that deployed GW veterans 

continue to experience deficits in working memory almost two decades after the initial 
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exposure (Toomey et al., 2009). It is therefore apparent that GWI affects working 

memory and memory consolidating structures at both immediate and delayed time points.  

Although memory impairment remains one of the top four complaints among 

veterans with GWI, there are other neuropsychological problems also experienced by 

these veterans, such as anxiety, attention deficits, and impairment in motor speed 

(Toomey et al., 2009; Gray et al., 1999). A series of studies performed by Dr. Julia Golier 

explore the impact the GW had on the stress response in these veterans. In 2006, Julia 

Golier, Julianna Legge, and Rachel Yehuda compared the hypothalamic-pituitary-adrenal 

axis (HPA) response to dexamethasone, a glucocorticoid agonist. The group examined 

the blood levels of adrenocorticotropic hormone and cortisol before and after 

dexamethasone treatment in Gulf War veterans with post-traumatic stress disorder 

(PTSD), non-PTSD deployed veterans, and non-deployed veterans. It was observed that 

adrenocorticotropic hormone and cortisol levels were not significantly different between 

the PTSD and non-PTSD deployed veterans, but both were significantly different when 

compared to their non-deployed counterparts. Furthermore, when controlling for PTSD, a 

positive correlation was observed between HPA axis feedback inhibition and both 

deployment status and the symptom complex associated with GWI (Golier et al., 2006a; 

Golier et al., 2006b). In another study, Julia Golier and colleagues found that since 

symptom clusters are similar in GW veterans with PTSD and GW veterans without 

PTSD, it appears that GWI is biologically distinct from PTSD alone. In fact, the data 

supported a positive correlation between HPA axis deregulation and exposures distinct to 

the GW, such as pyridostigmine bromide (PB) and pesticides (Golier et al., 2007). 

Furthermore, these changes in HPA axis are due to an increase in pituitary sensitivity, as 
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was seen when the pituitary response due to intravenous cortcotropin releasing factor in 

GW veterans was compared to other veterans (Golier et al., 2012).  

1.3. GWI Etiology 

In the initial stages of GWI research, the causes of GWI were highly debated. 

This debate was difficult because of the complexity of the illness, and it was easy to be 

misled when each symptom could be due to a vast array of causes. This task was not 

made any easier when presented with the various unique circumstances GW veterans 

were exposed to. However, in 2008 when the Research Advisory Committee on Gulf War 

Veterans’ Illness met, a conclusion was reached, based on considerable data, that 

pyrethroid and organophosphate pesticide exposure and prophylactic use of PB against 

neurotoxins are likely the main contributors for the development of GWI (Barlow et al., 

2008). Data in favor of this conclusion continues to be released. In 2012, Lea Steele and 

colleagues reported that PB consumption elevates the risk for developing GWI 3-fold, 

and pesticide exposure increases the risk by about 13-fold (Steele et al., 2012).  

1.3.1. Oil Well Fires, Sarin Gas, and Depleted Uranium 

GW veterans, as compared to veterans from other wars, were highly exposed to 

depleted uranium, oil well fires, and accidental release of sarin gas, but the evidence 

supporting the notion that these agents are the cause for GWI is currently weak. There are 

well-documented cases suggesting that the Kuwait oil well fires were unique to the 

deployed troops of the 1990-1991 GW, and therefore make this exposure regimen suspect 

of GWI causation. However, this exposure is unique only to the ground troops stationed 
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in Kuwait, and does not account for the GWI cases seen in the troops stationed in support 

areas and ships during deployment (Barlow et al., 2008). Other epidemiological studies 

evaluating the risk of oil well fires and the development of GWI symptoms have also 

indicated the lack of association between exposure to oil well fires and GWI symptoms 

(Smith et al., 2002; Cowan et al., 2002; Lange et al., 2002). Similarly, there is currently a 

lack of clinical evidence suggesting any association between exposure to sarin gas or 

depleted uranium and the development of GWI (Barlow et al., 2008). Therefore, due to 

the lack of evidence and association it is not currently feasible to conclude that oil well 

fires, sarin gas, or depleted uranium cause the onset of GWI pathophysiology.  

1.3.2. Pyridostigmine Bromide (PB) Exposure 

Pyridostigmine bromide (PB) is a reversible carbamate acetylcholinesterase 

(AChE) inhibitor, and was used as a prophylactic measure against nerve gas in the GW 

(Gunderson et al., 1992). The idea of using PB to protect against nerve gas seems 

contradictory, since both PB and nerve gas inhibit AChE. However, the rationale for this 

treatment lies in the fact that PB is a reversible inhibitor, while nerve gas is an 

irreversible inhibitor. Therefore, if PB inhibits some portion of the total AChE when 

exposure to nerve gas occurs, then those same molecules would be protected against 

irreversible inhibition. Because nerve gas has a higher reactivity than PB, by the time the 

enzymes recover from PB inhibition, there would be very few organophosphate 

molecules left in circulation for AChE re-inhibition (Pope et al., 2005). Although PB was 

used to protect the troops, this exposure regimen was unique to the GW, thereby raising 

suspicions for a role in GWI development.   
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Early research supported PB as a possible correlate for GWI. When the 

neurobehavioral symptoms of GWI were first being evaluated and distinguished from 

other conditions, six symptom clusters were associated with the illness, and from these 

three major syndromes were identified (Kurt, 1998; Haley et al., 1997). All of the 

participants in this study reported taking the anti-nerve gas treatment, pyridostigmine 

bromide, therefore exposure to PB was correlated with all three syndromes. Further data 

in support of an association between PB and GWI became available later on. A 

retrospective study showed that the veterans who took larger quantities (>22 pills of 

30mg) of PB as a prophylactic measure had a higher risk and more severe symptoms of 

GWI than those taking fewer pills (Haley et al., 1997; Golomb et al., 2008). Current 

evidence therefore strongly supports an association between PB and GWI 

pathophysiology. 

1.3.3. Pesticide Exposure  

Pesticides were widely used during the Gulf War to combat desert pests. About 

62% of the ground troops reported using pesticides, and of those about 44% reported 

using pesticide sprays containing permethrin (PER) or other pyrethroids. As mentioned 

above, Robert Haley and Thomas Kurt conducted surveys in an attempt at correlating 

syndromes observed readily in GW veterans with exposure regimens. Pesticide 

application was heavily correlated with cognitive impairment. Also, confusion-ataxia was 

correlated with the reports of chemical weapons attacks, some including nerve gas agent 

with an organophosphate based composition (Kurt, 1998; Haley et al., 1997). 

Furthermore, the Department of Defense (DoD) reported that the US service members 
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from the 1990-1991 GW may have been exposed to at least 64 different pesticides and 

insect repellents containing 37 active ingredients. Of these compounds, fifteen raised 

significant concern based on their known toxic effects. Seven organophsphates and two 

pyrethroids are included among these fifteen (Department of Defense, 2003) Veterans 

with high pesticide use were at a greater risk of GWI than those with limited use, 

suggesting a dose-response relationship (Hilborne et al., 2005). 

1.3.3.1. Permethrin (PER) 

Permethrin (PER) is a type 1 synthetic pyrethroid and works by prolonging the 

activation of the voltage gated sodium channels. Due to its high lipophilicity, PER is able 

to slide over to the lipids adjacent to the channels and rebind to the voltage gated sodium 

channels at a later time point. Therefore, the overuse of PER is a potential cause for 

concern due to its toxicological factors and excessive exposure regimens (Ray and Fry, 

2006). During the GW, military personnel were issued PER imbedded uniforms as well 

as 0.5% PER containing spray. Surveys conducted by the DoD report that PER was 

sprayed an average of 30 times per month despite the warning to only apply a light coat 

of PER on the uniforms every 4-5 days. The PER manufacturer’s label indication 

suggested applying PER on the uniforms even less frequently—once every six weeks, or 

after being washed six times (Barlow et al., 2008). The overuse of PER supports its 

association with GWI development.  
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1.3.3.2. Organophosphates (OP) 

As discussed above, GWI pathophysiology is likely heavily influenced by 

pesticide exposure, and there were at least seven organophosphates (OP) used that are of 

potential concern for GWI, including chlorpyrifos (CPF) (Department of Defense, 2003). 

These exposures were due to pesticide control performed by the armed forces and 

services provided by the host nations (Department of Defense, 2002). Although it is clear 

that the GW veterans were exposed to these pesticides at elevated rates, it is difficult to 

determine the complete exposure report for these veterans, as it is well beyond their 

knowledge. However, supporting toxicological evidence suggests that OPs may be 

heavily associated with GWI. These agents act on acetylcholinesterase (AChE) in a 

similar way to pyridostigmine bromide (PB), but are more toxic due to the irreversible 

nature of their inhibition. When there is intoxication by an organophosphate a syndrome 

called ―Cholinergic Syndrome‖ occurs, composed of increased sweating and salivation, 

profound bronchial secretion, bronchoconstriction, miosis, increased gastrointestinal 

motility, diarrhea, tremors, muscular twitching, and various central nervous system 

effects including cognitive dysfunction (Eaton et al., 2008). The symptoms associated 

with OP intoxication are similar to the overall GWI complex, and the mode of action is 

similar to PB, another suspected GWI agent. Therefore, overexposure to OPs may be 

associated with this multisymptom illness.  

1.4. Combined Exposure to PB, PER, and OPs as a Causative Factor in GWI  

The effects of a combined GW agent exposure regimen were highlighted in a 

RAND (RAND Corp. for Objective Analysis and Solutions) survey showing that high 
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exposure to pesticides was associated with high PB use. The survey reported that nearly 

one in four GW veterans were exposed to several pesticides on a monthly basis, ranging 

from 51-120 times, all the while taking 15-19 PB pills (30 mg each) (Hilborne et al., 

2005).   

Although there are central nervous system structures that are clearly affected, 

including those that regulate peripheral responses like the hypothalamic-pituitary-adrenal 

(HPA) axis and the acetylcholine-anti-inflammatory pathway, much of the work done on 

animal models suggests that these central nervous system alterations are due to adverse 

effects in the periphery or a possible compromise of the blood brain barrier (BBB). It has 

been shown that when stress is combined with PB, PER, and N,N-Diethyl-meta-

toluamide (DEET) for up to 28 days of exposure, the BBB may be distorted in specific 

brain regions, including in the cortices and certain areas of the hippocampuses of exposed 

rats as compared to controls (Abdel-Rahman et al., 2002). These results might be due to 

the vascularity found in these areas and susceptibility to stress hormones. Alon Friedman 

and colleagues showed that at low dosages, PB alone (0.1-0.5 mg/kg) had no effect on 

brain AChE activity. However, at higher dosages (2 mg/kg) or when combined with 

stress, PB inhibits brain AChE activity and induces changes in expression of genes, such 

as those encoding for brain derived neurotrophic factor, tyrosine related kinase B, and 

calcium calmodulin-dependent protein kinase II, which are involved in learning and 

memory formation. The authors thereby suggested that under stressful conditions and at 

high concentrations, PB might be able to cross the BBB (Friedman et a., 1996; Barbier et 

al., 2009). 
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Other studies suggest that PB is not able to cross the BBB under any 

circumstances. Using radiolabeled PB, Christine Amourette and colleagues revealed that 

even when combined with stress, PB was unable to penetrate the BBB (Amourette et al., 

2009). Despite these results, biochemical analysis continue to show that brain AChE 

activity is inhibited and neurobehavioral data also demonstrate a delayed presentation of 

cognitive impairment in rats exposed to PB and stress (Barbier et al., 2009; Lamproglou 

et al., 2009; Amourette et al., 2009). Furthermore, it was observed that nearly 50% of rats 

displayed neuropathological abnormalities, such as neuronal death and an increase in 

astrogliosis, at an immediate post-exposure time point (Abdel-Rahman et al., 2002). It 

has also been shown that the neurobehavioral consequences of combining these agents 

include an increase in anxiety and sensorimotor deficits in exposed rodents compared to 

their control counterparts (Abou-Donia et al., 2004; Hoy et al., 2000). 

1.5. Biological Mechanisms of PB, PER, and OPs in GWI  

Pyridostigmine bromide (PB), permethrin (PER), and the organophosphate 

chlorpyrifos (CPF) all act on the peripheral and central cholinergic systems, thereby 

affecting cholinergic-mediated inflammation and cognition. In order to have a complete 

mechanistic and biological rationale for the role of these compounds in GWI, data must 

be presented from both immediate and delayed post-exposure time points. However, 

understanding the immediate biological effects of PB, PER, and OPs can contribute to 

understanding the biological and behavioral changes at delayed post-exposure time-

points.   
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1.5.1. Cholinergic Transmission in GWI 

It is necessary to have an understanding of the functionality of the cholinergic 

system before any related abnormality is presented (See Figure 1.1). Under normal 

conditions, ACh is synthesized in the cholinergic neurons by choline acetyltranferase, 

using choline and acetyl coenzyme A as substrates. This neurotransmitter utilizes 

muscarinic and nicotinic acetylcholine receptors in both the sympathetic and 

parasympathetic nervous systems. In the peripheral nervous system, ACh is used by 

somatic motor neurons to communicate with muscle fibers and induce contractility, and 

by the autonomic nervous system to communicate with cells located in the spleen for the 

initiation of the inflammatory response. ACh is also found in the central nervous system, 

and it plays a crucial role in memory, learning, and cognition (Micheau and Marighetto, 

2011; Davies, 1985). After synthesis, ACh is packed into synaptic vesicles, and upon 

terminal depolarization from an action potential the vesicle fuses with the plasma 

membrane and releases ACh into the synapse (Pope et al., 2005). In the synaptic cleft, 

ACh may bind to nicotinic post-synaptic cholinergic receptors and activate numerous 

signaling pathways or be rapidly hydrolyzed by AChE. Cholinergic neurons also have a 

negative feedback mechanism via activation of muscarinic acetylcholine receptors. If 

activated, these receptors are able to inhibit further production of ACh (Pope et al., 2005). 

This mechanism may be altered either upstream of ACh release or downstream. 

Upstream deregulation involves hampering either the action potential via voltage gated 

sodium channels or the production of ACh via choline acetyltransferase. Downstream 

deregulation involves alterations in the clearance of ACh from the synapse, by inhibiting 

AChE, or improper receptor binding. As will be observed below, suspected GW agents  
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FIGURE 1.1 displays cholinergic activity between two cholinergic neurons. On the left side, the pre-synaptic neuron releases acetylcholine into the synaptic cleft, 

where the compound either binds to post-synaptic nicotinic receptors, gets hydrolyzed by acetylcholinesterase, or binds to pre-synaptic muscarinic receptors. 

Binding to nicotinic receptors elicits an action potential in the post-synaptic neuron and may lead to downstream signal transduction pathways. Whereas, binding 

to muscarinic receptors leads to inhibition of further acetylcholine release. 
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alter the cholinergic system by altering the levels of ACh. Therefore, it is assumed that 

GW agents act somewhere in this mechanism and disrupt proper cholinergic function. 

Data show that the improper use of PB, PER, or CPF alone may alter the 

functionality of the cholinergic system in ways that are similar to the GWI complex, 

including cognitive dysfunction, motor abnormalities, bowel issues, and musculoskeletal 

pain and inflammation (Eaton et al., 2008). The use of AChE inhibitors, such as PB and 

CPF, causes prolonged accumulation of ACh in the synapse and thereby alters the 

cholinergic receptor-mediated signaling pathways (see Figure 1.2). The use of PER 

stimulates the voltage gated sodium channels, which further activates the release of ACh. 

It makes intuitive sense that at least the combination of PER, PB, and CPF would have 

synergistic effects since each compound affects the cholinergic system via different 

pathways. Animal studies using a combined exposure regimen to a pyrethroid and a 

carbamate AChE inhibitor have shown that a synergistic increase in membrane 

depolarization is accompanied by an increase in ACh release into the synapse (Corbel et 

al., 2006). On the other hand, it has been shown that excessive release of ACh into the 

synapse can itself form a negative feedback loop by binding to pre-synaptic muscarinic 

receptors and halting the release of ACh (Zhang et al., 2002). It is conceivable that the 

combined exposure to PB, a carbamate AChE inhibitor; PER, a voltage gated sodium 

channel activator; and CPF, an OP irreversible AChE inhibitor may synergistically 

enhance ACh levels in the short term, but may result in depletion of synaptic ACh levels 

in the long-term. 
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FIGURE 1.2 displays the same cholinergic neurons seen in figure 1.1. However, above are also GW agents, chlorpyrifos (CPF), permethrin (PER), and 

pyridostigmine bromide (PB). The roles these agents play in the transmission of acetylcholine is shown above. CPF and PB both bind and inhibit 

acetylcholinesterase (inhibition shown by - sign), and as a result cause an increase in the available synaptic acetylcholine (increase shown by + sign). This 

increase in acetylcholine causes a rise in post-synaptic neuron excitability, and alteration in downstream signal transduction pathways. Also, an increase in pre-

synaptic muscarinic receptor binding is shown, which halts the release of acetylcholine into the synaptic cleft. Another character is PER, which activates voltage 

gated sodium channels, and causes membrane depolarization eventually leading to an increase in acetylcholine release. These GW agents act in a synergistic 

manner and cause deregulation in the cholinergic neurons.  
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Animal models have also been used to study acetylcholine receptor properties 

affected by GW agent exposure. One example is a study where enhanced ligand binding 

of the muscarinic 2 ACh receptor subtype in the cortex was observed in a GWI rat model 

treated either with PB alone or a combination with PER and DEET (Abou-Donia et al., 

2004). Combining exposure to these GW agents also increased the ligand binding of 

nicotinic acetylcholine receptors in the cortex of rodents. However, combined exposure 

to these chemicals and stress resulted in a decrease in muscarinic receptor ligand binding 

in the midbrain and the cerebellum, although cortical muscarinic receptor binding was 

not examined (Abdel-Rahman et al., 2004). A long term consequence of such an 

enhanced cholinergic transmission may include a compensatory increase in AChE 

production. This idea of compensating AChE levels after inhibition has been shown with 

CPF exposure, since CPF, alone or in combination with other agents, leads to alterations 

in ACh levels. CPF acts on AChE by phosphorylating a serine residue in the active site. 

Since AChE is a serine protease that utilizes the serine residue as a nucleophile during 

hydrolysis, the phosphorylation of this residue will ultimately impede its action on the 

physiological substrate. AChE is hydrolyzed by water, however, this recovery process is 

very slow and may take days. By this point, most of the enzyme-inhibitor complexes 

have ―aged,‖ phosphorylation of the serine residue is irreversible, making this enzyme 

unusable. When this happens, the only way of replacing the enzymatic activity is by the 

synthesis of new AChE as a compensatory mechanism. This has been suggested by 

studies performed by Iti Bansal and colleagues showing that after 30 days of AChE 

inhibitor exposure, there is an increase in AChE mRNA levels in the cortex of mice 

(Bansal et al., 2009).  
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A number of human studies provide further support for cholinergic deregulation 

in veterans with GWI. Recent fMRI imaging studies, for example, have shown an 

abnormal cholinergic response in veterans with GWI as compared to controls (Liu et al., 

2011). Using atrial spin labeling Magnetic Resonance Imaging, Li and colleagues 

recently demonstrated that upon cholinergic dysregulation caused by an intravenous 

infusion with 0.3 mg of physostigmine, veterans with GWI exhibit an abnormal increase 

of regional cerebral blood flow in the hippocampus compared to control veterans (Li et 

al., 2011b). This work is supported by a previous experiment, which used Single Photon 

Emission Computed Tomography to show an increase in cerebral blood flow in response 

to cholinergic disturbance caused by physostigmine among veterans with GWI (Haley et 

al., 2009). These studies suggest cholinergic dysfunctionality in patients with GWI. 

1.5.2. Cholinergic System and Learning and Memory 

 There exists a long debate when it comes to the cholinergic system’s role in 

learning and memory. Several treatments for Alzheimer’s disease rely on pro-cholinergic 

drugs. However, the specific mechanism of action by which the cholinergic system 

influences memory is unknown. What is known is that there is a role for this system in 

learning, memory formation, and memory retrieval. The classic studies of David 

Drachman demonstrated that anti-cholinergics, such as scopolamine, cause robust deficits 

in memory functionality in young human subjects (Drachman and Leavitt, 1974; 

Drachman and Sahakinan, 1980). These memory alterations were not reversed with the 

use of amphetamines, but were ameliorated with the use of physostigmine, a carbamate 

AChE inhibitor and a related PB compound. One possible place for cholinergic alteration 
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after anti-cholinergic delivery is the nucleus basilis of Maynert and the diagonal band of 

cholinergic neurons that run through the basal forebrain, neocortex, and the hippocampus 

(Johnson et al., 1979; Lehmann et al., 1980). It is logical for anti-cholinergics to act upon 

these sites, since these sites are heavily involved in the formation and retrieval of 

memories. It has also been shown by examination of elderly subjects and Alzheimer’s 

disease patients that these cholinergic neurons are involved in the formation and retrieval 

of memories, since loss of these cells results in memory and cognitive impairments 

(Schliebs and Arendt, 2006). These studies led to the proposition of the cholinergic 

hypothesis of geriatric memory dysfunction and treatment strategies consisting of 

cholinesterase inhibitors (Bartus et al., 1992). To date, 4 out of the 5 FDA approved 

Alzheimer’s disease drugs are cholinesterase inhibitors as can be seen on the Alz.org 

website. 

Therefore, if these data are accompanied with the above mentioned mechanisms 

of action for PB, PER, and CPF, then it is conceivable that the mechanisms for learning 

and memory may in fact be altered via cholinergic deregulation. Although initial levels of 

AChE are lowered, a compensatory increase of AChE in the cortex has been shown after 

AChE inhibition (Bansal et al., 2009).  Therefore, the memory impairments seen in GWI 

patients might be due to a compromised central cholinergic system. 

1.5.3. Cholinergic System and Stress 

 It has been noted that in a healthy functioning brain, the application of AChE 

inhibitors and acute psychological stress both result in a temporary increase in ACh 

release, increased levels of ACh at the synapse, and a phase of enhanced neuronal 
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excitability. Furthermore, administration of AChE inhibitors can mimic the effects of 

acute stress on AChE gene expression. Both AChE inhibitors and stress cause an increase 

in AChE mRNA levels and a simultaneous decrease in choline acetyltransferase mRNA 

levels (Kaufer et al., 1998; Kaufer et al., 1999). These changes go from increased levels 

of synaptic ACh to lower levels due to reduced production and increased breakdown.  

 AChE has other roles other than hydrolyzing ACh, including cell proliferation, 

differentiation, and post-transcriptional responses to insults like stress. These responses 

will vary, at least in part, by the alternative splicing of the AChE mRNA C-terminal. 

Under normal conditions, the activation of AChE mRNA primarily produces the 

―synaptic‖ AChE variant. The synaptic AChE variant is the one that is most readily found 

in muscle and brain (Grisaru et al., 1999; Salmon et al., 2005). However, under stressful 

conditions, whether chemical, psychological, or physical, a transcript-splicing shift 

occurs from the expression of the synaptic AChE variant to the ―read-through‖ variant. 

The latter is expressed in embryonic and tumor cells and has been shown to accumulate 

in the mammalian brain under acute stress. This process has been positively correlated 

with increased levels of glucocorticoids (Grisaru et al., 1999; Salmon et al., 2005). When 

the effects of GW agent exposure and acute stress are evaluated, it is observed that these 

events are associated with neurodegeneration. However, excess amounts of the ―read-

through‖ AChE variant, produced after chemical or physical stress, result in 

neuroprotection. This is in part accomplished by the role AChE ―read-through‖ assumes 

during transient acute stress, which is a modulation that prevents the shift to progressive 

disease, namely chronic stress (Sternfield et al., 2000). On the other hand, chronic excess 

of AChE ―synaptic‖ variant as a result of failure to shift splicing to the AChE ―read-
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through‖ variant results in progressive deterioration of learning and memory, 

neuromuscular alterations, and increasing amounts of stress markers (Salmon et al., 2005). 

Therefore, neurodegeneration in conditions like GWI and stress disorders like PTSD 

might have an underlying mechanism involving the compromise of the cholinergic 

system. Such a mechanism might involve the compensatory increase of AChE, due to 

stress or chemical inhibition, where the shift in splicing from the ―synaptic‖ to the ―read-

through‖ AChE variant does not occur. This would result in neurodegeneration and not in 

the proposed neuroprotection, which accompanies heightened levels of the ―read-

through‖ AChE variant.  

1.5.4. Cholinergic System and Gliosis 

 Under normal conditions, astrocytes are involved in cell-cell communication and 

in the maintenance of neuronal tissue and the blood brain barrier (Liedtke et al., 1996; 

Weintein et al., 1991). However, after acute injury or disease, astrocytes undergo cellular 

changes in response to the compromise of neuronal tissue. These changes ultimately 

result in astrocyte activation, including hypertrophy (astrogliosis), proliferation 

(astrocytosis), and increased glial fibrillary acidic protein (GFAP) expression 

(Reichenbach et al., 2010). In many neurodegenerative disorders, the activation of 

astrocytes is considered to be neuroprotective. However, if the activation status is 

prolonged, then astrocytes may switch to play a neurotoxic role by releasing 

inflammatory cytokines and cytotoxic factors. Furthermore, their normal physiological 

roles in communication and maintenance are surrendered, which may result in adverse 

effects in neuronal and cerebrovascular function (Reichenbach et al., 2010; Achour and 
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Pascual, 2010). Astrocytes contain muscarinic 7 and nicotinic receptors, and their 

activation and/or upregulation has been shown to be positively correlated with astrocytic 

activation (Van Der Zee et al., 1993; Liu et al., 2012). Sara Mense showed that astrocytes 

isolated from human fetal brains showed alterations in gene expression after being treated 

with CPF. These alterations included increased levels of interleukin 6, a key 

inflammatory mediator, and glial fibrillary acidic protein, a marker of astrocyte activation 

(Mense et al., 2006). 

 Blood brain barrier distortion in the cortices and the hippocampuses has been 

observed in rats treated with PB, PER, and DEET.  These same studies also showed an 

increased amount of activated astrocytes and neuronal death (Abdel-Rahman et al., 2002). 

These alterations seen in GWI models may be due to prolonged astrocyte activation that 

may be regulated by impaired cholinergic activity. Therefore, inflammatory activation of 

astrocytes might be an important mechanism underlying GWI pathobiology, as GW 

agents could potentially exert their effects via acetylcholine receptors on astrocytes in the 

brain directly or indirectly through the activation of the cholinergic-inflammatory 

pathway (Borovikova et al., 2000; Tracey et al., 2001). 

1.5.5. Concluding Mechanistic Remarks 

These studies support the current view that combined exposure to PB and 

pesticides is one of the highlighting causes in GWI pathogenesis, since these agents use 

different pathways to affect the same system, namely the cholinergic system. Alterations 

in cholinergic transmission are closely associated with stress and gliosis.  Gliosis in GWI 

might occur as a neuroprotective compensation for the loss of neurons, and may be 
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secondary to either AChE splicing variations, or to direct neurotoxicity. Prolonged glial 

activation, chemical stress, and AChE alterations all affect the general functionality of the 

central cholinergic system, which is essential for memory formation and memory 

retrieval. However, due to the complexity of these symptoms and related mechanisms, 

animal models are invaluable and will provide many clues to the mysteries surrounding 

GWI. 

1.6. GWI Mouse Models 

There is very little information in regards to the short and long-term adverse 

health effects of combined exposure to the GW neurotoxic chemicals. This problem was 

approached by Dr. Laila Abdullah at the Roskamp Institute with mouse models that 

focused on combinations of GW agents, namely PB, PER, and CPF; PB or PER; and CPF 

alone. In her thesis, Abdullah used these mouse models to explore behavioral alterations, 

brain pathology, and molecular abnormalities. These combinations produced features 

closely following the symptoms observed in veterans with GWI. Abdullah’s studies have 

shown that alterations in glial cells, memory impairments, motor deficits, and signs of 

anxiety are closely related to the clinical symptomatology (Abdullah et al., 2011; Golier 

et al., 2006a; Golier et al., 2006b; Golier et al., 2007; Golier et al., 2012). 

 Dr. Julia Golier has examined the HPA axis in GW veterans and has used 

adrenocorticotropic hormone, cortisol, and cortictrophin releasing factor as biomarkers 

for the stress response. Golier and colleagues indicated that the HPA axis is most likely 

deregulated at the pituitary in GWI (Golier et al., 2012). However, it has not been 

determined if this deregulation is due to alterations in neuronal centers upstream of the 
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pituitary and hypothalamus, or if it is due to a downstream feedback response. It is likely 

that GW agents may exert their effects on the peripheral nervous system before the onset 

of central nervous system symptoms via other mechanisms, and thereby influence the 

HPA axis. Such a mechanism would be the cholinergic-inflamatory pathway, which 

involves communication between the brain and the immune system via the efferent and 

afferent cholinergic neurons of the vagus nerve. These neurons connect to cells in the 

spleen capable of initiating an immune response that may alter HPA axis functionality 

(Borovikova et al., 2000; Tracey et al., 2001). Although it has been shown that PB does 

not cross the blood brain barrier, AChE inhibition still occurs in the brain after PB 

exposure and it has also been shown the AChE splice variants may be associated with 

neurodegeneration and improper memory formation. Furthermore, when combining 

exposure regimens, including stress, there is an increase in anxiety and sensory 

alterations, which are regulated by central nervous system structures upstream of the 

HPA axis (Abou-Donia et al., 2004; Hoy et al., 2000). 

Another largely unanswered question is what is causing the anxiety-related 

behaviors? When it comes to any anxiety-related symptom, it is usually important to look 

at the center for emotional and stress regulation, namely the amygdala and related limbic 

structures. Whether CNS deregulation or peripheral deregulation occurs first in GWI, the 

amygdala should theoretically be involved in the anxiety/stress response. This is because 

the amygdala is responsible for the integration of aversive stimuli and sensory stimuli, 

which would also apply to cholinergic alterations, which lead to inflammatory changes. It 

is also capable of communicating this integrated message to the hypothalamic nuclei and 

thereby able to activate the hypothalamic-pituitary-adrenal (HPA) axis, which is a major 
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component in the physiological stress response and one that has been evaluated in GWI. 

Therefore, it is likely that the amygdala is involved in the anxiety states observed in 

GWI, since it is capable of changing and produce changes in other areas after altered 

homeostasis is detected, whether the initial response is in the CNS or in the periphery.  

Therefore, the generation of animal models to study the effects of synergistic 

processes and symptoms associated with GW agents is necessary. At this point it is 

important to compare immediate and delayed post-exposure measurements in animal 

models to have a holistic idea of what GWI pathophysiology entails. In this thesis, mouse 

models exposed to 3 different combinations of GW agents (PB + PER + CPF, PB + PER, 

and CPF alone), and tested at immediate and delayed post-exposure time points were 

used to explore memory and learning impairments, gliosis, and anxiety. 

1.7. Objectives and Hypotheses  

 The literature presented thus far shows that the cholinergic system is affected by 

GW agents, and this might affect cognition, anxiety states, and neuroprotection via 

gliosis. Furthermore, it has not yet been determined which brain areas are responsible for 

the anxiety irregularities seen in GWI patients and mice. Therefore, the criteria described 

below were used to evaluate the effects of different combinations of GW agents at 

immediate and delayed post-exposure measurement time points. 

1. Evaluation of memory formation and memory recollection with GWI 

mice using the Barnes Maze.  

2. Expansion of the anxiety components using fear conditioning and the 
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elevated plus maze.  

3. Evaluation of the cortices, hippocampi, and amygdalae pathology using 

glial immunohistochemistry against GFAP and Ionized Calcium 

Binding Adaptor 1.  

The data show that there is impairment of the cholinergic system in the brain, and 

this system is essential for neuroprotection and neurodegeneration, which includes 

gliosis. Also, the cholinergic system is heavily involved in cognitive functionality, 

including memory, learning, and anxiety. Impairments in these areas has been observed 

in clinical and pre-clinical GWI evaluations (Abdullah et al., 2011; Abdullah et al., 2012; 

Lange et al., 2001). Furthermore, it has been shown that brain areas, including the 

hippocampuses, are structurally affected in GWI patients (Menon et al., 2004; 

Vythilingam et al., 2005). Hence, the hypotheses: 

1. Mice exposed to GWI agents, at both immediate and delayed post-

exposure time points, will display more spatial memory and learning 

impairments than non-exposed mice. 

2. Mice exposed to GWI agents will display heightened fear/anxiety than 

non-exposed mice.   

3. Mice exposed to GWI agents, at both immediate and delayed post-

exposure time points, will have more glial activity in the cortices, 

amygdalae, and hippocampuses than non-exposed mice. 
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METHODS 

2.1. Experimental Design 

 Different GWI mouse models were used to observe the effects of several GW 

agents, including chlorpyrifos (CPF), pyridostigmine bromide (PB), and permethrin 

(PER). The data presented includes immediate and delayed post-exposure testing, as well 

as different combinations of GW agents. Table 2.1 breaks down the models into mouse 

strain and number of mice used, exposure regimens, post-exposure measurement time 

points, and tests administered. Below, the animals, groups, and chemical exposures are 

described, followed by a description of the tests administered, methods, and statistical 

analysis used. For each test described, the mouse model’s exposure regimen and post-

exposure time point at day of testing are mentioned, and table 2.1 may also be used as a 

reference.  

TABLE 2.1. 

Table acronyms: GFAP- Glial Fibrillary Acidic Protein, IBA1- Ionized Calcium-Binding Adapter 

Molecule 1, BM- Barnes Maze, FS- Foot-Shock, EMP- Elevated Plus Maze    

           

MOUSE MODELS: EXPOSURE REGIMENS AND TESTING 

Mouse type 

and quantity 
Exposure 

Post-Exposure 

Time Point 

Tests 

Histology Behavior 

C57Bl6 

N = 4  
CPF, PB, PER Immediate 

GFAP + 

IBA1 
N/A 

C57Bl6 

N = 4 
CPF Immediate 

GFAP + 

IBA1 
N/A 

C57Bl6 

N = 5 
PB, PER Immediate N/A BM 

C57Bl6 

N = 12 
CPF, PB, PER Delayed N/A 

BM + FS + 

EPM 

C57Bl6 

N = 10 
PB, PER Delayed 

GFAP + 

IBA1 
BM 
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2.1.1. Animal Groups 

Wild type (male) C57BL6 mice were purchased from Jackson Laboratories, 

Maine, and were allowed to acclimatize to the new environment in accordance with 

American Association for Laboratory Animals Science guidelines. All mice were 9 

weeks old at the time of agent exposure. The mice used for the immediate measurement 

studies were 10 weeks old and the mice used for the delayed measurement studies were 

either 17 or 18 months old at the time testing was initiated (see Figures 2.2, 2.3, 2.5, and 

2.7 for timelines). These mice were all housed in standard cages under a 12-hr light/dark 

cycle, at ambient temperature controlled between 22ºC-23ºC under specific pathogen free 

conditions. Animals were given food and water ad libitum and maintained under 

veterinary supervision throughout the study.  

For the immediate time point immunohistochemical studies, performed by Dr. 

Bunmi Ojo, twelve mice were randomly assigned to each of three different exposure 

regimens, and the experimental groups were composed of n=4 animals per group. As 

seen in table 2.2 the groups consisted of exposures to CPF only, CPF + PB + PER, and 

the control group exposed to no GW agent. For the immediate time point behavioral 

studies, performed by Dr. Laila Abdullah, ten mice were randomly assigned to each of 

two different exposure regimens, and the experimental groups consisted of n=5 animals 

per group. As seen in table 2.2 the groups consisted of exposures to PB + PER and the 

control group exposed to no GW agent.  
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TABLE 2.2.  

IMMEDIATE POST-EXPOSURE 

Immunohistochemistry Behavior 

CPF CPF + PB + PER Control PB + PER Control 

4 mice 4 mice 4 mice 5 mice 5 mice 

In the triple exposure delayed post-exposure study, 24 mice were randomly 

assigned to each of two different exposure regimens. For the exposed group, 12 randomly 

selected mice were exposed to CPF + PB + PER. The control group consisted of 12 

randomly selected mice exposed to no GW agent (Table 2.3). In the double exposure 

delayed post-exposure study, 20 mice were randomly assigned to two different exposure 

regimens. One group consisted of 10 mice exposed to PB + PER. The control group 

consisted of 10 mice exposed to no GW agent (Table 2.3).  

TABLE 2.3. 

DELAYED POST-EXPOSURE 

Double Exposure Study Triple Exposure Study 

PB + PER Control CPF + PB + PER Control 

10 mice 10 mice 12 mice 12 mice 

These experiments were performed in accordance with OLAW and NIH 

guidelines under a protocol approved by the Roskamp Institute IACUC. 

2.1.2. Chemicals 

 All GW agent treated mice were administered either (i) 5mg/kg CPF, (ii) 

combined 0.7mg/kg PB and 200mg/kg PER, or (iii) combined 5mg/kg CPF, 0.7mg/kg PB 

and 200mg/kg PER for 10 consecutive days. For combined exposure regimens (ii and iii), 

exposures were delivered in a single intraperitoneal injection volume in 50µL dimethyl 

sulfoxide (DMSO). The controls were injected with a 50µL volume of only 100% DMSO 

for 10 consecutive days. CPF and PB (99.4%) were purchased from Fisher Scientific, 
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Hanover Park, IL; PER (98.3% mixture of 27.2% cis and 71.1% trans isomers) was 

purchased from Sigma Aldrich, St. Louis, MO. Individual mice were weighed and 

monitored in their home cages on a daily basis for visible cholinergic behavioral 

symptoms (e.g., diarrhea, urination, excessive lacrimation, respiratory difficulties, muscle 

fasciculations) or other signs of pain or distress. No overt cholinergic toxicity was 

noticeable in any of the mice, which is consistent with the sub-threshold level of 

exposures used in this study. The doses of GW agents were either chosen based in 

accordance with the relative level of exposure experienced by GWI veterans or 

previously established doses from in vivo animal studies. Moreover, these chosen dose 

regimes have been extensively reported to recapitulate detrimental effects on long-term 

memory, as well as biochemical and neuropathological outcomes in previous rodent 

models (Abdullah et al., 2011; Abdullah et al., 2012; Dodd and Klein, 2009; Terry et al., 

2003). Detailed rationales for the chosen doses for exposure have previously been 

provided (Speed et al., 2012; Steele et al., 2012). 

2.2. Barnes Maze  

The Barnes Maze has been widely used to measure the spatial and contextual 

memory of rodents and thereby the functionality of the hippocampus and associated areas 

(O’Leary and Brown, 2013). This protocol was used to evaluate the mice’s ability to 

recall spatial cues and thereby evaluate the functionality of the hippocampus (see Figure 

2.1). Together with the foot-shock paradigm and the elevated plus maze, used to compare 

anxiety states (see Figure 2.5), the Barnes maze makes a good tool to evaluate cognition. 

Training trials were administered at the immediate testing time point to the PB + PER 
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mouse model at one week post-exposure, and the delayed testing time point PB + PER 

and CPF + PB + PER mouse models at 15 months post-exposure to determine spatial 

learning (Figure 2.2 for Barnes maze timeline) (Tables 2.1, 2.2, and 2.3). The same 

procedures were used for all models. 

 

 

FIGURE 2.1 Displays the Barnes maze, which was used to test the mouse’s spatial memory by placing the 

animal in the middle of the maze and allowing it to find the escape hole, under which a dark chamber was 

placed. The surface of the maze was made aversive, by using bright light and a spinning fan. This increased 

the likelihood that the mouse entered the escape hole. During the training trials, if the mouse did not find 

the hole the experimenter guided it to the hole. During testing trials the box was removed and the mouse 

looked for a virtual escape hole.  
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 A) Immediate Testing Time Point PB + PER Barnes Maze Timeline 

 

B) Delayed Testing Time Point PB + PER Barnes Maze Timeline 

 

C) Delayed Testing Time Point CPF + PB + PER Barnes Maze Timeline 

 

FIGURE 2.2 shows the timeline for the Barnes maze protocol with the age of the mice and experimental timeframe for A) the immediate testing time 

point PB + PER model, B) the delayed testing time point PB + PER model, and C) the delayed testing time point CPF + PB + PER model, and it also 

shows the time difference between foot-shock, Barnes maze, and elevated plus maze training periods.  
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2.2.1. Protocol 

Four training trials per mouse were conducted on each day over the course of 4 

days, and each trial lasted for 180 seconds with an inter-trial interval of 15 minutes. Each 

mouse was placed in the middle of the maze and allowed to explore, and the trial ended 

when a mouse entered the escape hole or after 180 seconds had elapsed. Throughout the 

trials, a rotating fan was placed near the maze while mice explored, but was turned off 

when a mouse escaped into the box through the target hole. Once a mouse was in the 

escape box, it was allowed to stay for 1 minute. If a mouse did not reach the escape hole 

within 180 seconds, the experimenter gently guided it to the escape hole, where it stayed 

for 1 minute (Figure 2.1).  

Twenty-four hours after the last training day, a testing trial was conducted for 

each mouse, during which the escape hole was removed and mice had 90 seconds to 

explore the maze and find a virtual hole. This served as a means to evaluate spatial 

memory and cognitive function. The number of pokes in each hole and the latency and 

distance traveled to reach the virtual target hole location were measured as outcome 

factors. To assess long-term retention, an additional testing trial was administered 

approximately 1-month following the first testing trial. 

2.2.2. Statistical Analysis 

For the Barnes Maze performed on PB + PER at the immediate post-exposure 

time point, statistical analyses were conducted using a generalized linear model to 

accommodate non-normally distributed dependent variables. For the Barnes Maze 
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conducted at 15-months (delayed) post-exposure to PB + PER, generalized linear model 

was utilized for the training trial but mixed linear model regression was used for the 

testing trials. For the Barnes Maze study conducted on the CPF + PB + PER GW agent 

mouse model at the 15 months (delayed) post-exposure time point, mixed linear model 

regression was used, as data were normally distributed.  All analyses were performed 

with SPSS 13.0 (IBM corp. Armonk, NY) and the statistical significance was set at the 

alpha 0.05 level.  

2.3. Foot-Shock  

This training paradigm was chosen based on previous work showing 

morphological as well as physiological changes in the amygdala following fear 

conditioning (Heinrichs et al., 2013). These changes suggest that the amygdala is highly 

involved in the formation of a fear memory as well as the integration of the conditioned 

and unconditioned stimulus and the generation of the conditioned response. Furthermore, 

this training paradigm also measures stress levels generated by the fear memories created 

during the training cycles. Therefore, with the fear-conditioning paradigm it may be 

possible to discern whether or not there are pathological stress/anxiety differences 

between GWI mice and control mice, and whether there is a difference in learning the 

fear conditioning. The foot-shock paradigm was administered to 23 CPF + PB + PER 

exposed and control mice at the 15 months post-exposure time point (see Figure 2.3 for 

foot-shock timeline) (Table 2.1 and 2.3). Of the 12 CPF + PB + PER exposed mice, 1 

died during the 15-month period. 
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Delayed Testing Time Point CPF + PB + PER Foot Shock Timeline  

 

 

 

FIGURE 2.3 shows the foot-shock timeline with the age of the mice and experimental timeframe for the delayed post-exposure CPF + PB + PER model, 

and it also shows the time difference between foot-shock, Barnes maze, and elevated plus maze training periods. 
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2.3.1. Protocol 

The 43.8 cm×17.1 cm chamber used for this behavior paradigm was a shuttle box 

obtained from Med Associates Incorporated (ENV 010MC). The chamber, except for the 

metal grid floor, is made of Plexiglas to prevent the mice from climbing or holding on to 

the surfaces while the shock is administered. The foot-shock apparatus was controlled by 

an 8-channel I/R controller obtained from Med Associates Incorporated (ENV 253C). In 

order to record and analyze freezing response, a camera was placed over the shuttle box 

and mice were tracked using the EthoVision tracking system from Noldus Information 

Technology Inc. (Leesburg, VA  20176).    

The paradigm for this study involved 3 training sessions and a final testing trial 9 

days after the last training session. Each individual training session and the testing trial 

lasted a total of 180 seconds. Tracking initiated 3 seconds after mice were placed inside 

the chamber to prevent tracking noise from the handler’s hands. For the training sessions, 

the time spent in the shuttlebox (180 secs) was divided into four parts to evaluate mouse 

movement for freezing/anxiety or lack thereof. (I) The exploration segment consisted of 

an 88 second period where mice either explored or showed freezing behavior. (II) After 

this 88 second period, mice were exposed to 30 seconds of a 2KHz pure tone sound cue, 

where once again their movement was evaluated. (III) Immediately following this 30 

second sound cue, a 1mA shock was administered for 2 seconds followed by (IV) 60 

seconds of recovery time, during which their movements were evaluated (Figure 2.4A). 

Nine days after the third fear conditioning training session, each mouse was tested 

for the retention of contextual fear and cued fear, by evaluating their ability to 
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predict/recall an aversive event. This evaluation was based on freezing, a behavior 

rodents use to display fear/anxiety. The 9-day separation was chosen based on findings 

that neuroplasticity-based remodeling occurs in the basolateral amygdala in relation to 

increased fear and anxiety related behaviors (Mitra et al., 2005). First, the animals were 

placed into the foot-shock chamber for 3 minutes in order to evaluate their ability to 

integrate the noxious stimuli and the context memory without the sound cue (Figure 

2.4B). About two hours after context memory was tested, the animals were placed in a 

novel box where the pure 2KHz tone was presented after 120 seconds for 30 seconds and 

the integration of the sound cue and the shock was evaluated over the remaining 60 

seconds (Figure 2.4C). Freezing duration was recorded on both occasions. In this study, 

our interest was on the percent time spent freezing, based on the absence of body 

movement except for respiration.  
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FOOT-SHOCK TRAINING AND TESTING 

A) Box A: Training session   B) Box A: Context-Shock Association  

                                 

C) Box B: Cue-Shock Association      

 

FIGURE 2.4: The images displayed above show the different stages of the foot-shock paradigm. Figure 

2.1A shows the training session, where the mice are placed in box A and conditioned. Figure 2.1B shows 

the testing session, where the mice are tested for the integration of the context and the shock in box A. 

Figure 2.1C shows a mouse in novel box B, where testing for the integration of the sound cue and the shock 

occurred. 

 

2.3.2. Statistical Analysis  

For the foot-shock study conducted on the CPF + PB + PER GW agent mouse 

model at the15 months (delayed) post-exposure time point, mixed linear model regression 

was used, as data were normally distributed.  All analyses were performed with SPSS 

13.0 (IBM corp. Armonk, NY) and the statistical significance was set at the alpha 0.05 

level. 
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2.4. Elevated-Plus Maze  

The Elevated Plus maze was used to evaluate the mice’s anxiety levels (Pellow et 

al., 1985; Rodgers and Dalvi, 1997). This test has been widely used to test anxiety levels 

in genetically modified mice and for drug discovery (Hogg et al. 1996). The elevated plus 

maze has been reliable in the screening of anxiolytic and anxiogenic drugs (Rodgers and 

Dalvi, 1997; Mechiel Korte and De Boer, 2003; Crawley, 2007). Therefore, this test was 

chosen to evaluate the role GW agents play in anxiety (see Figure 2.6). The elevated plus 

maze paradigm was administered to 23 CPF + PB + PER exposed and control mice at the 

17 months post-exposure time point (see Figure 2.5 for timeline) (see Table 2.1 and 2.3). 

Delayed Testing Time Point CPF + PB + PER Elevated Plus Maze Timeline 

 

FIGURE 2.5 shows the elevated plus maze timeline with the age of the mice and experimental timeframe in 

respect to the foot-shock and Barnes maze training periods for the CPF + PB + PER model.   
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FIGURE 2.5 displays the elevated plus maze. This maze was used to examine the anxiety differences 

between the treated group and the untreated group. The mice were placed in the middle of the maze and 

allowed to move freely. The nature of the closed arms is to create a sense of security, and the opened arms 

to create a sense of vulnerability since mice in general prefer confined spaces and the maze is elevated. 

Therefore, if a treated mouse spent more time in the closed arms as compared to the controls, it is regarded 

as more anxious.  

 

2.4.1. Protocol 

The apparatus used for the elevated plus maze test is made from plastic and 

designed in a plus-sign configuration. The maze is placed 50 cm above the floor, and is 

comprises 25 x 5 cm opened arms, placed across from each other and perpendicular to 

two 25 x 5 x 16 cm closed arms. There is also a platform center, measuring 5 x 5 cm, 

which divides the arms. The open arms are platforms without any walls, whereas the 

closed arms have 16 cm high sidewalls enclosing the arms (Figure 2.5). 

The behavior testing room illumination level is kept relatively dim. A mouse is 

placed in the center area of the maze with its head directed toward a closed arm. The 

elevated plus maze test is recorded using a video camera attached to a computer. The 

number of entries into each arm, defined by a mouse’s center of mass entering an arm, 

and the time spent in the open arms are recorded and these measurements serve as an 
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indication of anxiety related behavior. Anxious mice tend to spend more time in the 

closed arms. Mice are allowed to move freely about the maze for 5 minutes, while being 

recorded and tracked.  

Each mouse received one test trial. The application used for acquiring and 

analyzing the behavioral data was the EthoVision tracking system from Noldus. The 

distance traveled, the number of entries into each arm, the time spent in each arm, and the 

percent of entries into the open arms are calculated by the Etho Vision system. After each 

trial, all arms and the center area are cleaned with Quatracide PV-15 amonium chloride 

solution, which is an efficient odor removal agent used to prevent a bias based on 

olfactory cues. 

2.4.2. Statistical Analysis 

For the EPM study conducted on CPF + PB + PER GW agent mouse model at 15-

months (delayed) post-exposure time point, mixed lineal model regression was used 

because data were normally distributed.  All analyses were performed with SPSS 13.0 

(IBM corp. Armonk, NY) and the statistical significance was set at the alpha 0.05 level. 

2.5. Immunohistochemical Staining 

Inflammation, typified by astrogliosis and microgliosis, is common in most brain 

related illnesses (Reichenbach et al., 2010; Zhang et al., 2010). Therefore, the activation 

of astroglia and microglia was evaluated in different brain regions. These regions include 

the cortex, hippocampus, and the amygdala. See figure 2.7A for the immediate testing 
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time point CPF + PB + PER and CPF alone models timeline, and see figure 2.7B for the 

delayed testing time point PB + PER model timeline.  

2.5.1. Glial Fibrillary Acidic Protein (GFAP) 

Glial fibrillary acidic protein (GFAP) is expressed in the CNS in astrocyte cells. 

GFAP is known to be involved in cell-cell communication, including astrocyte-astrocyte 

and astrocyte-neuron communication, and is involved in the preservation of the blood 

brain barrier (Liedtke et al., 1996; Weinstein et al., 1991). It has been demonstrated that 

astroglial response to noxious events consists of hypertrophy (astrogliosis), proliferation 

(astrocystosis), and increased GFAP expression (Reichenbach et al., 2010). Once 

astroglia become activated, a neuroprotective role is assumed. If the activation status is 

prolonged, astrocytes may switch to a neurotoxic phenotype by releasing cytokines and 

inflammatory factors. Furthermore, this astrocytic switch compromises the normal 

physiological role, which may result in alterations in cerebrovascular function, cell-cell 

communication, and signaling pathways (Reichenbach et al., 2010; Achour and Pascual, 

2010; Abdullah et al., 2011). Therefore, immunohistochemical staining against GFAP is 

a good way to observe astroglia activity in different areas of the brain. This approach was 

used, and astroglia activity was evaluated in the cortical, hippocampal, and amygdalar 

regions. The mice used for GFAP staining included 12 mice from the immediate post-

exposure CPF + PB + PER model and the immediate post-exposure CPF model, and 10 

mice from the delayed post-exposure PB + PER model (see Table 2.1, 2.2, and 2.3). The 

same procedures were used for all models. 
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2.5.2. Ionized Calcium-Binding Adapter Molecule 1(IBA1) 

AIF1 is a gene that is localized in a segment of the major histocompatibility 

complex class III region. This gene is highly expressed in the testes and the spleen, but 

under normal conditions it is not readily expressed in brain tissue. However, activated 

microglia cells, like macrophages, do express this gene when there is brain inflammation 

due to neuronal injury or when disease states compromise the integrity of the tissue 

(Ohsawa et al., 2004). The expression of this gene leads to the increased production of 

IBA1, which participates in ―membrane ruffling‖ and plays a role in phagocytosis of 

debris by activated microglia (Ohsawa et al., 2004). Therefore, immunohistochemical 

staining against IBA1 was used to evaluate the correlation, if any, of microglial activation 

in the cortex, hippocampus, and the amygdala. The mice used for IBA1 staining included 

12 mice from the immediate post-exposure CPF + PB + PER model and the immediate 

post-exposure CPF model, and 10 mice from the delayed post-exposure PB + PER model 

(see Table 2.1, 2.2, and 2.3). The same procedures were used for all models. 
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A) Immediate Testing Time Point CPF + PB + PER and CPF alone 

Immunohistochemistry Timeline 

 

B) Delayed Testing Time Point PB + PER Immunohistochemistry Timeline 

 

FIGURE 2.7 shows the timeline with the age of the mice and experimental timeframe for the 

immunohistochemistry experiments. A) displays the immediate testing time point CPF + PB + PER and 

CPF alone models, and B) displays the PB + PER model.  

 

2.5.3. Protocol 

All animals were deeply anesthetized with isoflurane before being intracardially 

perfused by gravity drip with a heparinized PBS solution (pH 7.4). After the perfusion, 

the brain was collected and post-fixed overnight with 4% paraformaldehyde and paraffin 

embedded.   

Using the known bregma coordinates, separate series of 5-6 µm-thick sagittal 

sections were cut using a microtome (2030 Biocut, Reichert/Leica, Grove, IL). These 

sections included the cortex, hippocampus, and amygdala. The cut sections were mounted 

onto positively charged glass slides obtained from Fisher (Superfrost Plus, Pittsburg, PA). 

The sections were deparaffinized in xylene and then exposed to a rehydrating 

ethanol series in preparation for the immunohistochemical procedure. Sections were then 
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rinsed in water and subsequently incubated at room temperature in a solution of 

endogenous peroxidase blocking solution, containing 0.3% hydrogen peroxide diluted in 

phosphate buffer solution (PBS: 0.1M, pH 7.4) for 30 minutes. Sections were further 

incubated with protein block serum-free solution (Dako, Carpentaria, CA) for a period of 

1hr in a humid chamber at room temperature. Series of sections were stained in batches 

with primary antibodies made up in antibody diluent-background reducing agent, raised 

against: (I) GFAP (rabbit anti-GFAP, 1:10,000, Dako, Carpentaria, CA) for astrocyte 

activation, (II) and IBA1 (goat polyclonal anti-Iba1, 1:1000, Abcam, Cambridge, MA) 

for microglia activation. 

After overnight incubation with the relevant primary antibodies, sections were 

rinsed with PBS, transferred to a solution containing the appropriate secondary antibody 

(from the Vecatastain Elite ABC Kit, Vector Lab, Burlingame, CA) for 1hr, and then 

incubated with avidin-biotin-horseradish peroxidase solution (Vectastain Elite ABC kit; 

Vector Lab, Burlingame, CA) for a further hour.   

Immunoreactivity was visualized with 3,3’-diaminobenzidine (DAB) chromogen, 

and hydrogen peroxide. Development with the chromogen was timed and applied as a 

constant across batches to limit technical variability (in immunodetection) before 

progressing to quantitative image analysis. The reaction was terminated by rinsing 

sections in distilled water. Finally, mounted sections were progressed through a 

dehydration gradient series of alcohols, cleared in xylene and coverslipped with 

permanent mounting medium. Immunoreacted sections were viewed using an Olympus 

(BX60) light microscope and photos taken using an Olympus MagnaFire SP camera.  
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2.5.4. Statistical Analysis 

 The relationships between staining/cell counts in each brain area and treatment 

group were examined by one-way analysis of variance (ANOVA) using a criterion of 

p<0.05 to assess group differences and post hoc (Tukey’s) unequal N honest significant 

differences test. A non-parametric Mann Whitney U-test was used where the sample size 

did not fit the normal Gaussian distribution. All analyses were performed with SPSS 17.0 

(IBM corp. Armonk, NY). 
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RESULTS 

3.1. Behavior 

The results below will display foot-shock data for the delayed testing time point 

PB + PER + CPF exposure regimen, Barnes maze data for the immediate testing time 

point PB + PER and the delayed testing time point PB + PER and PB + PER + CPF 

exposure regimens, and elevated plus maze for the delayed testing time point PB + PER 

+ CPF exposure regimen.  

3.1.1. Barnes Maze Immediate Post-Exposure Testing Time Point PB + PER  

For the immediate testing time point PB + PER post-exposure studies, training 

trials were conducted daily on post-exposure days 10-13 to train mice to locate and enter 

the escape hole. Figure 3.1A shows that exposed mice learned this task better than control 

mice, as evidenced by a shorter duration of time spent in the arena over the 4-day training 

period (Wald = 12.08, p < 0.01). For testing trials, on post-exposure day 14, exposed 

mice more frequently visited the escape hole location than control mice. On post-

exposure day 47, there were no differences between the two groups. However, on post-

exposure day 77, exposed mice less frequently visited the escape hole than control mice 

and these differences were statistically significant (Wald = 5.93, p = 0.05, Figure 3.1B). 

Examination of primary errors (represented by a comparison of percentage frequency of 

nose-poke in escape hole vs. other holes - not including two holes adjacent to the target 

hole) provided supporting data that on post-exposure day 77, exposed mice had less 
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accuracy than control mice in identifying the escape hole (Wald = 3.03, p = 0.08, Figure 

3.1C). 

Barnes Maze: PB + PER Immediate Post-Exposure Tests 

A) Duration of Time in Arena      B) Frequency of Nose Pokes in  
During Training Trials Escape Hole During 

Testing Trials 

 

 

C) Correct Nose Pokes vs. Incorrect Pokes During Testing Trials 

FIGURE 3.1: Barnes Maze Mean ± SEM, n = 10 within each of the exposed group and the control group. 

(A) For the training trials, duration of time in arena was lower for PB +PER exposed mice than controls 

and a significant interaction between training days and exposure was observed, *denotes p < 0.01 for a 

main exposure effect (based on generalized linear model where training days and exposure were 

incorporated as fixed main factors). (B) Data on the frequency of nose-pokes in the escape hole during the 

testing trials showed a significant interaction between exposure and post-exposure days on this outcome, 
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where exposed mice performed better than control mice on day 14, but this pattern reversed on day 77, p < 

0.05 (based on generalized linear model with days and exposure were incorporated as fixed main factors). 

(C) Examination of primary error % (as measured by % frequency of correct nose-poke vs. those in other 

holes outside of target zone) during testing trials showed that the error rate was numerically increased in 

PB+PER exposed mice compared to control mice on post-exposure day 77, p > 0.05. 

 

3.1.2. Barnes Maze Delayed Post-Exposure Testing Time Point PB + PER 

The Barnes maze protocol was performed at the 15-month post-exposure time 

point and it was noted that during training, while control mice showed proper learning 

following each training session, exposed mice performed poorly and their performance 

was highly variable, as evidence by the total distance traveled by each group  (Wald = 

25.7, df = 12, p = 0.012 for an interaction between trials and exposure) (Figure 3.2A). 

The total time spent in the arena was not significant (data is not shown), and the nose 

poke difference was also not significant. However, during the testing trial immediately 

following the training, a statistically significant difference was noted between exposed 

and control mice for distance to target hole and a similar pattern was also observed 

during the testing trial performed 30 days later (F = 13.1, p = 0.001) (Figure 3.2B).   
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Barnes Maze: PB + PER Delayed Post-Exposure Tests 

A) Total Distance Traveled During Training Trials 

   
 
B) Total Distance Traveled During Testing Trials  

 
  
FIGURE 3.2: Barnes Maze Mean ± SEM, n = 10 within each of the exposed group and the control group.  

A) Depicts the 4 training sessions and the total distance traveled during the training trials, as is seen this is 

lower for the controls as compared to the PB +PER exposed mice. P< 0.05 B) This graph depicts the 

variable distance traveled to the target hole during the testing trial. A statistically significance effect of 

exposure was observed, where control mice traveled less distance before getting to the target hole 

compared to exposed mice, p < 0.05).  
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3.1.3. Barnes Maze Delayed Post-Exposure Testing Time Point CPF + PB + PER 

For delayed post exposure studies, there were no differences between the 

exposure and the control group on learning during the training trials (p > 0.05, data not 

shown). Testing trials were conducted on the 15, 16, and 17 month post-exposure time 

points, and as seen in figure 3.3 exposed mice learned this task better than control mice, 

as evidenced by a shorter distance to target hole in every testing trial (Wald = 4.6, p = 

0.04). 

Barnes Maze: Delayed Post-Exposure PF + PB + PER  

 

 

FIGURE 3.3: Barnes Maze Mean ± SEM, n = 12 within each of the exposed group and the control group. 

Distance to target hole was lower for CPF+PB+PER exposed mice than controls during testing, p < 0.05. 

3.1.4. Foot-Shock Delayed Post-Exposure Time Point CPF + PB + PER  

 The foot-shock paradigm was performed at the 15 month post-exposure time 

point. As can be seen in figure 3.4 the exposed mice showed significantly higher 
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immobility than the control group on the third training day (t-test = -2.17, df = 21, p = 

0.04) . However, during the testing trial, there were no significant differences between 

the two groups (data not shown). 

Foot-Shock: Delayed Post-Exposure CPF + PB + PER  

 

 
 

FIGURE 3.4: The results for the foot-shock paradigm ± SEM are presented as the duration each group 

spent immobile during the three training days. On day 1 the exposed group spent more time frozen, but it 

was only day 3 that a statistical significance was observed. The testing trial data is not presented as it was 

not significant.   

3.1.5. Elevated Plus Maze Delayed Post-Exposure Time Point CPF + PB + PER  

 For the delayed post-exposure CPF + PB + PER elevated plus maze, there were 

no significant differences between the exposed and control mice. These data are not 

displayed.  
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3.2. Immunohistochemistry  

 The data below displays GFAP and IBA1 immunohistochemistry for the 

immediate post-exposure testing time point PB + PER + CPF, CPF alone, and PB + PER 

models, as well as the delayed post-exposure testing time point PB + PER and PB + PER 

+ CPF models.  

3.2.1 GFAP Staining of Immediate Post-Exposure Time Point PB + PER + CPF  

and CPF Alone 

GW agent exposure upregulates astrocytic activation. Figure 3.2 shows the effects 

of GW agents on astrocytic activation as determined by GFAP immunostaining. 

Exposure to CPF + PB + PER treatment significantly increased GFAP immunoreactivity 

in the piriform cortex and the basolateral amygdala both qualitatively and quantitatively 

(Figures 3.5 and 3.7G and I, M and O). Exposure to CPF alone increased GFAP cell 

immunostaining in the motor cortex and CA3 (Figure 3.7D, E, J, K). However this 

change was only significant in the motor cortex (Figure 3.5). Activated GFAP cells were 

hypertrophic with a prominent cell body and thick intermediate filaments (Figure 3.7K). 

3.2.2. IBA1 Staining of Immediate Post-Exposure Time Point PB + PER + CPF 

and CPF Alone Post-Exposures 

Subtle effects of GW agents on microglial cells are seen in figure 3.4. Analysis of 

Iba1 immunostaining  after GW agent exposure showed minimal changes in all regions 

examined, following both qualitative and quantitative analysis (Figure 3.6 and 3.8). A 

slight but noticeable increase was seen in the motor and piriform cortices following CPF 
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treatment, compared to controls, however this was not statistically significant (P<0.05). 

The morphological characteristics of (Iba1+) cells were relatively similar in each region, 

for all groups examined. Positive cells resembled resting/quiescent microglia cells (see 

Figure 3.8). Therefore, neither the single nor the combined GW agent exposures had any 

significant effect on microglia activation at this time point. 

 

GFAP: Immediate Post-Exposure CPF + PB + PER, and CPF alone 

 

 
 

 

 
FIGURE 3.5: Immunohistochemical reaction to GFAP ± SEM shows a significant increase in GFAP 

immunoreactivity (by 1.5-2fold) in the piriform cortex and basolateral amygdala (BLA) following 

CPF+PB+PER treatment compared to control (and CFP treatment alone). Combined CPF+PB+PER 

treatment did not alter GFAP immunoreactivity compared to control (DMSO), in the corpus callosum (CC), 

motor cortex and hippocampus. GFAP immunoreactivity was significantly lower in both the cortex and 

hippocampus of mice treated with all three agents, as compared to treatment with CPF alone. CPF 

treatment alone also significantly increased GFAP immunoreactivity in the motor cortex. Data in (A-D) are 

plotted as mean values ± SEM. (*) p<0.05, (**) p<0.01. 
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IBA1: Immediate Post-Exposure CPF + PB + PER, and CPF alone 

 
 
 

FIGURE 3.6: Immunohistochemical reaction to IBA ± SEM shows a minimal effect on Iba1 

immunostaining in all regions examined, following CPF or CPF+PB+PER treatment. A slight increase was 

noticed in the motor and piriform cortex (by 1.5 fold) following CPF treatment, compared to controls, 

however this was not statistically significant (P<0.05). Data in (A-D) are plotted as mean values ± SEM. 

(*) p<0.05, (**) p<0.01. 

 

 



 
 

56 
 
 

 
 

FIGURE 3.7 shows GFAP immunoreactivity detected (400X) within the corpus callosum (CC), motor 

cortex (M-cortex), piriform cortex (P-cortex), hippocampus (CA3 region) and basolateral amygdala (BLA) 

of 11 week old-mice treated with DMSO (A, D, G, J, M), CPF (B, E, H, K, N) or CPF+PB+PER (C, F, I, L, 

O). Combined CPF+PB+PER treatment dramatically increases GFAP immunoreactivity in the piriform 

cortex and basolateral amygdala compared to controls (G-I; M-O). GFAP immunostaining was greater in 

the CPF+PB+PER animals compared to CPF animals, within these same regions. In the motor/piriform 

cortex, hippocampus (see CA3) and basolateral amygdala, CPF treatment alone increases GFAP 
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immunostaining (E, K, N). This response was particularly evident in the CA3 of the hippocampus (K). 

Morphologically, these activated cells demonstrated hypertrophic cell somata and thicker/numerous 

intermediate filaments (see inset K, three stars). Scale bar represents 75μm in all images. 

 

 

 
 

FIGURE 3.8 shows Iba1 immunoreactivity detected (600X) within the motor cortex (M-cortex), piriform 

cortex (Pcortex), hippocampus (CA3 region) and basolateral amygdala (BLA) of 11 week old mice treated 

with DMSO (A, D, G, J), CPF (B, E, H, K) or CPF+PB+PER (C, F, I, L). Changes in Iba1 

immunoreactivity were minimal, however some notable effects were seen in the motor and piriform cortex. 

CPF treatment slightly increased Iba1 immunostaining in these regions (B, E) compared to controls. The 

morphology of these (Iba1+) cells were relatively similar in each region, there was no indication of a 

dramatic increase in microglia activation characterized by; an increase cell somata or thicker/bushy cellular 

processes. Scale bar represents 37.5μm in all images. 
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3.2.3. GFAP Staining of Delayed Post-Exposure Time Point PB + PER  

Figure 3.9 shows that PB + PER exposure can upregulate astrocytic activation at 

the chronic post-exposure time point. Astrocyte activation was observable in the CA3 

region of the hippocampus and the basolateral amygdala, both qualitatively and 

quantitatively (see Figure 3.9 and 3.10 C and D, E and F). The GFAP staining was 

statistically significant in the hippocampus and amygdala (F = 11.7, p < 0.01). 

GFAP: Delayed Post-Exposure PB + PER  
 

 
 
FIGURE 3.9: Immunohistochemical reaction to GFAP ± SEM shows a significant increase in GFAP 

immunoreactivity in the CA3 region of the hippocampus and the basolateral amygdala following CPF + PB 

+ PER treatment compared to control. Combined PB + PER treatment did not alter GFAP 

immunoreactivity compared to control in the cortex.  

 

 

 



 
 

59 
 
 

 
 

FIGURE 3.10 shows GFAP immunoreactivity detected (400X) within the motor cortex (M-cortex), 

piriform cortex (P-cortex), hippocampus (CA3 region) and basolateral amygdala (BLA) of 16 month old-

mice treated with DMSO (A, C, E), or PB+PER (B, D, F). Combined PB+PER treatment increases GFAP 

immunoreactivity in the CA3 region of the hippocampus and basolateral amygdala compared to controls (G 

and I; E and F). Scale bar represents 75μm in all images. 

3.2.4. IBA1 Staining of Delayed Post-Exposure Time Point PB + PER  

 For the delayed post-exposure PB + PER IBA1 immunohistochemistry stains, 

there were no significant differences between the exposed and control mice. These data 

are not displayed. 
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DISCUSSION 

Behavior  

Barnes Maze  

In the PB + PER immediate post-exposure Barnes maze experiments, all mice 

learned how to escape into the target box. However, it was evident that the PB + PER 

exposed mice learned the task more quickly than control mice during post-exposure 

training days 10-13 (see Figure 3.1A). This is supported by the fact that the exposed mice 

spent less time in the arena during these training days than the control mice, and a 

significant difference was observed on the last day of training trials. The same pattern 

was evident in the testing trial carried out on post-exposure day 14, as the exposed mice 

had a significantly higher number of nose pokes in the target hole as compared to the 

control mice. There were no differences between the two groups in the second testing 

trial carried out on post-exposure day 47. However, in the third testing trial carried out on 

post-exposure day 77, a reverse pattern was seen where exposed mice performed 

significantly worse than control mice (Figure 3.1B). This evidence suggests that there is 

an association between performance and the post-exposure period, where the 

performance of the control mice got better over time, but that of the exposed mice 

decreased. Furthermore, when it comes to the percentage of nose poke errors, it was seen 

that exposed mice had a higher percentage of nose poke errors in all three of the testing 

trials, but it was only significant in the third trial (Figure 3.1C). These data demonstrate 

that the cognitive impairment observed in this Barnes maze experiment is not an artifact 

of changes in control mice, as both exposed and control mice had lowered frequency of 
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nose pokes in the escape hole and an associated increase in the frequency of incorrect 

nose-pokes when comparing the first testing trial on day 14 to the third testing trial on 

day 77. This is, therefore, further proof that at an immediate post-exposure testing time 

point, exposure to PB + PER diminishes the mice’s ability to perform in the Barnes maze, 

and impaired performance is directly correlated with increased post-exposure time.  

In the delayed post-exposure Barnes maze studies, like the immediate post-

exposure studies, both control and PB + PER exposed mice learned the task during the 

training trials. However, unlike the immediate post-exposure studies, this delayed post-

exposure model took longer to learn the task. This is seen in figure 3.2A, where the data 

show that the exposed mice had a significantly higher distance traveled before going into 

the target hole as opposed to the control mice. This effect is also seen during the testing 

trials carried out on the 15 and 16 month post-exposure time point, where the exposed 

mice had a significantly higher distance traveled as compared to the control group (see 

figure 3.2B). These data suggest that at the delayed testing time point, the PB + PER 

model continue to perform worse than their control counterparts in a time dependent 

manner.  

It is apparent that at the immediate testing time point, the exposed mice performed 

better than the control and progressively perform worse. It was also observed that at the 

delayed time point the exposed mice performed worse from the beginning of the training 

trials and continued to perform worse than the control mice. Therefore, the delayed post-

exposure testing model also suggests that the crippled performance seen in the PB + PER 

exposed mice is time point related. Learning is not affected in the immediate post-
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exposure PB + PER mice in the beginning, as evidenced by their ability to learn the task 

efficiently. However, there seems to be a problem as time passes in memory recall or 

long term memory storage, as is seen in their diminished performance in recalling the 

target hole during the testing trials. During the delayed post-exposure time point for the 

PB + PER mice, there were impairments both in learning and memory recall as these 

mice performed significantly worse than their control counterparts during the training and 

testing phases of the experiment.  

It was observed that mice exposed to CPF + PB + PER learned the task just as 

well as the control mice during the training trials at a delayed post-exposure time point, 

as there were no differences in their performance (data not shown). In fact, as is seen in 

figure 3.3, the exposed mice had a significantly lower distance traveled before reaching 

the target hole in the first, second, and third testing trials, carried out at the 15, 16, and 17 

month post-exposure time point respectively. These data suggest that the exposed mice 

performed better in this task than the control group, which is interesting when compared 

to the PB + PER immediate and delayed post-exposure mice. Since the mice with the 

triple exposure (CPF + PB + PER) performed better compared to their control counter 

parts than the mice with the double exposure (PB + PER), it is theorized that the 

combination of CPF and PB may ameliorates the behavioral symptoms. Although in 

these experiments the data suggest that CPF ameliorates PB + PER damage, this is 

contradictory to the expected effects of PB and CPF activation. It is necessary to have a 

delayed CPF exposure group and compare the effects to the CPF + PB + PER. 

Comparing these exposure regimens holds promise for further studies, which may help 
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models get closer to the cognitive impairment seen in GWI clinical and pre-clinical 

settings, and elucidate new modes of action for these chemicals. 

Foot-Shock  

 During the training sessions, the exposed mice spent more time frozen as 

compared to the controls. This was significant on the third training day (Figure 3.4), 

however during the testing trials there was no significant difference between the control 

and exposed group (data not shown). This lack of significance during the testing trial 

might be attributed to the mice’s old age. These mice were 16 months old when exposed 

to this paradigm. This same factor might also be present in the Barnes maze, since these 

mice were the same age in the delayed post-exposure testing group. A good way to rule 

this possibility out would be to perform this fear conditioning paradigm on an immediate 

post-exposure CPF + PB + PER model, a PB + PER only and CPF only delayed post-

exposure testing models. The immediate time point triple exposure model would serve as 

a fresh point of comparison as young mice should not have issues in learning. Also, the 

PB + PER and CPF only delayed time point models would help to provide insights on the 

interaction between PB and CPF, as this may be a possible reason for the lack of 

difference between exposed and control mice during the testing trials. Another possible 

variable that might have prevented the treated mice from being significantly different 

during the testing trials was the length of the trial. Perhaps if more time was given to 

evaluate the freezing response, a significant difference would be achieved. Although it 

was not significant, a trend towards increased anxiety was observed in the treated mice. 
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Elevated Plus Maze  

 During the elevated plus maze paradigm there were no significant differences 

observed between the delayed post-exposure testing time point CPF + PB + PER mice 

and their control counterparts. Once again, it may be speculated that the triple exposure 

does not have as serious an effect as the double exposure in the anxiety and memory 

aspects of cognition due to PB protection. As stated above, anxiety behaviors seen in the 

open field test have been noted before with the PB + PER mice, however it would be 

interesting to also use these mice in the elevated plus maze paradigm.   

Immunohistochemistry 

It was hypothesized that astroglia activation would be apparent in the GWI mouse 

models, since astroglia displaying acetylcholine receptors may be activated by increased 

levels of acetylcholine in the synapse, and this is a feature of acute exposure to GW 

agents. This was verified in the immediate PB, PER, and CPF post-exposure models. It 

was observed that systemic administration of CPF treatment (alone), significantly 

upregulated GFAP immunoreactivity and increased the hypertrophic astrocytic 

phenotypes in the motor cortex and hippocampus of exposed mice compared to controls. 

A similar effect was also shown with CPF in combination with PB + PER in the piriform 

cortex and basolateral amygdala. This apparent impact on different brain regions is 

consistent with the heterogeneity of GWI symptoms such as olfactory dysfunction, 

cognitive deficits and anxiety, which relate to these different cholinergic enriched sites in 

the brain (Barlow et al., 2008). A greater effect on GFAP immunoreactivity was observed 

with CPF + PB + PER treatment compared with CPF alone, in the piriform cortex and 
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basolateral amygdala. The reason behind this greater effect seen with the combined 

chemical dosing regimen compared to individual GW agent exposure has been linked to 

the potential interaction between these chemicals on their metabolic rate of detoxification 

(Ma and Chambers, 1994; Sultatos et al., 1984) Pyridostigmine bromide and PER are 

metabolized by both human plasma and liver microsomal enzymes, while the major site 

of CPF metabolism is the liver, where it is rapidly bioactivated (desulfurated) by a P-450-

dependent monooxygenase to CPF oxon (Ma and Chambers, 1994; Sultatos et al., 1984). 

The rate of detoxification of CPF oxon is rapid and therefore it is rare to find this 

compound in body fluid samples, except at very high exposures (Nolan et al., 1984). 

However, a combined exposure to all these chemicals may increase their neurotoxicity as 

it has previously been shown that combined exposure to these or similar compounds 

impedes the body’s ability to eliminate them, due to competition for detoxifying enzymes 

(Choi et al., 2004; Usmani et al., 2002). This therefore raises the significance of the 

interaction between combined GW agent exposure, and further supports the retrospective 

reports that veterans exposed to a combination of low levels of organophosphate and 

pyrethroid-based pesticides, and PB pills had a higher prevalence of GWI (compared to 

single GW agent exposure) (Barlow et al., 2008). In addition to the aforementioned 

findings on astrogliosis, there were differential effects on specific brain regions with 

either treatment. For example, CPF alone increased the immunoreactivity of GFAP in the 

motor cortex and hippocampus, however this effect was not present with the combination 

of CPF with PB+PER. In the delayed post-exposure time point PB + PER models, it was 

observed that astrogliosis was significantly increased in the hippocampus and basolateral 

amygdala of the treated mice as compared to the controls. The reason behind these 
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regional brain specific effects is unknown, but may be attributed to differential 

modulation of cholinergic activity in astrocyte populations located in different sites of the 

brain. 

Brain related illnesses usually affect neuronal integrity, which in turn influences 

the activation of glial cells (Reichenbach et al., 2010). Reactive astrogliosis (and 

inflammation) is a common feature of most neurodegenerative disorders, and, in support 

of our data, has been consistently shown to occur both in vitro and in vivo in animal 

models following (single and combined) chronic exposure to various GW agents, such as 

PB, CPF, PER and N,N-diethyl-meta-toluamide (DEET) (Abdel-Rahman et al., 2004; 

Abdullah et al., 2011) Protoplasmic and fibrous astrocytes undergo certain cellular 

alterations in response to acute injury, classified by hypertrophy (astrogliosis), 

proliferation (astrocytosis) and increased GFAP expression. Once activated, astrocytes 

could potentially be neuroprotective. However if their activation status is prolonged, 

astrocytes may switch to a neurotoxic phenotype by releasing inflammatory cytokines 

and cytotoxic factors, including surrendering their normal physiological roles that could 

adversely affect neuronal and cerebrovascular function (Achour and Pascual, 2010; 

Reichenbach et al., 2010). Mechanisms behind the upregulation of astroglial activation in 

the brain after GW agent exposure are currently under debate. Astrocytes are known to 

express muscarinic and α7 nicotinic ACh receptors and activation and/or upregulation of 

these receptors is linked to astrocytic activation (Liu et al., 2012) GW agents could 

potentially exert their effects via ACh receptors on astrocytes in the brain directly, or 

alternatively indirectly through the peripheral nervous system (Borovikova et al., 2000).  
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Reactive microglia with Iba1 immunostaining were not observed after exposure to 

CPF alone or combination with PB and PER in the immediate post-exposure time point. 

Reactive microglia were also not seen at the delayed PB + PER post-exposure time point. 

These findings are consistent with previous work done at the Roskamp Institute showing 

a complete lack of microglial activation in two different mouse models of GW agent 

exposure; PB + PER (8 days post-exposure) and PB + PER + DEET + Stress (150 days 

post-exposure) (Abdullah et al., 2011; Abdullah et al 2012). This observed difference 

between astroglia and microglia responses may indicate cell specific cholinergic effects 

in vivo, which warrant further studies. 

Improvements and Suggestions  

 The work done with these models thus far has been interesting and productive, 

however a great deal of work is still necessary to fully elucidate the pathology of GWI. 

For instance it is necessary to directly look at the integrity of the cholinergic system. This 

includes AChE activity for all variants, and the activity of choline acetyltransferase 

which will give information regarding the production of acetylcholine and how it is 

altered (if at all) after GW agent exposure. This would have to be done at immediate and 

delayed post-exposure testing time points with different exposure models. Another 

helpful avenue to take would be to create models that incorporate PTSD. For example an 

experimental design incorporating a GWI/PTSD mouse model, GWI only, PTSD only, 

and control would help to pinpoint differences in PTSD and GWI pathology, particularly 

dealing with the HPA axis. Finally, it would be helpful to perform experiments on the 

same mice at an immediate and then at a delayed post-exposure time point, and use 



 
 

68 
 
 

another type of biomarker to detect stress, such as cortisol, which may be collected from 

saliva and urine. 

Concluding Remarks  

 Previous thought has categorized GWI as a primarily somatic disorder. However 

recent findings including behavioral and neuroimaging studies show a prominent CNS 

component to this illness. In fact, it would appear that the CNS symptoms seen in GWI 

may be separated into different subtypes, depending on the cognitive aspects being 

evaluated. Sensory and motor impairments are also seen in these patients. Although there 

are a number of avenues being explored (as may be seen in the clinicaltrials.gov website 

when GWI is searched), currently there are no approved treatments available for GWI 

that can either provide symptomatic relief or target the underlying CNS pathology. An 

additional 50,000 GW veterans continue to suffer from unexplained illnesses, but have 

not received a formal diagnosis of GWI. These issues may be targeted with a better 

understanding of the pathobiology, and this may in turn be addressed using preclinical 

animal models, as these present a great deal of information regarding the effects of GW 

exposures.  

 Current research is already changing the way that the government responds to 

GW related exposures. Although not necessarily related to GWI, in a Department of 

Defense report (1993), the Deputy Under Secretary of Defense introduced pest 

management initiatives which have resulted in improved standards and practices. These 

included reducing pesticide use in military installations by 50%. This was also 

accompanied by improved training of pesticide applicators and an increased awareness 
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among military personnel of pesticide use. For instance, a 20-33% DEET formulation is 

now provided to military personnel involved in Operation Iraqi Freedom compared to the 

75% DEET that was issued during the first Gulf War. 

 In the civilian population both here in the United States and other countries, the 

use of pesticides is of concern and has been implicated in a number of neurological 

illnesses. Findings reported from a longitudinal study in Cache county Utah indicate that 

the use of organophosphate AChE inhibitors can increase the risk of developing 

Alzheimer’s disease and related disorders (Hayden et al., 2010). Another study conducted 

in the Bordeaux region of France followed agriculture workers over the course of 4 years. 

The results indicated that agriculture workers directly exposed to pesticides during 

midlife have an increased risk of early neurocognitive decline (Baldi et al., 2011). In the 

past decade, the Environmental Protection Agency has initiated a gradual elimination of 

organophosphate use in the urban household (2002). However, this has resulted in a 

switch to other easily available pesticides including PER and nearly 100 million 

applications of PER are made each year in US homes (Power and Sudakin, 2007). This is 

accordance with data released by the American Association of Poison Control Centers 

Toxic Exposure Surveillance System, which show an increase in pyrethroid exposure 

related adverse events that positively correlate with a decline in organophosphate related 

incidences (Power & Sudakin, 2007). Therefore, the exposure to these chemicals may 

increase the likelihood of developing neurological disorders. These disorders are not 

limited to GW veterans or the developed world. These exposures are readily seen in the 

developing world, where such environmental and health protecting organizations do not 

exist and education on the toxicity of these chemicals is lacking. As a result, 
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understanding of the molecular mechanisms of such exposures may help to identify 

pesticide related neurocognitive dysfunction so that appropriate corrective measures may 

be taken to reduce the CNS complications associated with pesticide use. Although the 

current work is performed within the context of GWI, these findings provide novel 

insights into the neurotoxic mechanisms associated with these chemicals. 
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