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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM AND SPECIFIC AIMS OF THE PROJECT 

About 50- 70% of individuals in the United States experience at least one 

traumatic event during their lifetime (Kessler et al. 1995; VA/DoD 2010). Out of 

the trauma exposed individuals 18- 20% develop post traumatic stress disorder 

(PTSD) (Kessler et al. 1995). Symptoms of PTSD such as intrusive recollections 

of the trauma (e.g. nightmares, flash backs), emotional numbing and 

hyperarousal (e.g. increased startle reactivity, difficulty sleeping) can be very 

debilitating (American Psychiatric Association 2000; VA/DoD 2010). PTSD is 

very difficult to treat resulting in an estimated annual productivity loss in the US of 

3 billion US dollars. Current treatments such as selective serotonin reuptake 

inhibitors (SSRis) and cognitive behavioral therapies (CBT) have only low to 

moderate efficacy (Kessler et al. 1995; Defense Health Board Task Force on 

Mental 2007; Zatzick et al. 2007; VA/DoD 2010). Therefore, prevention and early 

intervention is crucial to decrease the prevalence of the disease. 
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The fact that not all trauma exposed individuals develop PTSD suggests 

that there may be individual risk factors that confer susceptibility to some 

individuals. If there are such risk factors, recognizing them, identifying individuals 

at risk and investigating physiological and psychological differences in these 

individuals will be key in understanding the etiology of PTSD and developing 

suitable treatment methods. However, there are ethical limitations to such 

investigations in humans and this makes animal models a useful tool. 

Rats, like humans, show heterogeneity in post trauma responses (Yehuda 

and Antelman 1993; Cohen and Zohar 2004; Adamec, Holmes, and Blundell 

2008). There are existing animal models of PTSD that classify subjects as those 

with or without PTSD-Iike phenotype (Siegmund and Wotjak 2006; Yehuda and 

LeDoux 2007; Adamec, Holmes, and Blundell 2008; Cohen et al. 2012). 

However, such classifications have been made after a traumatic event. These 

models have, undoubtedly, provided valuable information about the disease. But 

the possibility of comparing processes that occur during and immediately after 

the trauma is limited in these models. Such studies will be possible only in 

prospective models in which rats at risk of developing PTSD-Iike phenotype can 

be identified.prk>r to the trauma 

In this study, we aimed to develop such a prospective animal model to 

investigate neurobiological processes underlying PTSD-Iike behaviors. We 

hypothesized that rats susceptible to developing PTSD-Iike symptoms can be 

behaviorally identified prior to trauma and will have pre-existing differences in 
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hippocampal plasticity-related responses, as compared to rats that are resistant 

to developing PTSD-Iike symptoms. 

Specific Aim I tested the hypothesis that animals can be reliably classified as 

Susceptible or Resistant to developing PTSD-Iike symptoms before experiencing 

a traumatic event. If indeed there are susceptibilities, it is likely that they can be 

behaviorally detected prior to the trauma. Therefore, we investigated behavioral 

measures that will reliably identity rats susceptible· to developing PTSD-Iike 

symptoms to a later trauma. 

Specific Aim II tested two hypotheses: 1) Susceptible rats will have alterations in 

plasticity-related responses in the hippocampus, prior to the trauma and 2) 

Susceptible rats will differ from resistant rats in the processing of the traumatic 

event. There is convincing evidence from human studies that smaller 

hippocampal volume and hippocampal functional deficits, specifically, deficits in 

configura! processing of contextual cues are risk factors to developing PTSD 

(Gilbertson et al. 2002; Bremner et al. 2003; Gilbertson et al. 2007). Therefore, 

we first tested if Susceptible rats have alterations in the fidelity of hippocampal 

responses before the trauma. In particular, we compared the expression pattern 

of plasticity-related immediate early genes (lEGs) between Susceptible and 

Resistant rats, before trauma exposure. We further tested if Susceptible rats 

differed from the Resistant rats in lEG expression during a traumatic event. 
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B. BRIEF LITERATURE REVIEW 

Activation of the stress response system of the body is an adaptive 

response which is critical to counter physical, mental or emotional stress. 

However, uncontrolled or sustained activation of this normal reaction is 

maladaptive and can lead to disorders like post traumatic stress disorder (PTSD). 

The Diagnostic and Statistical Manual of Mental Disorders (DSM) IV 

describes. PTSD as a complex anxiety disorder resulting from exposure to an 

event that was perceived as extremely traumatic. PTSD is characterized by 3 

clusters of symptoms, which when present for at least a month warrant positive 

diagnosis. The 3 symptom clusters are; 1) Re-experiencing of the traumatic 

event through flashbacks, intrusive recollections and nightmares, 2) avoidance of 

trauma related stimuli and numbing of general responsiveness, and 3) hyper

arousal. If the symptoms last for less than three months it is considered acute 

PTSD, but if the symptoms persist for more than three months it is chronic PTSD. 

The symptoms usually present themselves immediately after the trauma. 

However, if they appear after 6 months post-trauma it is called delayed onset 

PTSD (American Psychiatric Association 2000). Symptoms of PTSD are 

.distinguished from normaL r.emembering..J)f _the.lraumatic event because of their 

persistent and intrusive nature, ability to elicit emotional distress and disrupt daily 

life. 
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PTSD has a lifetime prevalence of 3.6% among men and 9.7% among women in 

the general population and about 25-40 % in high risk population (e.g. soldiers, 

firefighters) (Kessler et al. 1995; VA/DoD 2010). Not all trauma exposed individuals 

develop PTSD; suggesting there may be risk factors that render some people 

susceptible to developing this condition. 

At present, there is no cure for PTSD and the current treatment methods 

(e.g. SSRis) aim at alleviating the symptoms and have so far been able to 

achieve only low to moderate efficacy (Zhang and Davidson 2007). Since 

established PTSD is difficult to treat, preventing onset or providing early 

intervention would be the best approaches to reduce the number of people 

affected by PTSD. It would be ideal if individuals with susceptibilities could be 

identified prior to trauma exposure and provided preventive treatments and 

targeted for early intervention upon trauma exposure. 

In order to develop preventive measures and better treatment methods, it 

is important to understand the etiology and pathophysiology of the disease. A 

good part of our current knowledge base on PTSD is obtained from people with 

established PTSD.. Although, various neurobiological changes have been 

identified in -these people, it is not clear which.of .these factors are .pre-existing 

conditions that contribute to the etiology of PTSD and which are disease 

outcomes. Some of the neurobiological changes associated with PTSD are 

discussed below. 



Brain regions involved in PTSD 

The HPA axis: 

6 

The hypothalamic-pituitary-adrenocortical (HPA) axis is the central 

regulator of the mammalian stress response and has received special attention in 

PTSD studies. Exposure to a stressor induces the activation of the sympathetic 

nervous system, leading to the release of norepinephrine from the adrenal 

medulla. Stressors also activate the HPA axis leading to release of corticotropin 

releasing factor/hormone (CRF/CRH) from the paraventricular nucleus of the 

hypothalamus (PVN). CRH stimulates the anterior pituitary to release 

adrenocorticotropin hormone (ACTH) which in turn stimulates the release of 

glucocorticoids (mainly cortisol in humans and corticosterone in rodents) from the 

adrenal cortex (see also figure 3 ). Glucocorticoids act via the high affinity 

mineralococorticoid (MR) and lower affinity glucocorticoid (GR) receptors (de 

Kloet et al. 1993). The GRs are mainly involved in the modulation of the stress 

response and mediate recovery from stress through negative feedback to the 

HPA axis (see also pg 12 & figure 1 ). In addition to this, several brain pathways 

modulate HPA axis activity. For example, the hippocampus and prefrontal cortex 

inhibit (Radley and Sawchenko 2011 ), while amygdala· activates ihe HPA-axis 

(Ma and Morilak 2005). Basolateral nucleus of the amygdala (BLA) mediates 

stress induced release of glucocorticoids which have been shown to modulate 
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memory consolidation (Roozendaal, Portilla-Marquez, and McGaugh 1996; 

McEwen 1997; McGaugh, Roozendaal, and Cahill2000). 

Alterations of the HPA axis are one of the most consistent findings 

associated with PTSD. Combat veterans with PTSD showed lower baseline 

cortisol, detected in urine and blood samples, than controls (Yehuda et al. 1992; 

Yehuda et al. 2002). Increased negative feedback sensitivity of the HPA axis and 

an increase in GR sensitivity have also been associated with PTSD. Additionally, 

a sustained increase in CRH concentration in the cerebrospinal fluid and 

increased activity of CRH/CRHR1 (Corticotropin releasing hormone receptor 

have also been detected in subjects with PTSD. Together, this suggests that the 

lower baseline cortisol found in people with PTSD is due to the enhanced HPA 

axis feedback inhibition, mediated by the increased GR sensitivity (Yehuda 

2006). Some studies, however, have associated higher cortisol levels with PTSD 

(Gola et al. 2012). This inconsistency is attributed to the severity and timing of 

the trauma, comorbid conditions and the genetic makeup of the subject (Gala et 

al. 2012; Mehta and Binder 2012; Yehuda 2006). 

Early life experiences, including maternal care has been shown to 

modulate the HPA axis development and stress response 0fVeaver et al. 2001; 

Korosi et al. 2010) reviewed in (Heim, Plotsky, and Nemeroff 2004). There is 

evidence that maternal care can confer resilience to the effects of stress in 

adulthood. Enhanced and consistent mother-pup interaction leads to a reduced 
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hormonal stress response in adulthood accompanied by increased glucocorticoid 

receptors in the hippocampus and reduced CRH expression in the PVN (Piotsky 

and Meaney 1993; Weaver et al. 2001 ). This is possibly mediated by epigenomic 

mechanisms (Weaver et al. 2004). 

The Hippocampus: 

The hippocampus lies in the medial temporal lobe and is involved in 

detection of· novelty, spatial navigation, learning and memory. As mentioned 

earlier, the hippocampus exerts inhibitory control over the HPA axis activity and 

is therefore involved in stress response modulation (Jankord and Herman 2008). 

Stress and glucocorticoids in turn affect hippocampal structure and function 

(Fuchs et al. 2001; Fuchs et al. 2004; Lucassen et al. 2006). Sustained 

glucocorticoid exposure has adverse effects on hippocampal neurons and leads 

to dendritic atrophy and impaired neurogenesis. 

Stress and glucocorticoid effects on memory and hippocampal L TP has 

been known to have an inverted 'U' shape: low to medium levels being memory 

and L TP enhancing and high levels memory and L TP impairing (Diamond et al. 

1992; Roozendaal 2000; Garcia 2001 ). Post-training intra-hippocampal infusions 

of corticosterone or GR agonists enhance memory, while infusions of a GR 

antagonist or GR antisense oligonucleotides impair memory consolidation 

(Micheau, Destrade, and Soumireu-Mourat 1985; de Kloet et al. 1988; Korte et 
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al. 1996; Roozendaal, Portilla-Marquez, and McGaugh 1996; Roozendaal, 

Williams, and McGaugh 1999; Roozendaal et al. 2001 ). On the other hand, 

sustained glucocorticoid activation and severe stress have been shown to impair 

memory formation, decrease subsequent performance on hippocampus 

dependent tasks and suppress hippocampal L TP (Diamond, Fleshner, and Rose 

1994; Diamond et al. 1996; McEwen 2000). 

However, recent findings show that stress and glucocorticoids do not 

cause a universal suppression of L TP, instead the direction of L TP change is 

influenced by many factors such as type of stress, phase of stress response,· 

type of L TP, brain region and also history of the subject (Aifarez et al. 2002: 200; 

Korz and Frey 2003; Champagne et al. 2008; Joels 2008; de Kloet, Karst, and 

Joels 2008) (Discussed further under 'Glucocorticoid modulation of hippocampal 

plasticity'). 

Reduced hippocampal volume was identified as a hallmark of PTSD from 

imaging studies in Vietnam veterans and abuse victims with PTSD (Gilbertson et 

al. 2002; Bremner et al. 2003). In these studies, smaller hippocampal volume 

correlated with severity of trauma and memory impairments. Additionally, studies 

in monoz.ygotic .twins._suggesttbatsmaller hippocampal _volumejsa rjskJactor for 

developing PTSD (Gilbertson et al. 2006). Proton magnetic resonance 

spectroscopic studies further revealed reduced .levels of N-acetyl aspartate 



10 

(NAA), a marker of neuronal integrity, in the hippocampus of patients with PTSD 

(Rauch, Shin, and Phelps 2006). 

Hippocampal deficits may underlie some characteristic features of PTSD 

such as uncontrolled stress responses, impaired extinction of conditioned fear 

and deficits in discriminating between unsafe and safe environments. 

The Amygdala: 

The amygdala plays a primary role in the processing and memory of 

emotional information. The different nuclei of the amygdala act both as sensory 

gateway and mediate the different fear responses via projections to downstream 

regions ((LeDoux 1995; Maren 2001; Pare, Quirk, and Ledoux 2004; Rodrigues, 

Schafe, and LeDoux 2004; Fanselow and Poulos 2005; Maren 2005; Lang and 

Davis 2006; LeDoux 2007). The amygdala mediates the stress response 

primarily by activating the HPA axis via projections to the paraventricular nucleus 

of the hypothalamus (PVN). Lesions of the amygdala impair expression of fear 

behavior and block the memory enhancing effect of emotional arousal and 

systemic administration of neuromodulators (Roozendaal, Portilla-Marquez, and 

McGaugh 199£~ McGaugb,.Roozendaal, and CabiiL2QOO). 

No specific structural changes in the amygdala have been associated 

with PTSD. However, functional-imaging studies have revealed increased blood 

flow to the amygdala in patients with PTSD during presentation of stressful 
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scripts, cues and trauma reminders (Shin, Rauch, and Pitman 2006; 

Holzschneider and Mulert 2011 ). One study reported amygdala hyperresponsivity 

in subjects with PTSD during acquisition of fear conditioning; amygdala activation 

positively correlated with PTSD symptom severity and self-reported anxiety 

(Doronbekov et al. 2005). 

The Medial prefrontal cortex: 

The prefrontal cortex (PFC) has been found to modulate the stress 

response by directly modulating the HPA axis and also exerting cognitive control 

over the expression of fear and anxiety responses (Kova'cs and Makara 1988; 

Herman and Cullinan 1997; Dayas et al. 2001). The different sub regions of the 

PFC have diverse anatomical projections and therefore can influence different 

aspects of fear behavior. For example, the prelimbic region (PL) of the PFC 

receives projections from the ventral hippocampus (VH) and in turn have heavy 

reciprocal connections with the basolateral nucleus of the amygdala (BLA) 

(Vertes 2004). These connections have been implicated for the acquisition and 

expression of fear memories (McDonald, Mascagni, and Guo 1996; Vertes 2004; 

Corcoran and Quirk_2007). Onlbe_other hand, micro"stimulation_of !he intralimbic 

region {IL) of the PFC inhibits fear expression (Milad and Quirk 2002; Milad, 

Vidal-Gonzalez, and Quirk 2004). IL mediated inhibition of the central amygdala 
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(CE) response is believed to be the pathway that mediate extinction of 

conditioned fear (Milad et al. 2006; Milad et al. 2009). 

Fear extinction is the decrease in conditioned fear responses that 

normally occurs when a conditioned stimulus (CS), once associated with an 

aversive stimulus, is repeatedly presented in the absence of the aversive 

(unconditioned) stimulus (US) (Milad et al. 2006). It is important to note that 

extinction is not erasing of the fear memory, rather it involves new learning and 

new memory formation that competes with the memory of CS-US association for 

control of fear expression. 

Impaired extinction of fear responses associated with the trauma memory 

is one of the defining features of PTSD (Wessa and Flor 2007; Norrholm et al. 

2011 ). Functional imaging studies in humans show that reduced medial PFC 

activity correlate with positive PTSD status (Bremner et al. 1999; Bremner et al. 

2004; Shin et al. 2004). In addition, subjects with PTSD show deficits in PFC

mediated cognitive skills like attention, executive skills and IQ (Gilbertson et al. 

2006). It has been proposed that the functional deficits in the PFC leads to 

impaired inhibition of the amygdala and HPA-axis mediated fear responses 

resulting in impaired extinction (Shin, Rauch, and Pitman 2006). Interactions in 

activation pattern between the amygdala and medial PFC have also been 

reported, although the direction of interaction is still disputed (Shin, Rauch, and 

Pitman 2006). 
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Neurochemical factors involved in PTSD 

Glucocorticoid modulation of hippocampal plasticity: 

The glucocorticoid effects on the brain are mediated by two classes of 

corticoid receptors: mineralocorticoid (MR) and glucocorticoid (GR) receptors (de 

Kloet et al. 1993). Both MRs and GRs have intracellular subtypes (iMR and iGR 

respectively) which act as transcription factors, leading to a slow persistent 

change in cellular function (de Kloet, Oitzl, and Joels 1993; de Kloet, Oitzl, and 

Joels 1999). More recently, a new family of membrane bound receptor subtype 

(mMR and mGR) which have faster, non-genomic effects have been reported 

(Karst and Joels 2005; de Kloet, Karst, and Joels 2008). 

The activation of these receptors can have different effects because they 

have different binding affinities, structure, downstream mechanisms and time 

course of action (summarized in figure 1; reviewed in (Joels 2008; Maggio and 

Segal 201 0; Maggio and Segal 2012)). The iMRs have the highest affinity to bind 

glucocorticoids and therefore, are persistently active and does not play a direct 

role in the stress response (Joels et al. 2006).The mMRs and iGRs have similar 

binding affinities and therefore will be activated by similar glucocorticoid 

-corrcellli ations. However; since iGRs act as transcription-factors- and mediate 

slower, sustained effects, the effects of mMRs appear earlier, resulting in 

enhanced L TP via voltage gated calcium channels (VGCCs (Maggio and Segal 

2007).The mGR have the lowest affinity for glucocorticoids but the activation of 



14 

·mGRs results in an increase in inhibitory postsynaptic current amplitude (IPSC) 

leading to inactivation of NMDA receptors, impaired L TP and enhanced L TO 

(figure 1 ). 

An additional factor to be considered is the relative distribution of MR and 

GR subtypes in specific brain areas because at the same affinity value and 

corticosterone concentration, the receptor that has the highest ratio of expression 

will dominate modulation of synaptic plasticity (Maggio and Segal 2010). There is 

a difference in the relative distribution of MR and GR receptor subtypes along the 

septotemporal axis of the hippocampus (Robertson et al. 2005). The dorsal 

hippocampus (DH) has higher GR while the ventral hippocampus (VH) has a 

higher MR concentration. 

The exact mechanism of how the different subtypes of MRs and GRs 

mediate synaptic plasticity along the septotemporal axis of the hippocampus is 

not yet completely understood. However, it is proposed that, following stress, in 

the DH, GR mediated increase in IPSCs, lead to inactivation of the NMDA 

receptors, thereby impairing L TP and enhancing L TO. In the VH however, the 

activation of mMRs leads to a decrease in IPSCs and enhanced VGCC mediated 

LTP .. In addition,_a_decreaseJn GABAergicinhibition can impair VI-I LTD through 

a group I mGiuR-mediated mechanism (Maggio and Segal 2007; Maggio and 

Segal 201 0). By simultaneously reducing L TP in the DH and enhancing L TP in 

the VH, the hippocampus enables the emotional information flow to the 
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amygdala, thereby enabling fear memory formation (Blair et al. 2001; Bauer, 

Schafe, and LeDoux 2002). 
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Figure 1: Glucocorticoid modulation of synaptic plasticity (Maggio and 

Segal 2012). (A) Time course of MR and GR activation following stressful stimuli 

(B) Proposed mechanism by which MRs and GRs modulate synaptic plasticity 



17 

Other neurochemical factors involved in PTSD: 

Other than the glucocorticoids, the major neurochemical systems 

implicated in PTSD are serotonin (5-HT) and the catecholamine system including 

dopamine (DA) and norepinephrine (NE). 

Serotonin (5-HT\: 

Serotonin is a monoamine neurotransmitter synthesized from the amino 

acid tryptophan. 5-HT neurons originate in the dorsal and median raphe nuclei in 

the brain stem and project to multiple brairi regions, including hippocampus, 

amygdala, and bed nucleus of the stria terininalis, hypothalamus and prefrontal 

cortex. 5-HT neurons of the dorsal raphe nucleus are thought to mediate 

anxiogenic effects via 5-HT2 receptors and projections to amygdala and 

hippocampus and those in the median raphe nucleus are thought to mediate 

anxiolytic effects and facilitate extinction of conditioned fear responses via 5-

HT1A receptors (Silva et al. 2002; Hale, Shekhar, and Lowry 2012). Chronic 

exposure to stress upregulates 5-HT2 receptors and downregulates 5-HT1A 

receptors in animal models (Lopez et al. 1997). In addition, although the 

mechanism is not clearly understood, there is evidence that the 5-HT system is 

involvecLin processing __ traurna intensity. Trauma with real or perceived higher 

intensity and uncontrollable stress leads to more severe PTSD symptoms 

(Rozeske et al. 2011 ). 



18 

Decreased serum concentration of 5-HT have been found in people with 

PTSD (Ressler and Nemeroff 2000). 5-HT system may also contribute to PTSD 

behaviors like hyperarousal, impulsivity and increased startle. Selective serotonin 

reuptake inhibitors (SSRis) have moderate therapeutic effects in PTSD (Brady K 

2000). 

Catecholamine system: 

Catecholamine neurotransmitters are those derived from the amino acid 

tyrosine and include noradrenaline/norepinephrine (NE) imd dopamine (DA). 

Increased levels of DA and its metabolites have been· observed in the in urine 

samples of people with PTSD (Yehuda et al. 1992). Although there is no direct 

evidence of altered DA metabolism, certain genetic variations in the DA system 

have been implicated in PTSD (listed under genetic susceptibilities). However DA 

is one of the major neurotransmitters of the reward and motivation pathway and 

lack of motivation and flat affect have been reported in people with PTSD. 

NE is one of the key mediators of autonomic stress responses in the 

central (CNS) and peripheral (PNS) nervous system. NE in the CNS is derived 

from neurons of the Jocus coer.uleus (LC). _LC projects to hippocampus,_ 

amygdala, PFC, hypothalamus and other brain regions involved in the stress 

response (Loughlin, Foote, and Bloom 1986). NE has been shown to enhance 

memory and may contribute to persistent memories in PTSD (Southwick et al. 



19 

2002). In the PNS, stress induced activation of the sympathetic nervous system 

induces secretion of NE and epinephrine/adrenaline from the adrenal medulla to 

mediate the "fight or flight response". Sustained hyperactivity of the sympathetic 

nervous system is one of the characteristics of PTSD (Zatzick et al. 2005; 

Pervanidou and Chrousos 2010). Increased NE responses (increase heart rate 

and blood pressure) immediately after the trauma have been associated with the 

risk of developing PTSD (Bremner et al. 1999; Strawn et al. 2004: 200; Strawn 

and Geracioti 2008). Centrally acting 13- adrenergic blockers, which inhibit NE 

responses, have been found to mitigate PTSD severity (Pitman et al. 2002; 

Taylor and Cahill 2002; Vaiva et al. 2003). 

Other neurochemical systems: 

Neuropeptide Y (NPY) regulates energy use and is involved in learning 

and memory [Reviewed in (Redrobe et al. 1999; Chambers and Woods 2012)]. 

The main effect of NPY is increased food intake and decreased physical activity. 

However it is also known to have anxiolytic properties and to play a role in 

"buffering" of stress response. This may be via inhibition of CRH and NE circuits 

involved in stress responses (Morris, Hastings, and Pavia 1997; Kash and 

Winder 2006). Lower levels of NPY, as found in patients with PTSD,. may lead to 

maladaptive stress responses (Rasmussen et al. 2000; Yehuda 2006). 
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Incidentally, as mentioned earlier (pg 7), higher levels of CRH have been found 

in the CSF of people with PTSD (Yehuda 2006). 

Increased levels of B-endorphins have been found in the CSF of patients 

with PTSD (Pitman RK 1990; Baker et al. 1997). Alterations in endogenous 

opioid levels may also mediate PTSD symptoms of numbing and stress-induced 

analgesia. 

In summary, various neurobiological changes have been associated with 

PTSD. However, it is not clear if these changes are preexisting risk factors that 

confer susceptibility to developing PTSD or if they are consequences of the 

trauma and disease condition. The most convincing evidence of genetic and 

familial risk factors has been obtained from twin (Gilbertson et al. 2002; 

Gilbertson et al. 2006). 
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Susceptibility to developing PTSD 

A number of studies have been successful in identifying possible pre

trauma susceptibilities or vulnerability factors (e.g. (Radley et al. 2011; Yehuda et 

al. 2011; van Zuiden et al. 2012). However, the most compelling evidence for 

pre-existing susceptibilies to developing PTSD has been obtained from twin 

studies. 

Classical design in twin studies compared similarity between monozygotic 

(MZ) twin pairs relative to similarity between dizygotic (DZ) or fraternal twin pairs. 

Since MZ twins share 100% of genes as well as common environment while DZ 

twins share 50% of their genes and 100% of common environment, MZ twins will 

be significantly more similar in characters that are genetically influenced. 

Heritability is also calculated from this comparison. 

In the "MZ-discordant" design, MZ twin pairs discordant for trauma 

exposure were compared (Gilbertson et al. 2006). If a trait is a vulnerability 

factor, then it should be more prevalent in MZ twins who developed PTSD than 

the twins who did not develop PTSD after trauma exposure. It should also be 

similarly prevalent in both the MZ twins with PTSD and their non-trauma exposed 

co-twins. Such studies have- suggested the following as-susceptibility factor~ 

Smaller hippocampal volume, abnormally large cavum septum pellucidum (CSP), 

impaired neurological functions, Low IQ (Gilbertson et al. 2006; Gurvits et al. 

2006; Gilbertson et al. 2007). 
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Some of the susceptibilities identified by non-twin studies are discussed in 

the following sections. 

Altered set point regulation of the hypothalamic-pituitary-adrenocortical 

(HPA) Axis: 

FKBP5 is a molecular chaperone involved in the regulation of sensitivity 

and nuclear translocation of GRs; lower expression of FKBP5 leads to increased 

GR sensitivity. Both lower levels of FKBP5 and increased GR sensitivity have 

been associated with PTSD. (Koenen et al. 2008; Yehuda 2009). Lower 

expression of FKBP5 has also been linked with polymorphisms in the FKBP5 

gene. Four of these polymorph isms have been shown to interact with severity of 

childhood abuse to predict severity of PTSD symptoms (Mehta and Binder 2012). 

Changes in GR sensitivity are also attributed to the in utero environmental effect 

(Barbazanges et al. 1996). Altered maternal HPA axis reactivity during 

pregnancy has been found to affect development and programming of the HPA 

axis of the offspring. This is mediated by epigenetic modifications in genes 

regulating the HPA axis, including glucocorticoid receptor (GR) genes, resulting 

in altered_ GR sensitivity. 

As mentioned earlier, altered baseline levels of cortisol have been linked 

to PTSD. However, the direction of this alteration is still disputed as some studies 

reported higher circulating levels in people with PTSD while other studies 
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showed lower levels (Yehuda et al. 1992; Yehuda et al. 2002; Gola et al. 2012; 

Mehta and Binder 2012). Reports from an animal model, however, suggest that 
(J 

lower baseline corticosterone is in fact a predisposing trait (Cohen et al. 2006) .. 

Additionally, higher pre-deployment expression of GR in the peripheral blood 

cells was associated with an increased risk of developing post-combat PTSD (van 

Zuiden et al. 2012). Increases in GR expression and sensitivity combined with low 

basal cortisol levels suggest an alteration in the set point regulation of the HPA 

axis of individuals susceptible to developing PTSD. These changes may 

contribute to the maladaptive stress responses that lead to PTSD. 

Genetic susceptibilities: 

In addition to the aforementioned polymorphism in the FKBP5 gene, other 

genetic susceptibilities have been associated with PTSD [reviewed in (King, 

Abend, and Edwards 2001; Stein et al. 2002; Segman and Shalev 2003; Cornelis 

et al. 2010)]. For example, a polymorphism in the promoter region of the 

serotonin transporter (5-HTTLPR) in which the short allele (s) was found to be 

less efficient than the long allele (I) and is associated with decoupling of the 

prefrontal cortex.amygdala circuit, responsible for inhibition of fear r~sponses 

(Heils et al. 1996; Lesch et al. 1996; Heils, Messner, and Lesch 1997). An 

excess of homozygous s/s genotype was found in a Korean population of PTSD 

patients (Lee et al. 2005). 
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Some of the other genes that are associated with PTSD are: serotonin 

receptor 2A, dopamine receptor 02 (DRD2), dopamine transporter, dopamine-f3-

hydrohylase (DBH) , and brain derived neurotrophic factor (BDNF) (Comings and 

Blum 2000; Segman et al. 2002; Mustapic et al. 2007). However, the complexity 

of PTSD makes it difficult to identify genes that substantially contribute to 

susceptibility. Genome-wide association study (GWAS) is emerging as a 

. methodology for the unbiased identification of gene candidates for further study 

(Cornelis et al. 201 0). 

Gene x Environmental interaction: 

The environment can interact with the genetic makeup of an individual to 

alter functional outcomes. Closer examination of certain genotypes that have 

been identified as "high risk" for PTSD development revealed that they interact 

with environmental conditions to predict development and severity of PTSD. For 

example, the s/s genotype of the 5-HTTLPR was associated with an increased 

risk for PTSD only in those exposed to an environment of high stress. This may 

be mediated by the enhanced amygdala reactivity that has also been associated 

with this genotype (Hariri, Drabant, and Weinberger 2006). On the other hand, 

the s allele was associated with a reduced risk of PTSD in a low risk environment 

(Koenen et al. 2009). 
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Various gene x environment effects are mediated by epigenetic changes 

that cause alterations in function without affecting the primary structure of the 

gene. The biological mechanism of epigenetic modification often involves the 

methylation of a cytosine moiety within a gene leading to reduced transcription 

and hence expression. Some of these epigenetic changes are heritable changes 

(Novik et al. 2002). Some of the effects of early life experiences including effects 

of maternal care are thought to be mediated by epigenetic mechanisms 0fVeaver 

et al. 2001; Meaney, Brake, and Gratton 2002; Weaver, Meaney, and Szyf 2006; 

Szyf, Weaver, and Meaney 2007). 

Gender: 

The prevalence of PTSD is higher in females (9.7%) than in males (3.6%) 

(Kessler et al. 1995). However, it is still not clear if this is due to a higher 

susceptibility of females to develop PTSD or if the type of trauma that females 

experience (e.g. domestic violence and sexual assault) is more likely to result in 

PTSD. A number of studies have addressed this question and gender differences 

in HPA activation and interaction of gonadal hormones with the stress response 

have been suggested as possible mechanisms for this gender difference in 

· PTSD (Becker et al. 2007). 
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Diagnosis of or family history of other psychiatric disorders: 

Positive diagnosis of or a family history of psychiatric disorders like 

depression, anxiety disorders, substance abuse, etc confers a higher risk of 

developing PTSD. In the National Comorbidity Survey, a lifetime history of at 

least one other psychiatric disorder was found in approximately 80% of all men 

and women with lifetime PTSD (Kessler et . al. 1995). This may be due to 

alterations in common neural substrates or molecular pathways underlying PTSD 

and other psychiatric disorders. 

Trauma accumulation: 

History of trauma, especially childhood trauma, is a major risk factor for 

developing PTSD later in life (Bremner et al. 1999) and the risk of developing 

PTSD increases with the number of trauma exposures . Naturally, "high risk" 

populations like soldiers and low-income-inner city populations have a higher 

trauma exposure rate and a subsequent increased risk of developing PTSD 

(Kessler et al. .1995; Hien and Bukszpan 1999; Gillespie et al. 2009). 

Peri-traumafactors: 

In addition to the pre-trauma risk factors, certain peri-trauma factors 

(occurring during or immediately after, mostly within 24 hrs of the trauma) has 

been linking to increased risk of developing PTSD. The trauma intensity, peri-
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trauma dissociation and elevated heart rate immediately after trauma are some 

of the peri-traumatic factors associated with increased chances of developing 

PTSD. 

Trauma intensity: 

By definition, PTSD is the result of an event which was perceived as 

highly traumatic and elicited a feeling of horror and helplessness. Animal studies 

have shown that uncontrollable stress (inescapable shock) produces behavioral 

changes that do not occur if the animal was allowed to exercise behavioral 

control over the stressor (Rozeske et al. 2011 ). 

Peri-trauma dissociation: 

Peri-trauma dissociation (PD) is the emotional disconnection that some 

trauma victims experience during or immediately after a traumatic event (Marmar 

et al. 1999; Marmar et al. 2006). It has been argued that PD is an adaptive 

response to the trauma, however, PD increases the risk of developing PTSD 

(Marmar et al. 1999). It has also been proposed that PD is the manifestation of 

integrative failure which keeps the traumatic event from being designated as a 

''thing of the past'' (van .der .Hart, Nijenbuis, and Steele 2005;. Steele,. van lier 

Hart, and Nijenhuis 2005). Although some other studies report that it is not peri

trauma dissociation immediately after the trauma) per se that lead to PTSD but 
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persistent dissociation (duration of 24hrs or longer) ( (Murray, Ehlers, and Mayou 

2002; Panasetis and Bryant 2003; Briere, Scott, and Weathers 2005). 

Elevated heart rate: 

Various studies have reported that elevated heart rate shortly after trauma 

is associated with the later development of PTSD (Shalev et al. 1998; Bryant 

2006; Bryant et al. 2011 ). 

Peri-trauma factors: 

Post trauma, the failure to seek help and lack of or insufficient social 

support has been associated with maintenance of PTSD and/or increase in 

symptom severity (Kessler 2000; Jankovic et al. 2011 }.The social stigma 

attached to psychological disorders prevents trauma victims from seeking help 

and bein·g compliant with treatment. Various studies have shown that positive 

social support is very important for resilience and the lack of a good support 

system leads to symptom augmentation (Charney 2004; Norrholm and Ressler 

2QQ9.)(Charney 2004~ Norrholm.and Ressler2009). 
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Neurocircuitry involved in PTSD: 

As mentioned in the previous sections, different brain regions and 

neurochemical systems have been implicated in the development of PTSD. It is 

likely that PTSD is disorder resulting from alterations in the cross-talk between 

brain regions. Therefore understanding how brain regions implicated in PTSD 

connect to and influence each other will be useful. Some essential connections 

that mediate fear, anxiety, and appetitively motivated memory and behavior are 

shown in figure 2 and discussed below. 

Fear and anxiety: 

Although the neural substrates underlying both the fear and anxiety are 

almost the same and the behavioral manifestations similar, fear is the immediate 

response to a definite aversive stimulus while anxiety is the prolonged response 

to a less well defined stimulus occurring over a longer duration. Fear can be 

defined as an intense negative emotional response triggered by an actual or 

perceived threat and anxiety as a state of apprehension, uncertainty or dread 

triggered by the anticipation of a real or fantasized unpleasant or threatening 

event. The triggering-stimuli can be external-(visual, auditory, somatosensory or 

olfactory) or internal (endocrine and autonomic). 
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Neurocircuitry of Fear: 

Neurocircuitry of fear supports both the fast response to a fear-eliciting 

stimulus as well as longer latency responses to highly processed stimuli. A key 

component of this circuitry is the amygdala. As previously mentioned, the 

different nuclei of the amygdala act both as a sensory gateway and mediate the 

different fear responses via projections to downstream regions (Pare, Quirk, and 

Ledoux 2004; Rodrigues, Schafe, and LeDoux 2004; Fanselow and Poulos 2005; 

Lang and Davis 2006; LeDoux 2007). 

Highly processed sensory information reaches the lateral nucleus of the 

amygdala (LA) via thalamus and the sensory cortices (LeDoux 1998). The LA 

inputs from the thalamus mediate the fast response by relaying preliminary 

information about the fear-eliciting stimulus (LeDoux 1995; Quirk et al. 1996). 

The inputs from the sensory cortices are more detailed and sophisticated. LA is 

considered as the sensory gateway to the amygdala since it is the input nucleus 

for most sensory information. Gustatory information is transmitted also to the 

central nucleus of amygdala (CE) and olfactory information is transmitted to the 

medial nucleus of amygdala (ME). Spatial information and environmental details 

are transmitted to both LA and the basal nucleus of amygdala (BA) via 

hippocampal inputs (Kim and McGaugh 1992; Phillips and LeDoux 1992; 

Pitkanen et al. 2000; Ji and Maren 2007). In addition to external stimuli, visceral 
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information also reaches the amygdala via cortical structures like the insular 

cortex and brain stem structures like the nucleus of the solitary tract (NST). 

LA projects to the central nucleus (CE) the major output nucleus of the 

amygdala which in turn projects to and activates subcortical and brainstem 

structures that mediate the physiologic and behavioral expression of fear 

(Pikkarainen et al. 1999; Pitkanen et al. 2000). Electrical stimulations of CE 

produce various fear responses and lesions of CE prevent expression of fear 

responses (Kapp et al. 1982; Iwata, Chida, and LeDoux 1987; Hitchcock and 

Davis 1991; Kapp eta[. 1992; Kim, Rison, and Fanselow 1993). 

CE mediated fear responses: When activated, CE facilitates release of 

corticotrophin-releasing hormone (CRH) both by intrinsic CRH containing 

neurons and via anatomic projections to the paraventricular nucleus (PVN) of the 

hypothalamus. The. CE projections to the PVN can activate the hypothalamus

pituitary-adrenal axis (HPA) which mediates the stress response (discussed 

under 'brain regions involved in PTSD')(Herman and Cullinan 1997). The CE 

activation of the HPA axis is also mediated via reciprocal connections of the CE 

with the bed nucleus of the stria terminalis (BNST), a brain region involved in 

anxiety behaviors. CE also projects to autonomic and skeletomotor control 

centers such as the periaqueductal grey (PAG) that mediates fear behavior such 

as freezing, the lateral hypothalamus which mediates sympathetic activation and 

the caudal pontine reticular nucleus (PnC) which mediates potentiation of the 
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startle reflex. CE also projects to the monoamine systems such as the 

dopaminergic ventral tegmental area (VTA and substantia nigra pars compacta 

(SNc), the cholinergic nucleus basalis, the serotonergic raphe nuclei and the 

noradrenergic locus coeruleus (LC) (Gray 1993; Fudge and Emiliano 2003; Pare 

et al. 2003; Aston-Jones and Harris 2004). Activation of these brain regions 

result in an increase in arousal and vigilance leading to enhanced processing of 

external stimuli (Aston-Jones and Harris 2004: 200; LeDoux 2007; Ramos and 

Arnsten 2007; Talarovicova, Krskova, and Kiss 2007). 

Other components of the fear circuitry: LA has only modest direct projections 

to the CE but LA-CE communication is also mediated by other nuclei of the 

amygdala. For example, the LA projects to both BA and the intercalated cells 

(lTC) of the amygdala which in turn project to the CE (Pitkanen, Savander, and 

LeDoux 1997; LeDoux 2000; Pare, Quirk, and Ledoux 2004; Likhtik et al. 2008). 

Another brain region that has been implicated in the expression of fear behavior 

is the prelimbic region (PL) of the medial prefrontal cortex. Pharmacological 

inactivation of PL decreases and microstimulation of PL increases conditioned 

fear expression (Blum, Runyan, and Dash 2006; Vidal-Gonzalez et al. 2006; 

Corcoran and Quirk 2007) and bursting in PL neurons is correlated with 

acquisition of fear conditioning (Laviolette, Lipski, and Grace 2005). The PL 

receives projections from the ventral hippocampus and in turn has reciprocal 

connections with the BA (McDonald, Mascagni, and Guo 1996; Vertes 2004). 
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The sympathetic stress response to a fear eliciting stimulus leads to 

release of norepinephrine (NE) from the adrenal medulla. Release of NE 

mediates visceral effects like increase in blood pressure and heart rate, inhibition 

of digestion_and diverting blood flow and energy to muscles needed for the ''fight 

or flight" response (McCarthy et al. 1996; Goldstein et al. 2003; Sapolsky 2003). 

Visceral inputs feed into the fear circuitry via the nucleus of the solitary tract 

(NTS) and the insular cortex. Both the NTS and insular cortex has connections to 

and from multiple brain regions within the fear circuitry including CE, BA and PL. 

PL has reciprocal connections with the insular cortex and may modulate visceral 

inputs to the amygdala (Vertes 2006). 

Neural substrates of anxiety: 

As mentioned above, both fear and anxiety have similar neuronal 

substrates and behavioral manifestations. However, studies have shown 

differences in the brain processing of fear and anxiety (LeDoux et al. 1988; 

Hitchcock and Davis 1991; Walker and Davis 1997; Gewirtz, McNish, and Davis 

1998). It is important to take these differences into account when investigating 

anxiety disorders. 

The BNST can activate the hypothalamus independent of CE. Locus 

coeruleus (LC) which is the main site of norepinephrine synthesis in the brain can 

activate BNST and stimulates release of CRH. Lesions of the CE does not inhibit 

the anxiety-like responses elicited either by exposure to a threatening 
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environment for several minutes or intraventricular administration of CRH 

suggesting that these responses are specifically mediated by BNST and not CE 

(Gewirtz, McNish, and Davis 1998). On the contrary, lesions or chemical 

inactivation of the BNST did not affect the acquisition or expression of fear 

potentiated startle (LeDoux et al. 1988; Hitchcock and Davis 1991; Walker and 

Davis 1997; Gewirtz, McNish, and Davis 1998). These data suggests that fear 

responses are predominately mediated by the CE and anxiety by BNST. 

However, it is to be noted that some studies have challenged this theory and 

shown that the BNST is involved in the acquisition and expression of conditioned 

fear (Schweimer, Fendt, and Schnitzler 2005; Meloni et al. 2006). It is possible 

that the BNST-anxiety potentiates the CE-mediated fear. This theory is supported 

by evidence of dissociation in fear- potentiated and baseline startle: electrolytic 

lesions to the CE-PnC pathway blocked fear potentiated startle but had no effect 

on baseline startle (Hitchcock and Davis 1991) but lesions of BNST or CE 

outputs to BNST did not affect fear potentiated startle. 

The ventral hippocampus (VH) has also been shown to be involved in 

anxiety-like behavior in a non-amygdala dependent manner (McHugh SB et al 

2004 ). Lesions-Of- the VI:! have-effects-on anxiety/fear .behavior which-are distinct 

and dissociable from the effects of amygdala lesion. For example, VH lesions 

have anxiolytic effect on the elevated plus maze (EPM) a rodent test for anxiety

like behavior while amygdala lesions do not show such effects (Treit, Menard, 
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and Royan 1993; Decker, Curzon, and Brioni 1995; Treit and Menard 1997; 

Sommer et al. 2001; Kjelstrup et al. 2002). 

These evidences indicate that fear and anxiety are mediated by 

dissociable circuits although they share common neural substrates. 

Extinction of conditioned fear: 

The associative learning that assigns fear-eliciting properties to a naturally 

benign stimulus (CS: conditioned stimulus) by its co-occurrence with a naturally 

aversive stimulus (US: unconditioned stimulus) is called Conditioning. When the 

CS no longer predicts the US, the new learning that the CS is now safe is called 

Extinction. Extinction is manifested as the reduction in fear responses often 

measured as reduction in freezing behavior. 

The afferent projections from the prefrontal cortex exert higher order 

cognitive control over the amygdala mediated fear responses (McDonald, 

Mascagni, and Guo 1996; Vertes 2004; Vertes 2006). The infralimbic region (IL) 

region of the prefrontal cortex projects heavily to the CE, BA and lTC of the 

amygdala (McDonald, Mascagni, and Guo 1996; Chiba, Kayahara, and Nakano 

2001; Ghashghaei and Barbas 2002). The IL mediated inhibition of the CE 

response~ is the believedto-underlie-the reduction in fear as microstimulation of IL 

significantly reduced freezing (Milad and Quirk 2002; Milad, Vidal-Gonzalez, and 

Quirk 2004). In an experimental setting, in the initial stages of extinction, when 

the CS is presented, it will elicit fear responses via the thalamo-LA-CE pathway. 
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Figure 2: Neurocircuitry of emotion. 

Some essential connection involved in the processing of fear, anxiety and 

appetitively motivated behavior. The key players of the "reward pathway" are in 

red. The green box shows the key components involved in the acoustic startle 

pathway. ACC - anterior cingulated cortex, BLA - basolateral nucleus of the 

amygdala, VTA - ventral tegmental area, BNST- bed nucleus of the stria 

terminalis, CE - central nucleus of the amygdala, CRN - cochlear root neuron, 

Ctx - cortex, DH - dorsal hippocampus, DS - dorsal striatum, Ent - entorhinal 

cortex, IL - infralimbic cortex, Ins - Insular cortex, lTC - intercalated cells of the 

amygdala, LA - lateral nucleus of the amygdala, LC - locus coeruleus, MOTh -

medial dorsal nucleus of the thalamus, NAc - nucleus accumbens, NB - nucleus 

basalis, NTS - nucleus of the solitary tract, OFC - orbitofrontal cortex, PAG -

periaqueductal gray, PL - prelimbic cortex, PnC - caudal pontine reticular 

nucleus, PRh- perirhinal cortex, PSNS- parasympathetic nervous system, PVN 

-paraventricular nucleus of the hypothalamus, SNc - substantial nigra pars 

compacta, SNr - substantia nigra pars reticularis, SNS - sympathetic nervous 

system, Sub - subiculum, Th - thalamus, VH - ventral hippocampus, VP -

ventral pallidum 
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However, with repeated presentation of CS without the US, prefrontal inhibition of 

CE strengthens and outcompetes the thalamo-LA-CE pathway. IL also 

modulates expression of fear via direct projections to the PVN, PAG and BNST 

(Hurley et al. 1991; Floyd et al. 2000). 

In addition, the fear inhibition is also mediated from within the amygdala 

itself. The lTC receives convergent inputs from the BA and several cortical sites 

and exert GABA mediated inhibition on the CE responses (Pare and Smith 1993; 

McDonald, Mascagni, and Guo 1996; Pare and Smith 1998; Royer, Martina, and 

Pare 1999). These inhibitory pathways can also be activated by projections from 

the ventromedial prefrontal cortex (vmPFC), entorhinal cortex and subiculum 

(Canteras, Simerly, and Swanson 1992; McDonald and Mascagni 1997; 

Rosenkranz and Grace 2002; Rosenkranz, Moore, and Grace 2003; Marowsky et 

al. 2005). These projections participate in the regulation of fear responses and 

also in the formation and modulation of fear memories. 

The hippocampus plays an important role in the contextual modulation of 

extinction learning and memory. Hippocampal inactivation eliminates the 

contextual modulation of CS-evoked firing in the amygdala after extinction 

(Hobin, Goosens, and Maren 2003) and fear renewal to an extinguished CS 

(Corcoran and Maren 2001; Hobin, Ji, and Maren 2006). Moreover, BA neurons 

that are active during renewal of extinguished fear receive direct projections from 

the VH (Orsini et al. 2011 ). The VH also has dense projections to the PL of the 
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PFC which in turn has reciprocal connections with the BA and is known to be 

involved in fear expression (McCarthy et al. 1996; Vertes 2004; Vertes 2006). 

As previously stated, extinction of conditioned fear is believed to occur 

when the inhibitory pathways (e.g. IL-ITC-CE) outcompetes the excitatory 

pathways (e.g. thalamo- LA-CE). Since the BNST mediated anxiety responses 

are similar to fear responses, it is possible that these pathways interact to 

potentiate the fear behavior. If this is true, people with higher baseline anxiety 

should acquire fear conditioning faster and learn extinction sloWer. There is 

evidence that this is indeed true [e.g. (Bitterman and Holtzman 1952; Gazendam 

and Kindt 2012). However; it should also be noted that, there is dissociation 

between learning that the CS does not predict US and the inhibition of fear 

expression (changes in the experimental measure). For example, people with 

established PTSD are able to learn and correctly identify safety cues but show 

impaired fear inhibition (elevation in startle, galvanic skin response) (Jovanovic et 

al. 2010; Jovanovic et al. 2012). This suggests that the impaired extinction 

associated with PTSD may not be due to deficits in extinction learning per se but 

due to impaired fear inhibition. 
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The reward pathway: 

Although, not a complete representation of the neurocircuitry involved in 

processing of emotion, figure 2 shows that there is overlap in the circuitry that 

process positive and negative stimuli. Preferential activation of combination of 

brain regions and subregions in response to a stimulus will determine if the 

stimulus is assigned positive or negative valence. 

Though not universally accepted, the mesolimbic dopamine pathway is 

considered as the reward pathway of the brain [(Grace et al. 2007) alternative 

view: (Berridge 2007)]. The mesolimbic pathway begins in the mid brain in the 

ventral tegmental area (VTA) and connects to the nucleus accuhlbens (NAc). 

Electrophysiological studies indicate that excitatory inputs from the mPFC, 

BNST and laterodorsal and pedunculopontine tegmental nuclei are essential for 

burst firing of VTA DA neurons (Murase et al. 1993; Georges and Aston-Jones 

2002; Floresco et al. 2003; Lodge and Grace 2006). The VTA DA neurons in turn 

project to limbic structures, including the NAc, the basolateral amygdala (BLA) 

and the BNST (Marinelli et al. 2006). DA projections to these target areas are 

involved in the rewarding properties of drugs of abuse (Carboni et al. 2000; Koob 

and Le Moal 2008; Wise 2008). Depletion of dopamine (DA) in the NAc reduces 

incentive-motivational behavior (Koob et al. 1978). 

The prefrontal cortex has reciprocal connections with the VT A, about 1 0% 

of which are from the infralimbic cortex (IL) (Carr and Sesack 2000; Geisler et al. 
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these data, it is _evident that amygdala is involved in the associative learning of 

positive stimuli as well. Just as in the case of aversive stimuli, the LA and BA 

convey associative information about the stimulus and the reward to the other 

brain regions of the network. But unlike the fear circuitry, the behavioral 

responses are elicited via the VTA and NAc (Everitt et al. 1991). 

There is evidence which suggests that different groups of dopamine 

neurons convey motivational signals via distinct pathways within the 

mesocorticolimbic DA system (Matsumoto and Hikosaka 2009). These pathways 

may comprise distinct circuits, each modified by distinct aspects of motivationally 

relevant stimuli: DA projections to NAc medial shell mediating positive stimuli, DA 

projections to mPFC mediating negative or aversive stimuli, and projections to 

NAc lateral shell affected by both rewarding and aversive stimuli. This 

presumably is one of the pathways of "salience discrimination" (Lamme! et al. 

2011). It has been shown how the VTA dopamine neurons may employ a 

"convergent encoding strategy" for processing both positive and negative stimuli, 

integrating the emotional valence of a stimulus or experience with cues and 

environmental context (Wang and Tsien 2011 ). 

Implications for PTSD: 

Most studies investigating emotional valence in PTSD have focused on 

the processing of negative stimuli. However, flat affect and lack of motivation 
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have been associated with PTSD. It is not clear whether these conditions are 

disease outcomes or symptoms of other psychiatric conditions that are comorbid 

with PTSD (e.g. depression). 

There is evidence of high comorbidity of substance abuse in people with 

PTSD. It is a possible that there is a deficit in the reward circuitry and people with 

PTSD tend to "self-medicate" via use of substances that stimulate this circuitry. It 

could be speculated that IL forms the common mediator of both impaired 

extinction and negative affect since IL projections to BNST mediated excitatory 

inputs to the VTA (Geisler et al. 2007) and extinction, another IL mediated 

process is impaired in PTSD. 

Oxytocin, a neuromodulator synthesized in the supraoptic and 

paraventricular nucleus of the hypothalamus and secreted into the blood from the 

posterior pituitary, has been proposed as a treatment for PTSD (Oif M 2010). It is 

thought to have a dual. effect of enhanced extinction and increased social 

bonding which lead to PTSD-symptom reduction. There are no known reports of 

oxytocin deficits in PTSD however; HPA-dysfunction associated with PTSD may 

also lead to deficits in oxytocin secretion, which may also contribute to the 

negative affect associated with PTSD. Other brain regions common to both the 

aversive and appetitive pathways, such as the hippocampus and the amygdala 

have been found to have functional deficits in people with PTSD. 
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The role of immune system in PTSD: 

The immune system and the HPA-axis have bidirectional interactions 

therefore, it is reasonable to speculate that immune alterations can influence 

PTSD or people with PTSD may develop immune alteration. 

Immune system overview: The primary function of the immune system is 

to defend the body against infectious agents. The immune system has different 

layers of defense. The innate immune system is the first line of defense against 

invading organisms. It involves barriers like the skin and mucus that form 

physical barriers. However if there is injury or if a pathogen penetrates the 

physical barriers and enters the body, the cellular response sets in. The main 

group of cells involved in innate immunity is the phagocytic granulocytes: 

neutrophils and macrophages. The non-specific response of these cells involve 

inflammation in which neutrophils and macrophages are recruited to the site of 

injury or infection to clear pathogens and dead tissue by phagocytosis and to 

initiate wound healing. Macrophages also release specialized chemicals called 

cytokines that act as molecular signals to attract more immune cells and to 

promote inflammation and wound healing. The pro-inflammatory cytokines 

include interleukin (ll)-1, ll-6, and tumor necrosis factor alpha- fFNFa}. Mast 

cells, eosinophils and natural killer cells (NKCs) are other cells of the innate 

immune system. A family of proteins called complement is also involved in 

natural immunity. Complement proteins bind to microorganisms and promote 
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phagocytosis and inflammation. Complement is also involved in the activation of 

the adaptive immune system which acts as the next line of defense. It invokes a 

stronger defense via antigen-specific responses and provides immunological 

memory which affords protection against re-exposure to the same pathogen. The 

main cells that mediate specific immunity are T-helper cells (Th 1 and Th2), T

cytotoxic cells and B cells (Lichtman and Abbas 1997; Silverman et al. 2005). 

TH1. cells mediate the cellular immunity via secretion of interferon-y (INF-y), IL-2 

and Transforming growth factor (TGF)-13 which activate T-cytotoxic cells, NKC 

and macrophages. In contrast, TH2 cells mediate the humoral immunity via 

secretion of IL-4, IL-5, IL-10 and IL-13 which activate B cells, eosinophils and 

mast cells (Mosmann and Sad 1996). INF-y in concert with IL-12 induces 

development of TH1 cells while suppressing TH2 responses. On the other hand 

IL-4 and IL-10 stimulates the development of TH2 cells while suppressing TH1 

development and response. 

The measure of the immune reaction caused by an antigen is called 

immunoreactivity. Cutaneous delayed type hypersensitivity (DTH), also known as 

allergic contact sensitivity (ACS) reactions, is often used clinically and 

experimentally to test for cellular immunoreactivity. Intraperitoneal (i.p.) injection 

of lipopolysaccharides (LPS challenge) is also often used in the immunoreactivity 

test. LPS is the major component of the outer membrane of Gram negative 

bacteria and when injected systemically or into blood samples collected from 
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individuals will . induce an immune reaction. Immunoreactivity studies have 

contributed greatly to our understanding of the immune system and its interaction 

with stress. 

Stress and the immune system: 

It was generally accepted for a long time that stress causes 

immunosuppression. However, the fact that a global immunosuppression in all 

stress conditions is not evolutionarily adaptive led scientists to reexamine this 

idea. It is now known that stress does not simply suppress all aspects of the. 

immune system, but rather, the direction of the effects depends on the duration 

of stress, immune component and cell type. It is also known that there is a 

bidirectional interaction between stress and the immune system meaning that the 

components of the immune reaction also affect the stress response (Dhabhar 

2008). 

The stress-induced release of corticotropin releasing hormone (CRH) 

leads to the release of glucocorticoids from the adrenal cortex and epinephrine 

and norepinephrine from the adrenal medulla, which influences the immune 

reactions. On the other hand, the inflammatory cytokines, predominately IL-1, IL-

6 and TNF-a, can stimulate CRH secretion and hence, activate both the HPA

axis and the sympathetic responses [(Chrousos 1995; McCann et al. 2000); 

Reviewed in (Wilkinson and Liew 1995; McEwen 1997; McEwen 1998)]. 
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Short duration or acute stress increases leukocyte trafficking to the skin 

and activates the innate immune system and the TH1 mediated cellular 

immunity, preparing the body to fight infection. Animals that were subjected to an 

acute stress before administration of antigen challenge showed a significantly 

greater DTH response than unstressed controls (Dhabhar et al. 1996). However 

with prolonged or chronic stress, the leukocyte trafficking from the blood to the 

skin decreases, resulting in the suppression of the DTH response. Chronic stress 

also stimulates TH2 responses and suppresses TH1 responses causing a shift in 

the immune responses from the TH1 mediated cellular immunity to the TH2 

mediated humoral immunity (Chrousos 1995; Wilder 1995; Ramirez 1998; 

Elenkov and Chrousos 1999). 

Peripheral cytokines also have direct effects on the brain. There is 

evidence that systemic (i.p.) administration of low dose LPS leads to expression 

of cytokines in different brain regions, especially the hypothalamus and 

hippocampus (Pitossi et al. 1997). The potential sources of cytokines in the brain 

are the intrinsic cells of the CNS (neurons, astrocytes, oligodendrocytes, and 

microglia) and infiltrating inflammatory cells from the periphery (Griffin 1997; 

Allan et al. 2001 ). Gytokines in the brain can modulate cognitive functions like 

learning and memory [(Yirmiya and Goshen 2011 ); Reviewed in (Huang and 

Sheng 201 0)]. High levels of cytokines can also cause profound psychological 

and behavioral effects such as hypersomnia and depression-like affects 
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collectively referred to as "sickness behavior" [(Kent et al. 1992; Gibertini 1998); 

reviewed in (Dantzer 2001 )]. In addition, proinflammatory cytokines can mediate 

stress-induced memory impairment and impairments in hippocampal 

neurogenesis by modulating glucocorticoid levels (Goshen et al. 2008). These 

effects can also be transmitted in utero; maternal infection during pregnancy 

leads to deficits in neurogenesis and has been associated with a risk for the 

development of schizophrenia. These deficits are thought to be mediated by 

increases in maternal cytokines and glucocorticoids (Cui et al. 2009). 

PTSD and the immune system: 

PTSD is in part a disorder of the stress response system. Given the 

influence of stress on the immune system, it is reasonable to expect immune 

alterations in people with PTSD. In fact, patients with PTSD have been reported 

to show many immune system changes. Although there are some specifics that 

are disputed, increased circulating inflammatory markers, increased 

immunoreactivity (enhanced DTH and LPS responses) and altered natural killer 

cell count and activity (NKCA) have been associated with PTSD. 

Specifically, increased levels of circulating proinflammatory cytokine IL-13 

was observed in veterans as compared to healthy, non-trauma exposed controls. 

The increase in IL-113 correlated with the duration of PTSD symptoms (Spivak et 

al. 1997). 
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In addition, other proinflammatory cytokines such as TNF-a, IL-6 and their 

receptors were found to be high in PTSD patients with mixed trauma experiences 

compared to non-PTSD controls (Maes et al. 1999; von Kanel et al. 2010). 

Higher IL-6 levels have also been detected in patients with PTSD subsequent to 

myocardial infarction (MI) compared to Ml patients without PTSD (von Kanel et al 

2010) and in the cerebrospinal fluid (CSF) of patients with combat-related PTSD 

as compared to healthy controls (Baker et al. 2001 ). Most studies investigating 

NKCA in PTSD have reported impaired NKCA in PTSD patients as compared·to 

non-PTSD controls (lronson et al. 1997; Inoue-Sakurai, Maruyama,· and 

Morimoto 2000; Kawamura, Kim, and Asukai 2001; Gotovac et al. 201 0). Most, 

although not all, studies investigating immunoreactivity in PTSD using in vitro 

mitogen-stimulation (e.g. LPS) have revealed higher immunoreactivity in patients 

with PTSD (Rohleder et al. 2004; Woods et al. 2005). 

Low cortisol levels have been reported in people with PTSD and may be 

causing the increase in proinflammatory markers. Post-trauma administration of 

cortisol has already been shown to mitigate later diagnosis of PTSD. (Aerni et al. 

2004; Schelling, Roozendaal, and De Quervain 2004; Weis et al. 2006). This 

may also help reduce the proinflammatory cytokines and their effects, due to the 

anti-inflammatory effects of cortisol. However, there is a caveat to using cortisol 

as a post-trauma treatment for PTSD. Most trauma victims (resulting from war, 

rape, motor accidents, and natural disasters) have physical injuries. As 
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previously stated, inflammation is a key step in the wound healing process. Post 

trauma administration of cortisol will interfere with and delay wound healing and 

increase chances of infection. Therefore, the extent of physical injuries has to be 

taken into account before using cortisol as treatment for PTSD. 

There are no reported prospective studies directly investigating immune 

system effects on later development of PTSD. Therefore, it is not clear if there 

are immune risk factors for development of PTSD. However, dysfunction of the 

stress-response system (altered HPA-axis set point, GR sensitivity) has been 

reported as risk factors for post-trauma development of PTSD (Yehuda 2009; 

van Zuiden et al. 2012). The dysfunction of the stress-response system may 

cause changes in the immune system that may contribute to the development of 

PTSD. This theory is supported by the report that circulating levels of IL-6 24hrs 

after an automobile accident can predict future PTSD status (Pervanidou et al. 

2007). Also, as previously mentioned, maternal infection can cause deficits in the 

fetal neurogenesis in the dentate gyrus which may result in structural and 

functional deficits (Cui et al. 2009). Hippocampal structural and functional deficits 

have been suggested to render susceptibility to developing PTSD. 

Altered immune function can also influence PTSD symptoms. For 

example, immunoreactivity has been reported to be positively correlated with 

severity of anxiety, IL-6 has been shown to mediate changes in the neurocircuitry 

involved in anxiety.Frequency and severity of PTSD have also been linked to 
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levels of circulating cytokines (Zalcman et al. 1994; Reichenberg et al. 2001; von 

Kanel et al. 2007). Further, a recent study reported that trauma exposure and 

PTSD can cause epigenetic changes that influence immune function which may 

be inherited (Danik and Ridker 2007; Uddin et al. 2010). In addition, the 

"sickness behavior" associated with high levels of cytokines may cause or 

exaggerate major depression which is often comorbid with PTSD (Kessler et al. 

1995). 

There are discrepancies in the data from studies investigating immune 

function in PTSD which may be due to methodology, PTSD duration or symptom 

severity. However, it is evident that immune function can influence development 

and progression of PTSD. It is possible that subgroups of PTSD exist on the 

basis of immunological profiles. Therefore the state and function of the immune 

system should be taken into account to develop better treatments for PTSD. 
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Resistance/Resilience to developing PTSD: 

Given that only a small percentage of trauma exposed individuals develop 

PTSD, a maladaptive response to stress, there is a large population of trauma 

exposed individuals who do not develop this condition. This population is 

believed to comprise stress resistant and stress resilient people. Although they 

may share mediating pathways, resistance and resilience refers to different 

responses. Stress resistance increases the duration and/or intensity of trauma 

needed to push the adaptive stress response to a maladaptive response. On the 

other hand, stress resilience facilitates recovery after a maladaptive stress 

response. The fact that trauma accumulation or exposure to multiple traumas 

confers a higher risk of PTSD suggests that resistance and resilience are 

dynamic qualities and there may be discontinuities in resistance and resilience as 

individuals and environment change (Masten et al. 201 0; Fleshner et al. 2011 ). 

Factors that contribute to resistance/resilience include: genetic factors, 

social support, personal beliefs and personality traits. The studies that suggested 

the homozygous short (s/s) genotype of the 5HTTLPR as an increased risk for 

PTSD, also suggest that the homozygous long (Ill) genotype may confer 

r~sistanc&to trauma (Caspi-et al. 2003), 

Social support, defined as "support accessible to an individual through 

social ties to other individuals, groups, and the larger community" appears to be 

equally important for stress resistance and resilience (Lin et al. 1979). For 
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example, studies investigating the polymorphism in the promoter region of the 5-

HT transporter (5-HTTLPR) showed that maltreated children with the s/s 

genotype had the highest depression scores. A subsequent study showed that 

positive social support can greatly reduce risk of depression in maltreated 

children. In addition, religious beliefs, cognitive flexibility ( i.e. flexible adaptations 

to changing demands), optimism and self sufficiency is believed to protect 

against PTSD and confer resistance and resilience (Bonanno 2004). 
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Treatment of PTSD: 

So far, there is no cure for PTSD. The available treatments mainly target 

and alleviate the symptoms, allowing the individual to deal with the trauma. There 

are five main treatment goals: 

1. Reduce core symptoms 

2. Increase stress resilience 

3. Improve quality of life 

4. Reduce disability 

5. Reduce comorbidity 

Effective treatment of PTSD depends on various factors, starting with the 

length of time that has passed since the trauma; early intervention has been 

found to be most effective in reducing symptoms. The attitude of the individual 

undergoing treatment, availability of positive social and personal support and 

extent of comorbidities also affect treatment outcome (Bowirrat et al. 2010). 

Current treatment methods: 

Pharmacological treatment: 

The- pharmacological treatments prescribed for -PTSD act on the 

neurotransmitter systems discussed earlier namely serotonin, norepinephrine, 

GABA and dopamine and lead to symptom reduction. 
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Selective serotonin reuptake inhibitors (SSRis) have the broadest range of 

efficacy, being able to reduce all three clusters of PTSD symptoms (Brady K 

2000). Sertraline and Paroxetine, two SSRis are the only FDA approved 

medication for PTSD. SSRI act by increasing the extracellular 5-HT levels by 

inhibiting reuptake into the presynaptic cell. 

Peri-trauma administration of 13 blockers was shown to reduce risk of 

PTSD in a study investigating trauma effects on police officers (Pitman et al. 

2002; Taylor and Cahill 2002). 13-blockers inhibit the sustained activation of the 

sympathetic nervous system associated with PTSD thereby reducing the 

enhanced fear memory formation (McGaugh, Roozendaal, and Cahill 2000). 

Tricyclic antidepressants (TCAs) have also been used for the treatment of 

PTSD. However, the reports on the effectiveness of TCAs in relieving PTSD 

symptoms have been mixed. In several studies, their use reduced symptoms of 

re-experiencing to a modest degree but had minimal or no effect on avoidance or 

arousal symptoms. Therefore, TCAs are not very commonly prescribed anymore 

(Davidson et al. 2004 ). 

Other pharmacological treatments include monoamine oxidase inhibitors 

(MAOis), benzodiazepines (BDZ) and anticonvulsants. However, 

pharmacological treatments by themselves are not effective. Therefore 

psychotherapy is often used in conjunction with pharmacotherapy. 
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Psychotherapy: 

The goal of psychotherapy is to increase feelings of well being by 

reevaluating an individual's response to the traumatic event and "putting it in 

perspective" (VA/DoD 2010; Bomyea and Lang 2012). Cognitive behavioral 

therapy and exposure therapy are frequently used treatment for PTSD. Cognitive 

therapy involves helping patients identify negative and distorted beliefs 

associated with the trauma and consciously changing behavior. Exposure 

therapy, on the other hand, is a form of behavioral therapy where the patient is 

exposed to trauma related cues but with no danger/threat associated. Multiple 

exposures leads to a mitigation of fear responses that was initially associated 

with the cue (Resick et al. 2002). Although, there is evidence that exposure 

therapy is an effective treatment, there is a high dropout rate associated with this 

treatment. Also, one study indicated that many therapists feel uncomfortable 

using these treatments and use them infrequently (Becker, Zayfert, and 

Anderson 2004). 

Combination therapy is a form of psychotherapy that combines exposure 

therapy with cognitive therapy or medications. There is evidence that use of D

cycloserine in conjunction with exposure therapy is effective (Davis et al. 2006). 

Eye-movement desensitization and reprocessing (EMDR) is another form 

of psychotherapy. During EMDR, the patient is guided to make eye movements, 

follow hand taps or another rhythmic pattern at the same time as they are 
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recounting traumatic events. It is not quite clear how EMDR works but it is 

believed that the shift in attention during the recounting helps change the 

response to the memories (Carlson et al. 1998). 

Attentional modification/retraining: People with PTSD have an attentional 

bias towards trauma related cues. During attention modification, patients are 

trained to direct attention away from trauma related cues (Schoenmakers et al. 

2010). 

Group therapy: One or more therapists work with a group of people with 

PTSD. Recognition of shared experiences and feeling promote comradery, 

altruism, social support (Foy et al. 2002). 

Family therapy: Emotional numbing is a characteristic symptom of PTSD. 

Individuals with PTSD can be irritable and tend to pull away from loved ones. 

Family therapy aims at encouraging communication between the patient and 

family so that the family can understand what they are going through and help 

work through the PTSD symptoms (Maercker and Hom 2012). 

Novel interventions: 

Acceptance commitment Therapy (ACT), Dialectic Behavioral therapy 

(DBT) and mindfulness based cognitive therapy aims to change the relationship 

between the individual and the psychological experience and not at reduction of 

symptomatology per se (Hayes et al. 2006). These therapies use mindfulness to 

consciously allocate attention to the current moment, including internal 
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responses and environmental stimuli. It emphasizes acceptance of the internal 

responses rather than avoidance or suppression (Bishop, Duncan, and Lawrence 

2004; Carmody et al. 2009). 

Mantram repetition: Mantram repetition involves the repetition of a 

mantram or phrase meaningful to the individual (e.g. "Om" or "Shalom") during 

times of stress. This is believed to promote a state of relaxation, effectively 

inhibiting the sympathetic responses (Bormann et al. 2006). 

Relaxation therapies such as yoga, meditation, massage therapy, etc that 

promote relaxation have also been found to be effective in alleviating PTSD 

symptoms. Aerobic exercise has also been proposed as an effective adjunct 

treatment for PTSD (Rees 2011 ). 

Current treatments have very low to moderate efficacy and there is no 

single treatment that is universally effective (Institute of Medicine of National 

2007). The difference in response to treatment may be because of the 

combination of factors that lead to PTSD. 

PTSD is obviously a very complex disorder. Any of the factors discussed 

earlier by themselves or in combination with one or more other factors may 

contribute to PTSD. The different combinations of contributing factors, may lead 

to PTSD subtypes which respond to different treatments. Additionally, PTSD is 

comorbid with other psychiatric disorders, therefore tailoring treatments to 

individual needs is very important. For example, a PTSD patient with coniorbid 
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bipolar disorder would not be prescribed SSRis because of the risk of 

precipitating a manic episode. 

Therefore, investigating functional effects of each contributing factor by itself and 

in combination with other factors will contribute tremendously to developing 

better treatment plans. Such studies are almost impossible to conduct in 

humans. Animal models are the next best available tools. 
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Animal models of PTSD: 

It is impossible to mimic PTSD in its entire complexity, in any one animal 

model. However, selected core features can be modeled and studied. Animal 

models of PTSD are based on the fact that humans and other mammals share 

basic emotional processes. The quality and reliability of animal models of human 

diseases in general is assessed by three validity criteria: 

Face Validitv: Phenomenological similarity between the model and the disorder 

modeled or how closely the symptoms of the human disorder are mimicked by 

the animal model. On one hand, the model should resemble the disorder and on 

the other there should be no major dissimilarities (Wilner 1991; Siegmund and 

Wotjak 2006). 

Predictive Validity: The manipulations known to influence the pathological state 

should have similar effects in the model. In practice, predictive validity is often 

tested as response to therapeutic drugs. 

Construct Validitv: The degree of homology between the cellular and molecular 

processes of the human condition and the animal model. In animal models of 

PTSD, construct validity is usually the hardest to attain as the biological basis of 

P-TSD-is still-not-completely understood. 

There are some key defining features of PTSD that cannot be replicated in 

animals. Diagnosis of PTSD in humans relies on personal accounts of intrusive 

memory of the trauma, such as nightmares and flash backs. Obviously, this 
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cannot be studied in rats. But there are other features that can be modeled in 

animals and there are existing animal models based on these features. 

Inescapable electric shock is a frequently used stressor as it mimics the 

lack of behavioral control over the stressor. Another advantage to the electric 

shock as stressor is that the intensity ofthe stressor can be easily manipulated 

(Lubow 2005; Sotres-Bayon; Bush, and LeDoux 2007). 

Predator stress is a more species relevant stressor. Intensity in this 

paradigm is altered by changing length of exposure. In fact, predator stress has 

been shown to have a dose response effect; with short exposures (3 min) it does 

not cause any lasting effects but longer exposures (10 min or longer) lead to 

PTSD-Iike behaviors in some rats (Adamec, Walling, and Burton 2004; Cohen 

and Zohar 2004; Siegmund and Wotjak 2006; Nalloor, Bunting, and 

Vazdarjanova 2011; Cohen et al. 2012). Multiple stressors and single prolonged 

stress have also been used as stressors in some models (Knox et al. 2012; Xie, 

Han, and Shi 2012). 

Despite the valuable information that has been obtained from existing 

models, it is still not possible to identify susceptible animals before trauma 

exposure. Developing_a reliable measure to identify_susceptible animals will allow 

us to compare these animals to those that are resistant to developing PTSD-Iike 

symptoms, before, during and immediately after the trauma. This will shed light 

on the etiology of PTSD and also allow us to test preventive methods and early 
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intervention on a relatively similar population. Moreover, developing pre

classification measure will provide insight into developing homologous measures 

for humans to identify individuals susceptible to developing PTSD. To this end, 

we investigated behavioral measures that will reliably identify rats susceptible to 

developing PTSD-Iike symptoms to a later trauma. We were successful in reliably 

pre-classifying rats as susceptible (Susceptible) or resistant (Resistant) to 

developing PTSD-Iike symptoms before the trauma. This work is reported in 

chapter 1. 



63 

Rationale behind the studies reported in chapter Ill and IV: 

Immediate early genes (lEG) described as "the gateway to genomic 

response", the first group of genes to be expressed following synaptic activation 

are a part of this repertoire (Link et al. 1995; Lyford et al. 1995). lEGs do not 

require new protein synthesis in order to initiate transcription and are transcribed 

transiently and rapidly in-response to variety of cellular stimuli (Link et al. 1995; 

Guzowski, Knierim, and Moser 2004; Vazdarjanova and Guzowski 2004; . 

Miyashita et al. 2009). lEGs are · classified into two groups: regulatory 

transcription factors (RTFs) that influence the expression of other target genes 

and effector lEGs that can directly modify cellular function. 

Activity regulated cytoskeletal protein (Arc/Arg 3.1): Arc/Arg 3.1 (also 

referred to as simply Arc) is an effector lEG that has very low basal expression 

but is transiently and robustly expressed in a neuronal activity dependent manner 

(Link et al. 1995; Lyford et al. 1995). It is important to note that, under normal 

behavioral conditions, Arc expression can be dissociated from neuronal firing and 

has been reported to predict the pattern of plasticity assessed by 

electrophysiology a day later (Guzowski et al. 2006; Carpenter-Hyland et al. 

2010). 

Arc mRNA is rapidly expressed in principal neurons of the forebrain in 

response to behavior, L TP induction by high frequency stimulation (HFS) or 

BDNF, and seizures (Link et al. 1995; Lyford et al. 1995; Steward et al. 1998; 
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Waltereit et al. 2001; Ying et al. 2002; Vazdarjanova et al. 2006; Kubik, 

Miyashita, and Guzowski 2007). Arc is expressed almost exclusively in the 

CaMKII-positive glutamatergic neurons in hippocampus and neocortex with little 

or no expression in the glia (Vazdarjanova et al. 2006). 

The molecular cascades that are involved in initiating Arc transcription are 

not fully understood but activation of the NMDA receptors and the extracellular 

signal-regulated kinase (ERK)/ Mitogen-activated protein kinase (MAPK) and 

protein kinase A (PKA) have been reported to be involved in Arc transcription 

(Steward et al. 1998; Steward and Worley 2001; Waltereit et al. 2001; Rao et al. 

2006). Arc transcription is also regulated via voltage-gated calcium channels 

(VGCC) and group 1 metabotropic glutamate receptors (mGiuR1) (Park et al. 

2008; Adams et al. 2009). 

The precise kinetics of Arc transcription and translation depend on the 

type of receptor and downstream pathway activated. A persistent increase of Arc 

mRNA within 2-5 min and a delayed (1hr) increase in Arc protein are seen 

following L TP induction or learning (Yilmaz-Rastoder et al. 2011 ). On the other 

hand mGiuR1 mediated LTD leads to an immediate increase in Arc protein 

accompanied by a decrease in the Arc mRNA followed by a delayed transient 

increase in mRNA (Yilmaz-Rastoder et al. 2011 ). 

Once transcribed, Arc mRNA is packaged into messenger 

ribonucleoprotein particles and targeted to synaptically active regions of 
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dendrites (Steward et al. 1998; Steward and Worley 2001 ). Arc 3' untranslated 

region (UTR) contains two cis-acting dendritic targeting elements (DTE) which is 

required for dendritic localization of mRNA (Kobayashi et al. 2005). The mRNA 

transport is mediated by NMDAR signaling and the localization of Arc requires 

microtubule-depended fast transport, followed by F-actin dependent docking 

(Lopez de Heredia and Jansen 2004). 

The estimated half life of Arc mRNA is - 47mins (Rao et al 2006). Arc 

mRNA is a target for a process called nonsense mediated decay (NMD) which 

limits Arc protein synthesis in the dendrites. Once translated, Arc is localized to 

the post synaptic density (PSD). Arc protein exerts positive feedback by 

stabilizing F-actin at active synapses (Messaoudi et al. 2007). Pull down and co

immunoprecipitaion studies have shown that Arc complexes with the PSD-95 and 

CaMKII in the PSD fraction (Donai et al. 2003; Tsui and Malenka 2006). 

Arc mediates homeostatic scaling via AMPAR trafficking by directly 

interacting with the endocytotic machinery (Chowdhury et al. 2006). Injection of 

Arc AS and Arc knockout mice show decreased AMPAR internalization and Arc 

over expression in hippocampal slices results in accelerated endcocytosis and a 

resultant decrease in surface AMPARs (Chowdhury et al. 2006). Arc has also 

been implicated in actin remodeling of dendritic spines which mediates structural 

plasticity that accompanies L TP, learning and memory formation. Arc significantly 

increased the number of thin spines and fillopodia which are the more plastic 
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"learning spines". However, Arc mutants showed a decrease in the proportion of 

thin spines compared to the more stable stubby spines (Peebles et al. 2010). Arc 

has also been shown to influence Notch signaling which is required to maintain 

spine density and morphology and in the regulation of synaptic plasticity and 

memory formation. Loss of Arc disrupts the activation of Notch 1. Arc mutants 

have reduced Notch activity which leads to impaired L TP, learning and short term 

memory (Aiberini 2011 ). 

Arc knockout mice show deficits in learning and memory and an enhanced 

early phase buf impaired late phase L TP (Plath et al. 2006: 200). This is 

consistent with intrahippocampal Arc AS infusion studies that showed that Arc is 

required for maintenance but not induction of L TP (Guzowski et al. 2000; Plath et 

al. 2006; Messaoudi et al. 2007). Arc knockout neurons in culture show severe 

deficits in AM PAR scaling and LTD (Shepherd et al. 2006). Arc knock out studies 

have also shown that Arc enhanced orientation specificity in the visual cortex and 

also plays a selective role in regulating the visual experience-dependent 

homeostatic plasticity of excitatory synaptic transmission (Wang et al. 2006; Gao 

et al. 201 0). 

The precise timing of Arc transcription and mRNA processing has been 

analyzed· using maximum electroconvulsive shock (MECS) and fluorescence in 

situ hybridization (FISH). Within 1-2 min of MECS, Arc mRNA appears as intense 

intranuclear foci (INF) in activated neurons. But by 15 min, the INF completely 
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disappears and cytoplasmic staining is seen from 15-45 min after activation 

(Guzowski et al. 1999; Vazdarjanova et al. 2002). Arc mRNA expression 

following L TP inducing stimuli and behavioral training follows the same time 

course (Guzowski et al. 1999). This timing has been exploited in the cellular 

imaging technique called "catFISH" (cellular compartment analysis of 

temporal activity by fluorescence in situ hybridization), to compare, cell 

ensembles undergoing plasticity in response to two discrete, temporally 

separated behavioral events. The catFISH is different from other imaging 

methods because of its ability to identify, at a single-cell level, neuronal 

ensembles activated by two distinct behavioral experiences within an animal 

(Guzowski et al. 2001; Vazdarjanova et al. 2002). 

In brain slices processed for catFISH, cytoplasmic Arc would mark 

neurons activated by an experience that occurred 15-30 min prior to death of the 

animal and the INF would mark neurons activated by an experience immediately 

(5-10 min) before death. A variant of catFISH called Arc/H1a catFISH uses 

Homer 1a (H1a), another effector lEG, which is dynamically expressed with Arc, 

in the same neurons in response to the same stimuli. The timing of H1a INF 

allows .it to_ be used in lieu of cytoplasmic Arc for a more robust read out of 

plasticity-related neuronal activity in Arc/H1a catFISH (Vazdarjanova et al. 2002). 

Homer 1a (H1a) belongs to a family of scaffolding proteins that localize at 

the postsynaptic density (PSD) (Shiraishi-Yamaguchi and Furuichi 2007; Foa and 
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Gasperini 2009). H1a is involved in intracellular calcium homeostasis, receptor 

trafficking, signal transductions and gene transcription (Shiraishi-Yamaguchi and 

Furuichi 2007; Foa and Gasperini 2009). H1a lacks the coiled-coil domain that is 

present in the constitutively active variants and is expressed in an activity 

dependent manner (Shiraishi-Yamaguchi and Furuichi 2007). 

H1a mRNA has been shown to increase, mediated by the MAPK signaling 

pathway, after fear conditioning in vivo and after BDNF application on primary 

hippocampal and amygdala cultures in vitro (Mahan et al. 2012). As mentioned 

above, just like Arc, H1a is also localized to the PSD, suggesting that these 

genes may function in concert to modify synaptic efficacy in the hippocampal and 

neocortical networks responsible for encoding the memory of discrete 

experiences. 

Arc/ Homer 1 a catFISH takes advantage of the constant rate of elongation 

of RNA polymerase II (1.4kb/min) and the difference in length of Arc (3 kb) and 

H1a mRNA (50 kb) (Vazdarjanova et al. 2006). A probe, antisense to the 3' UTR · 

of H1a mRNA, will detect it only about 30 min after induction. Therefore, Arc/ 

Homer 1a catFISH can be used to reveal neuronal ensembles that were 

activated in response to two, 5 min behavioral exReriences occurring 25 min 

apart .. H1a INF will mark the cells activated by the first event and Arc INF will 

mark cells activated by the second event. This allows us to compare neuronal 
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ensembles expressing lEGs in response these experiences (Guzowski et al. 

1999; Vazdarjanova et al. 2002). 

There are limitations to Arc/ Homer 1a catFISH. As mentioned earlier, Arc 

and H1a are plasticity markers and therefore can detect only plasticity-related 

changes. For the same reason, manipulations detectable by this method are best 

performed during early training on any task; overtraining has been shown to 

reduce Arc expression (Kelly and Deadwyler 2003; Carpenter-Hyland. et al. 

201 0). Also, Arc has a neuroanatomically restricted pattern of expression, 

meaning that some brain regions do not express Arc (e.g. LC, PVN, BNST, and 

PAG) (Ons, Marti, and Armaria 2004). Another limitation is that only one time 

assessment is possible as the rats have to be sacrificed to obtain the readout. 

However, the most important advantage of Arc/ Homer 1a catFISH is that 

it allows us to assess within the same animal, not only the size, but also the 

overlap of neuronal ensembles undergoing plasticity in response to two 

temporally separated events. This technique also allows us to examine multiple 

brain regions and hence investigate relative changes in. lEG expression within 

neuronal circuits (Guzowski et al. 1999; Vazdarjanova et al. 2002). 

Using Arc/ Homer 1a catFISH, it has previously been shown that when 

rats explore the same box twice, the same set of dorsal CA1 neurons show lEG 

expression both times (Guzowski et al. 1999; Vazdarjanova et al. 2002). As 

previously stated, hippocampus is a brain region involved in memory formation 
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especially, single trial learning, including single trial contextual fear conditioning 

(Morris 2001; Wiltgen et al. 2006; Kesner 2007). There is also evidence that the 

dorsal hippocampus plays a role in the acquisition of the emotional valence of a 

context; after fear conditioning, a subset of dorsal hippocampal place cells alter 

their preferred firing location (place fields) in the training environment (Moita et al. 

2004). However, there are no direct projections to the dorsal hippocampus from 

amygdala, the major emotional information processing center of the brain. 

Efferent projections from the amygdala terminate in the ventral hippocampus 

(Pikkarainen et al. 1999). Moreover, inactivation of the ventral hippocampus has· 

been shown to reduce anxiety behaviors (Bannerman et al. 1995; Bast, Zhang, 

and Feldon 2001). Taken together, this suggests that the ventral hippocampus 

also plays a role in the acquisition of emotional information. 

PTSD is by definition a consequence of experiencing an extremely 

traumatic event (similar to one trial fear conditioning in rodents). In addition, 

intrusive recall and impaired extinction of the trauma memory are defining 

features of PTSD (American Psychiatric Association 2000). Smaller hippocampal 

size and impaired configura! processing of contextual cues are reported as risk 

factors for developing PTSD (Gilbertson et al. 2002; Gilbertson et al. 2007). 

Together, these facts suggest that improper processing of contextual cues during 

the acquisition of trauma memory may contribute to the etiology of PTSD. 
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Therefore, in order to confirm the participation of the hippocampus in the 

acquisition of emotional memory, we first investigated hippocampal plasticity

related responses in na'ive or neurotypical rats. Using Arc/H1a catFISH, we 

compared Arc and H1a expression pattern along the septotemporal axis of the 

hippocampus between two groups of rats, one in which rats explored a spatial 

context twice (A-A) and one in which the second exploration was paired with an 

aversive stimulus (foot shock) (A-CFC). This study and the findings thereof are 

reported in chapter 2. 

Further, we hypothesized that the animals classified as Susceptible using 

our pre-classification criteria will differ from rats classified as Resistant in the 

hippocampal plasticity-related responses, prior to the trauma and during trauma 

memory acquisition. Therefore, using a two by two design, we then repeated the 

A-AIA-CFC paradigm with Resistant and Susceptible rats. 

As previously described in detail under 'Neurocircuitry of fear', the 

amygdala has an established role in the learning and memory of emotional 

events. Specifically, emotionally arousing stimulation/event activates the 

amygdala which in turn regulates the long term memory of the experience by 

modulating neuroplasticity in other brain regions including the hippocampus 

(McGaugh, Cahill, and Roozendaal 1996; Cahill and McGaugh 1998; McGaugh, 

Roozendaal, and Cahill 2000; McGaugh 2004). 
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The memory modulation effect of amygdala is partly mediated by the 

adrenergic system. Infusion of 13-adrenergic agonist into the amygdala after a 

task acquisition induce dose-dependent memory enhancement while a 13-blocker 

impairs memory consolidation [e.g. (Liang, Chen, and Huang 1995; lntroini

Collison, Dalmaz, and McGaugh 1996; Cahill and McGaugh 1998; Cahill, H.B.M. 

Uylings, and Pennartz 2000)]. Fear conditioning or foot shock results in release 

of norepinephrine and the amount of norepinephrine released varies directly with 

the foot shock intensity (Galvez, Mesches, and McGaugh 1996; Quirarte et al. 

1998). In addition, as previously mentioned, fear conditioning also results in the 

activation of the HPA-axis and the consequent release of glucocorticoids. As 

previously stated, glucocorticoids also modulated memory consolidation. 

Additionally amygdala hyperactivity has also been associated with PTSD 

[Reviewed by (Holzschneider and Mulert 2011 ). Therefore, we investigated lEG 

expression also in the basolateral nucleus of the amygdala. This study is 

reported in chapter 3. 



II. FIRST PUBLISHED MANUSCRIPT 

Predicting Impaired Extinction of Traumatic Memory and Elevated Startle 

Rebecca Nalloor, Kristopher Bunting, Almira Vazdarjanova; PLoS One. 2011; 

6(5) 

Abstract 

Background: Emotionally traumatic experiences can lead to debilitating 

anxiety disorders, such as phobias and Post-Traumatic Stress Disorder (PTSD). 

Exposure to such experiences, however, is not sufficient to induce pathology, as 

only up to one quarter of people exposed to such events develop PTSD. These 

statistics, combined with findings that smaller hippocampal size prior to the 

trauma is associated with higher risk of developing PTSD, suggest that there are 

pre-disposing factors for such pathology. Because prospective studies in humans 

are limited and costly, investigating such pre-dispositions, and thus advancing 

understanding of the genesis of such pathologies, requires the use of animal 

models where predispositions are identified before the emotional trauma. Most 

existing animal models are retrospective: they classify subjects as those with or 

without a PTSD-Iike phenotype long after experiencing a traumatic event. 

73 
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Attempts to create prospective animal models have been largely 

unsuccessful. 

Methodology/Principle findings: Here we report that individual 

predispositions to a PTSD-Iike phenotype, consisting of impaired rate and 

magnitude of extinction of an emotionally traumatic event coupled with long

lasting elevation of acoustic startle responses, can be revealed following 

exposure to a mild stressor, but before experiencing emotional trauma. We 

compare, in rats, the utility of several classification criteria and report that a 

combination of criteria based on acoustic startle responses and behavior in an 

anxiogenic environment is a reliable predictor of a PTSD-Iike phenotype. 

Conclusions/Significance: There are individual predispositions to 

developing impaired extinction and elevated acoustic startle that can be identified 

after exposure to a mildly stressful event, which by itself does not induce such a 

behavioral phenotype. The model presented here is a valuable tool for studying 

the etiology and pathophysiology of anxiety disorders and provides a platform for 

testing behavioral and pharmacological interventions that can reduce the 

probability of developing pathologic behaviors associated with such disorders. 

Keywords: rats, elevated plus maze, anxiety, cat hair, contextual fear 

conditioning, PTSD, animal model 
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Introduction: 

Experiencing emotional trauma, with or without physical trauma, leads to 

debilitating pathological anxiety and impairment in social and cognitive function, 

called Post Traumatic Stress Disorder in almost one quarter of exposed people 

(Defense Health Board Task Force on Mental 2007; VA/DoD 2010). Current 

PTSD research focuses on finding treatments that allow patients to successfully 

cope with a traumatic event in the immediate aftermath of that event (Michael 

Davis et al. 2006; Yehuda 2006). However, the fact that a traumatic incident does 

not affect all subjects equally suggests that there are individual risk factors which 

predispose them to developing PTSD. The availability of pre-trauma classification 

can be very helpful in correctly identifying pharmacological and behavioral 

treatments that are likely to benefit susceptible populations. Recognizing such 

benefits, studies in humans are underway (Ehring et al. 2007; Yehuda and 

LeDoux 2007). 

Existing animal models have contributed greatly to the understanding of 

the disease symptoms that develop after emotional trauma and the possible 

treatment of these symptoms (Yehuda and Antelman 1993; Adamec et al. 1998; 

Adamec, Walling,_ancLBurton2004; Goben 2006; Siegmund and Wotjak 2006; N_ 

Kozlovsky et al. 2007; Nitsan Kozlovsky et al. 2007; Roth et al. 2011 ). However, 

the investigation of memory processes occurring during or shortly after the 

traumatic event is not currently possible. Here we present a different model that 
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will allow such investigations and can serve as a platform for testing the 

effectiveness of pre-trauma and peri-trauma interventions. 

Hallmarks of trauma-based anxiety disorders, such as PTSD, are 

exaggerated fear responses to cues associated with the trauma and difficulty 

suppressing fear behavior even when these cues no longer predict danger (Milad 

et al. 2008; Milad et al. 2009). In rats, this behavioral phenotype can be modeled 

by producing elevated startle response to acoustic stimuli and impaired fear 

extinction. Rats, like humans, show heterogeneity in post-trauma anxiety

responses and have been previously classified as those with a PTSD-Iike 

phenotype based on their lasting elevation of post-trauma acoustic startle 

responses (ASR) and anxiety-like behavior in the elevated plus maze (EPM). 

Encouragingly, the percentage of rats identified with this combination of criteria 

was 20-25%, similar to the incidence rate of PTSD in humans (Cohen and Zohar 

2004; Cohen 2006). Attempts at pre-trauma classification, however, have yielded 

limited success. Previous studies have shown no relationship between behavior 

during a traumatic event and impaired extinction (Bush, Sotres-Bayon, and 

LeDoux 2007); additionally, it is not known if pre-classification based on ASR 

alone will .predict impaired extinction, allbough it _can predict .elevated startle 

(Rasmussen, Crites, and Burke 2008). One interpretation of such findings is that 

there is no identifiable population predisposed to impaired extinction and 

elevated startle, but, rather, these develop solely as a consequence of the 

traumatic event. We tested an alternative hypothesis that predispositions do exist 
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and they can be identified prior to the emotional trauma. Specifically, we tested 

whether predispositions to a more comprehensive PTSD-Iike behavioral 

phenotype which includes elevated ASR and impaired fear extinction, could be 

predicted before the trauma, based on ASR and EPM measures. The results only 

partially support this hypothesis: pre-classification is possible, but only after the 

animals have experienced a mild stressor, which by itself does not induce the 

PTSD-Iike phenotype. Our investigations also compare what aspects of post

trauma behaviors can be predicted based on either of the two classification 

factors alone (ASR and EPM measures). 

Materials and Methods: 

Subjects: Young adult (250-300 g) male Sprague-Dawley rats (Charles 

River Laboratories Inc, MA) were housed in pairs on a 12 hr light/dark cycle 

(lights on at 7:00am) with food and water freely available. 

Behavioral procedures: All testing was performed between 9:00am and 

5:00 pm by trained. observers blinded to the group assignment of the rats. All 

behavior, except in the startle chambers, was recorded via an overhead camera. 

AIL procedures were approved by the Institutional. Animal Care and Use 

Committee (IACUC); Georgia Health Sciences University, protocol# 08-09-104. 

Mild stressor: A ball of cat hair, 10 em in diameter, obtained from a male 

cat, was placed in one corner of a 35 em x 26 em x 50 em box. The box was 

divided into four equal quadrants. Each animal was introduced into the quadrant 
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furthest from the cat hair and allowed to explore the box freely for 3 min. The box 

was wiped clean between animals. Contact was scored when the animal's nose 

was within 2 em of the cat hair ball. Freezing was scored when the animal 

showed no movement except for respiration. 

Acoustic Startle: Testing was performed in sound attenuated startle 

chambers (SR-LAB, San Diego Instruments, San Diego, CA) with clear acrylic 

restraining tubes and background noise of 68 dB. Each animal was presented 

with fifteen 120dB acoustic bursts (40ms each), at random intervals (30-45s). 

Acoustic startle response (ASR) was measured as the displacement of the 

restraining tube detected by a piezoelectric device at its base and reported in 

output units. 

Elevated Plus Maze (EPM): The maze was plus-shaped with four 

identical 50 em x 10 em arms, elevated 70 em above the floor. Two opposite 

arms were surrounded on three sides by 30 em tall opaque walls and the other 

two arms were open, except for a 1 em high ledge, and dimly illuminated (2 lux). 

Each animal was introduced in the center area (10 em x 10 em) facing an open 

arm and allowed to explore freely for 5 min. Number of arm entries and time 

spent in each arm were scored. An arm entry was scored when all four paws of 

the animals entered an arm and time in arm was counted only if all four paws of 

the animal were within the arm. Two different rooms· were used when rats were 

evaluated in the EPM twice, to make the two exposures as different as possible. 
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Screening Criteria: The animals were classified as Susceptible or 

Resistant, based on their ASR and EPM scores .four days after the mild stressor 

using a priori set criteria as follows: 

Susceptible- when behavior meets both of the following criteria: 

1) Average ASR and 6 or more individual ASR were greater 

than the group average ASR. 

2) No entries into the open arms 

Resistant- when behavior meets both of the following criteria: 

1) Average ASR and more than 7 individual ASR were smaller 

than the group average ASR. 

2) At least 1 entry into the open arms 

Animals meeting neither set of criteria were excluded. 

Traumatic event: Contextual fear conditioning (CFC) was performed in a 

50 em x 10 em x 19 em box. After a three minute habituation period, two shocks 

(0. 7 rnA AC, 1000 ms, 30 s apart) were administered as foot shocks via stainless 

steel floor plates electrified by a constant current shock generator. Fear behavior 

was measured as time spent freezing in the 3 minutes following the second foot 

shock. To ensure that the CFC was indeed a traumatic fear-eliciting event, we 

set a training criterion of freezing >15% of the post-shock time. The 15% cutoff is 

based on a meta analysis of the behavioral data from our laboratory acquired by 

using the same apparatus which showed that <15% freezing at training does not 

produce reliable fear conditioning, as measured by freezing on the following day. 
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Extinction: Fear extinction to the CFC context was performed by 

reintroducing the animal into the CFC context for 5 min per day for 4 consecutive 

days, without foot shocks. Freezing was scored. The Extinction Index was a 

measure of magnitude of extinction and was calculated as: 100-100*(ED4/ED1), 

where ED1 and ED4 are the percent time spent freezing on extinction days 1 and 

4, respectively. 

Statistical Analyses: Comparisons between groups (Susceptible vs. 

Resistant) were performed using a single factor ANOVA test (StatView software). 

A mixed design with repeated measures ANOVA was used when evaluating 

repeated startle testing, as well as when evaluating group differences and rate of 

extinction during daily extinction training. When significant overall factor or 

interaction effects in the RM-ANOVA were observed, a comparison between 

Susceptible and Resistant rats was done with at-test. P values smaller than 0.05 

were considered statistically significant. 
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Results: 

Behavioral screening of rats before a traumatic event can predict impaired 

extinction of fear behavior and lasting elevated startle 

We tested the hypothesis that impaired extinction and elevated startle 

response after an emotionally traumatic event can be predicted based on 

anxiety-like behavior in the elevated plus maze (EPM) and a<;:oustic startle 

responses (ASR) before the event. The presented results were derived from 

three replications of this experiment. As illustrated in Fig. 4A, four days after 

exposure to a mild stressor (cat hair), animals (n= 51) were tested for ASR and 

anxiety-like behavior in the EPM and classified based on a set of ·criteria 

determined a priori that were derived based on pilot experiments (see Methods). 

Four days were allowed to ensure that the classification was not based on the 

initial stress response to the cat hair. Post-hoc analysis of the behavior of the rats 

in the presence of the cat hair revealed that those classified as Resistant (n=13) 

and Susceptible (n=9) had a similar aversive response to the cat hair: they 

showed a similar degree of freezing and number of contacts (F (1, 20) = 1.2 and 

0.06, respectively, p>0.2). 

The emotionally traumatic event, contextual fear conditioning. (CFC), 

induced robust fear in most rats, as evidenced by notable freezing behavior 

during the training (mean/SE= 46.0/ 7.4 for Resistant rats and 47.7/ 5.5 for 

Susceptible rats). Three rats (2 Resistant and 1 Susceptible) were excluded from 

further analyses as they did not meet the training criterion (see Methods). Both 
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groups acquired fear of the context to the same degree, as there was no group 

difference in freezing behavior during the training (F (1, 17) = 0.02, p=0.87). 

Both groups could retrieve and express the CFC memory to the same 

degree, as evidenced by a similarly high degree of freezing behavior when the 

rats were tested the next day in the same context without foot shock (Fig 4B, 

Extinction day 1 (ED1)). However, Resistant rats quickly learned to suppress 

freezing behavior when repeatedly exposed to the same context, while 

Susceptible rats did not. There was a significant extinction effect (F (3, 51) = 

28.97, p<0.0001) and group x extinction interaction (F (3, 51) = 7.05, p<0.001) 

indicating differences in the rate of extinction. In addition to differences in the rate 

of extinction, we examined differences between Susceptible and Resistant rats in 

.the magnitude of extinction by assessing an Extinction Index, which is the 

percent reduction in freezing from ED1 to ED4. While Resistant rats showed a 

large magnitude of extinction, Susceptible rats did not (F (1, 17) = 10.33, p<0.01, 

Fig. 4C). 

Susceptible rats also had lasting elevated startle responses after the 

traumatic event compared to Resistant rats (Fig 40). The ASR of Resistant 

(n=1 0) and Susceptible. (n=6) rats from two of the three experimental replications 

was measured 3 weeks after CFC (ASR 2). Susceptible rats had higher ASR 2 

than Resistant rats (group effect F (1, 14) = 30.20, p<0.0001 ). Importantly, while 

the ASR of Resistant rats remained non-elevated from ASR 1 to ASR 2 testing, 

ASR 2 of Susceptible rats was elevated above that of their ASR 1 levels (ASR 
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effect F(1,14)= 16.33, p<0.01, group x ASR interaction (F(1,14)= 14.66, p<0.01, 

and p<0.001 for Susceptible vs. Resistant at ASR 2 testing). 

Lasting elevated startle responses in Susceptible rats is specific to having 

experienced a traumatic event 

The observed lasting elevation in ASR in Susceptible rats may result from 

the exposure to the mild stressor, rather than a specific consequence of the 

traumatic event (CFC). This hypothesis was tested in a different group of rats 

that were subject to the mild stressor, classified with the ASRIEPM criteria and 

then tested for ASR 3 weeks later (Fig. 5A). Naturally, Susceptible rats had 

higher ASR than Resistant rats during the classification testing, because ASR 1 

was a classification criterion (ASR 1, p<0.001, with overall group effect F (1, 11) 

= 1 0.77, p<0.01 ). However, they had an ASR similar to that of Resistant rats 

during testing 3 weeks later (ASR 2) (ASR factor: F (1, 11) = 0.29, p= 0.59 and 

significant group x ASR interaction: F (1, 11) = 5.25, p<0.05, Fig. 5B). Therefore, 

elevated startle after cat hair exposure can be detected in susceptible rats at 4 

days after exposure, but this elevation is no longer seen at 3 weeks. Importantly, 

these data show that the elevated startle observed at 3 weeks after CFC is 

specific to the traumatic experience and is not induced by the mild stressor. 



Figure 4: Susceptible rats show impaired rate and magnitude of extinction 

and sustained elevation in acoustic startle response after a traumatic 

event: 

A) Experimental design: ASR= acoustic startle response; EPM= elevated plus 

maze; CFC= contextual fear conditioning. B) Freezing during daily extinction 

sessions of Resistant (gray circles) and Susceptible (black squares) rats. C) 

Magnitude of extinction in Resistant (Res) and Susceptible (Sus) rats; • p < 0.01. 

D) Acoustic startle response at classification (ASR 1) and 3 weeks post trauma 

(ASR 2); * p < 0.001. 
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Brief exposure to cat hair is a mild stressor 

As previously reported (Vazdarjanova, Cahill, and McGaugh 2001 ), a 

short exposure to cat hair elicited a range of fear behaviors, including withdrawal 

to one corner and freezing (15% ). However, conditioned freezing in the cat hair 

context alone 24 hours after the exposure was 4 times less than the freezing 

observed at 24 hours after foot shock (16% vs. 61%, F(1 ,29)= 44.74, p<0.0001, 

. Fig. 6). Therefore, a brief exposure to cat hair is a mild stressor and not a 

severely traumatic event comparable to foot shock-induced CFC. 

A mild stressor is needed to reveal susceptibility to impaired extinction and 

elevated acoustic startle 

The main finding of the current research is that impaired extinction and 

prolonged elevated startle can be predicted based on a combination of anxiety 

and startle responses that are measured after exposure to a mild stressor, but 

prior to exposure to an emotionally traumatic event. An obvious question arises: 

can such predispositions be detected at baseline or is a mild stressor needed to 

reveal them? To answer this question, we first screened rats with the ASRIEPM 

classification· then, after exposing them to the mild stressor, we conducted a 

second screening using the same criteria (Fig. 7A). Figure 78 shows that while 

only 1% (1 of 71 rats) met the Susceptible criteria before the cat hair exposure, 

this percentage increased to 14% (1 0 of 71) after cat hair exposure. This is just a 

little lower than the overall rate of susceptibility (17%) seen across all replications 
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(total of 184 rats, including rats from pilot data not reported her~ that was used to 

develop the criteria). Conversely, the percentage of rats meeting the Resistant 

criteria dropped from 59% during the pre-cat hair screening to 30% during the 

post-cat hair screening. Therefore, a mild stressor is necessary to reveal 

susceptibility to impaired extinction and elevated acoustic startle. 
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Figure 5: Exposure to a mild stressor does not induce lasting elevation in 

acoustic startle responses: A) Experimental Design B) Acoustic startle 

response at classification (ASR 1) and 3 weeks post trauma (ASR 2); * p < 0.001. 
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Figure 6: Brief exposure to cat hair is a mild stressor that induces 

significantly lower conditioned freezing than fear conditioning: Freezing 

measured 24 hours after training in the cat hair (Cat) and fear conditioning (CFC) 

context. 
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Figure 7: A mild stressor is necessary to reveal susceptibility to developing 

impaired extinction and elevated startle: A) Experimental Design: the mild 

stressor was a brief exposure to cat hair. Classification included EPM and ASR 

responses. B) Percentage of animals that meet susceptibility and resistance 

criteria at pre-classification (before cat hair exposure) and at post cat hair 

classification. 
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Immediate fear response to the mild stressor or to the emotional trauma 

does not reveal susceptibility to impaired extinction and elevated acoustic 

startle after the emotional trauma 

Exposure to the cat hair stimulus was necessary to reveal predisposition, 

but could the fear response to this mild stressor predict impaired extinction and 

elevated ASR after a traumatic event? All 40 rats that met the training criterion 

were classified as High and Low fear based on whether or not they showed 

freezing during the cat hair exposure. Animals from both groups acquired fear 

conditioning at the same rate and to the same degree (group effect: F (1, 38) = 

2.73, p= 0.11; training effect: F (2, 76) = 41.72, p< 0.001; no interaction: F (2, 76) 

= 0.29, p= 0.75, data not shown). Similarly, there were no group differences in 

the rate of extinction (group effect: F(1,38)= 0.57, p= 0.45; training effect: 

F(3,114)= 35.91, p< 0.001; no interaction: F(3,114)= 0.11, p= 0.95), or the 

magnitude of extinction (F(1,38)= 0.53, p= 0.47). Additionally, there were no 

group differences for ASR 1 and ASR 2 for the subset of 30 rats that were tested 

at both time points (group effect: F(1,28)= 1.50, p= 0.23; ASR effect: 1,28)= 4.00, 

p= 0.06; no interaction: F(1,28)= 0.24, p= 0.62). Further analyses revealed that 

the percent time spent freezing in the presence of the cat hair was not correlated 

to either the magnitude of extinction, or the ASR 2 (r2< 0.001 for both). 

The freezing behavior during CFC of the same rats was not correlated to 

either the magnitude of extinction or to their ASR 2 (r2< 0.01 for both). These 

results show that freezing behavior either during the mild stressor or during the 
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emotionally traumatic event cannot be used as a predictor of how well rats will 

recover from the emotional trauma. 

Does anxiety-like behavior in the elevated plus maze by itself predict 

impaired extinction and elevated ASR? 

Although the combined criteria of elevated startle and elevated anxiety in 

the EPM after exposure to a mild stressor can predict impaired extinction and 

long-lasting elevated ASR, it is informative to determine whether either criterion 

alone has the same predictive power. All 40 rats that met the training criterion 

were classified as susceptible or resistant based on their responses in the EPM 

alone: Sus-EPM, n=21 or 53%, and Res-EPM, n=19 or 48%. There was no group 

difference in freezing during CFC training (F (1, 38) = 0.03, p=0.85, data not 

shown). Fear extinction and startle responses 3 weeks after CFC (ASR 2) are 

shown in Figure 8. 

ASR 2 was evaluated in 2 of the 3 replications (n= 30, Sus-EPM= 13 and 

Res-EPM= 17). Sus-EPM rats had higher levels of freezing throughout the 

extinction training, as shown by a significant group effect (F(1, 38)= 14.05, 

p<0.001, Fig. 8A). Sus-EPM rats also showed a lower magnitude of extinction 

(F(1, 38)= 9.69, p<0.01) and a tendency towards higher ASR 2 (p=0.061, also .a 

significant group x ASR interaction: F(1 ,28)= 5.71, p<0.05, Fig. 5C). However, 

there was no difference in the rate of extinction, no group x extinction interaction 

(F(3, 114)= 1.53, p= 0.21), and both groups had high magnitude of extinction 
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(>50%, Fig. 88). Thus, a classification based on EPM alone can predict elevated 

levels of freezing, but cannot reliably predict elevated ASR and impaired rate of 

extinction. 

Does elevated ASR after a mild stressor by itself predict impaired 

extinction and lasting elevation in startle? 

In this analysis, extinction and ASR 2 performance of the same 40 rats 

was evaluated after they were classified post hoc based on the startle criterion 

alone (ASR 1 ): Sus-ASR, n=16 or 40%, Resistant-ASR, n=21 or 53% (there were 

three Intermediate rats that were excluded from further analyses). There was no 

group difference in freezing during CFC training (F (1, 35)= 0.001, p=0.97, data 

not shown). Sus-ASR rats showed an impaired rate of extinction (group x 

extinction interaction (F (3,105) =5.24, p<0.01), but showed no difference in the 

magnitude of extinction (no group effect on the Extinction Index F(1 ,35)= 1.50, 

p>0.2), Fig. 6A&B. Both groups also showed high (>50%) overall magnitude of 

extinction. Not surprisingly, Sus-ASR rats had higher ASR at the time of 

classification (ASR 1, which is the classification criterion for this set of analyses) 

and continued to maintain elevated ASR responses 3 weeks after CFC (overall 

group effect: F (1, 28) = 37.19, p<0.001, a significant group difference for ASR 2, 

p< 0.001, and no group x ASR interaction: F (1, 28) = 1.22, p= 0.28). Combined 

with the data from the EPM-alone classification, these data show that a reliable 

prediction of impaired fear extinction and lasting elevation in the ASR can only be 
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achieved by combing the EPM and ASR criteria, but not by using either criterion 

alone. 

Discussion: 

The main finding of the current research is that impaired extinction of 

conditioned fear and lasting elevated startle responses to loud acoustic stimuli 

(ASR) can be predicted before exposure to the traumatic event that produces 

conditioned fear. Thus this model, designed to have predictive power, also has 

face validity. A second important finding is that this predisposition to a behavioral 

PTSD-Iike phenotype is revealed only after experiencing a mild stressor which, 

by itself, does not induce conditioned fear. We report that susceptibility to 

develop a PTSD-Iike phenotype can be predicted by applying the combined 

criteria of elevated ASR and anxiety-like behavior in the elevated plus maze 

(EPM) after a pre-trauma exposure to a mild stressor (simulated predator 

exposure using cat hair). Using either criterion alone can predict different aspects 

of the post-trauma behavior. Rats classified as susceptible based on their post

cat hair exposure behavior in the EPM (Sus-EPM) show higher levels of 

conditioned fear a day_after fear _conditioning_and_an overaiLiower magnitude of 

extinction, compared to Res-EPM rats, but they show no deficits in the rate of 

fear extinction or the magnitude of ASR measured 3 weeks after emotional 

trauma. 
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Figure 8: Classification based on post cat hair behavior in the Elevated 

Plus Maze alone can predict higher levels of freezing and lower magnitude 

of extinction, but cannot reliably predict impaired rate of extinction and 

elevated ASR: A} Freezing during daily extinction sessions of rats classified as 

resistant and susceptible based on the EPM criterion alone (Res-EPM and Sus-

EPM, respectively). B) Magnitude of extinction of Res-EPM and Sus-EPM rats; 

*p < 0.01. C) Acoustic startle response at classification (ASR 1) and 3 weeks 

post trauma (ASR 2). EPM = Elevated Plus Maze. 
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Figure 9: Classification based on post cat Acoustic Startle Response alone 

predicts post trauma sustained elevation in acoustic startle but not 

impaired extinction: A) Freezing during daily extinction sessions of rats 

classified as resistant and susceptible based on the ASR criterion alone (Res-

ASR and Sus-ASR, respectively). B) Magnitude of extinction of Res-ASR and 

Sus-ASR rats. C) Acoustic startle responses at classification (ASR 1) and 3 

weeks post trauma (ASR 2); * p < 0.001. ASR=Acoustic Startle Response. 
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Rats classified as susceptible based on their post-cat hair exposure ASR 

(Sus-ASR) show the same initial level of fear and similar magnitude of extinction, 

but they have impaired rate of extinction and higher ASR 3 weeks after emotional 

trauma. Thus, in order to predict post-trauma susceptibility to both elevated ASR 

and impaired rate and magnitude of extinction, both ASR and EPM criteria must 

be applied. The increased predictive power comes at a cost: fewer rats are 

classified as susceptible (-18%). However, this percentage is similar to that 

observed in the human population exposed to traumatic events (Defense Health 

Board Task Force on Mental 2007). It is important to note that freezing during the 

mild stressor or during the traumatic event was not predictive of how successfully 

they acquired extinction to the traumatic event or whether or not they developed 

exaggerated acoustic startle responses. This is consistent with evidence showing 

that degree of freezing during fear conditioning may predict initial conditioned 

freezing response, but it does not predict impaired extinction (Bush, Sotres

Bayon, and LeDoux 2007). The finding that classification based on ASR alone 

can predict lasting elevations in startle almost a month after the traumatic event 

is consistent with a previous report (Rasmussen, Crites, and Burke 2008). On the 

other hand, pre-classification .based on EEM responses alone is sufficient to 

predict enhanced conditioned fear, but not elevated ASR. These two sets of 

findings suggest that a pre-trauma test using a reflex or choice measure can 

predict impairment in the respective modality, but not a combination of both. This 

is remarkable because there was a higher statistical power in the analyses with 
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either criterion alone, as the group sizes were much larger. Therefore, a 

combined ASRIEPM measure which includes both reflexive and choice 

components is best suited for predicting susceptibility to a PTSD-Iike phenotype 

in rats. 

A surprising finding was that pre-exposure to a mild stressor was required 

to reveal susceptibility: when rats were classified without first exposing them to 

cat hair, only 1 of 71 animals met the susceptibility criteria, compared to 10 after 

such exposure (Figure 4). It should be stressed that the increased percentage of 

animals that were classified as Susceptible was not due to their immediate 

response to the mild stressor, because the classification was performed on the 

4th day after cat hair exposure when the initial stress response to the cat hair 

should have subsided. Consistent with this assertion is the fact that 24 hours 

after the cat hair exposure, rats did not show conditioned freezing (Figure 6). 

Additionally, post hoc analyses of the behavior during the cat hair exposure of 

Susceptible and Resistant rats did not reveal any group differences. 

A .criticism may be raised that the observed phenotype results from the 

exposure to the mild stressor, rather than the traumatic event. This is not the 

case; the parameters used during the cat hair exposure do not produce 

contextual fear conditioning (Figure 5) (Vazdarjanova, Cahill, and McGaugh 

2001 ). Furthermore, there was no elevation in the startle response of 

Susceptible, compared to Resistant, rats 3 weeks after the cat hair exposure 

(Figure 5), while Susceptible rats showed prominently elevated startle responses 



98 

at the same time point after fear conditioning (Figure 4). These findings 

complement existing data on exposure of rats to natural predators and their odor 

and illustrate that while such exposure is stressful, it has a dose-response effect. 

Exposure to lower intensity stimuli for a shorter duration, i.e. cat hair for up to 5 

min, does not produce fear conditioning and lasting elevation of ASR, while 

multiple or longer exposure(s), or exposure to a real cat does (Adamec and 

Shallow 1993; Rosen 2004; Blanchard, Blanchard, and Griebel 2005; Zoladz et 

al. 2008; Mackenzie et al. 201 0). It is this 'dose-response' effect of 

predator/predator odor that has made intense exposure (high-dose) a desirable 

animal model· of PTSD (Adamec RE and Shallow T 1993; Adamec RE and 

Shallow T 1993; Yehuda and Antelman 1993; Cohen 2006; Anja Siegmund and 

Wotjak 2006; Zoladz et al. 2008; Mackenzie et al. 201 0). 

Determining whether or not it was necessary to expose rats to a mild 

stressor prior to classification required assessing anxiety-like behavior in the 

EPM twice. We were concerned that such repeated testing could bias the EPM 

data towards classifying more rats as Susceptible (Figure 7), independent of the 

exposure to the mild stressor, because there is evidence that the time and 

number of entries in. the open arms during repeated.Jesting in the EPM 

decreases during the second test (Treit, Menard, and Royan 1993; Dawson et al. 

1994; Fernandes and File 1996), although see (Lister 1987; File et al. 1993; 

Fernandes and File 1996). Importantly, under our testing conditions, even when 

rats were not tested twice in the EPM the percentage of rats classified as 
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Susceptible was similarly high (-18% ,Figure 1) which shows that repeated 

testing in the EPM cannot account for the higher percent of rats classified as 

susceptible following the exposure to the mild stressor. 

The ability to pre-classify subjects that are likely to develop a PTSD-Iike 

phenotype can be essential in helping animal research translate into human 

studies and real-world treatments. Pre-classification of individuals and 

populations can aid in selecting the appropriate target population for testing the 

effectiveness of behavioral and pharmaceutical interventions given either before 

or shortly after a traumatic event and eventually allow appropriate interventions 

to be targeted to susceptible patients who are most likely to benefit from 

treatment. Attempts at pre-trauma classification in both humans and animals are 

already underway; our current results suggest that adding nonverbal tests can 

augment the predictive value of verbal self-assessment reports which have 

shown some efficacy in humans (Ehring et al. 2007). 

Lastly, although the ability to predict impaired extinction and lasting 

elevation in acoustic startle responses has obvious implications for PTSD-related 

research, it can be a valuable tool for investigating the etiology and 

pathophysiology of other psychiatric disorders. Such impairments are not unique 

to PTSD; for example, impaired fear extinction is also common in depression and 

schizophrenia (Holt et al. 2009). A valuable contribution of the presented model 

is that it provides insights into which criteria need to be used to prediCt different 

aspects of impaired extinction and elevated startle. 
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Abstract 

Rats can acquire the cognitive component of CS-US associations between 

sensory and aversive stimuli without a functional basolateral amygdala (BLA). 

Thus, other brain regions should support such associations. Some septal/dorsal 

CA1 (dCA1) neurons respond to both spatial stimuli and foot shock, suggesting 

that dCA1 could be one such region. We report that, in both dorsal and ventral 

hippocampus, different neuronal ensembles express immediate-early genes 

(lEGs) when a place is experienced alone vs. when it is associated with foot 

shock. We assessed changes in the size and overlap of hippocampal neuronal 

ensembles activated by two behavioral events using a cellular imaging method, 

Arc/Homer1a catFISH. 
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The control group (A-A) experienced the same place twice, while the 

experimental group (A-CFC) received the same training plus two foot shocks 

during the second event. During fear conditioning, A-CFC, compared to A-A, rats 

had a smaller ensemble size in dCA3, dCA 1, and vCA3, but not vCA 1. 

Additionally, A-CFC rats had a lower overlap score in dCA1 and vCA3. 

Locomotion did not correlate with ensemble size. Importantly, foot shocks 

delivered in a training paradigm that prevents establishing shock-context 

associations, did not induce significant Arc expression, rejecting the possibility 

that the observed changes in ensemble size and composition simply reflect 

experiencing a foot shock. Combined with data that Arc is necessary for lasting 

synaptic plasticity and long-term memory, the data suggests that Arc/H1a+ 

hippocampal neuronal ensembles encode aspects of fear conditioning beyond 

space and time. Rats, like humans, may use the hippocampus to create 

integrated episodic-like memory during fear conditioning. 

Keywords: Arc, Homer 1 a, fear conditioning, emotional memory, ventral CA 1, 

ventral CA3, catFISH, dorsal hippocampus 
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Introduction 

Forming associations between neutral and aversive stimuli is essential for 

survival. Such learning can be conceptualized in classical conditioning terms as 

forming CS-US associations, where a conditioned stimulus (CS) comes to elicit 

conditioned emotional responses only after being paired with an unconditioned 

stimulus (US), which elicits unconditioned emotional responses before the pairing 

(Pavlov 1927). Although experimentally, responses are measured and used to 

assess the strength of associations, classical conditioning training elicits at least 

two types of learning: forming stimulus-response (S-R) associations and forming 

stimulus-stimulus (S-S) associations. 

Conceptually, the existence of what is now known as "stimulus-stimulus 

associations" was postulated by Tolman (Tolman 1949). It is revealed by _latent 

learning and sensory preconditioning, and has been demonstrated for contextual 

fear conditioning (Tolman 1949; Vazdarjanova and McGaugh 1998; O'Brien and 

Sutherland 2007; Li, Hsiao, and Chen 2011 ). Associations between emotional 

and sensory stimuli can be assessed by measuring behaviors that are supported 

by such associations, but which were not conditioned during the training. Rats 

.can flexibly .express Bn acquired Bssociation_betw1len a shock and _a_place, 

independent from any reinforced responses during the training. When rats with 

pre- or post-training lesions of the basolateral amygdala (BLA) are confined to 

one context during training and receive an aversive stimulus (contextual fear 



103 

conditioning), but are allowed to make a choice between this context over a 

context where they have not received foot shocks during testing, they avoid the 

foot shock-associated context, even when they show little freezing (Vazdarjanova 

and McGaugh 1998; Vazdarjanova and McGaugh 1999). Therefore, structures 

other than the BLA must support the flexible expression of foot shock-place 

associations. 

Flexible expression of stimulus-stimulus associations is a hallmark of 

episodic-like memories which are known to exist in non-human animals, and to 

rely on associating "what," "where" and "when" of an experience (Clayton and 

Dickinson 1998; Morris 2001; Babb and Crystal 2006; Ferbinteanu, Kennedy, 

and Shapiro 2006; Kart-Teke et al. 2006; Clayton, Salwiczek, and Dickinson 

2007; Eichenbaum et al. 2011 ). Such associations are supported by the 

hippocampus, likely in conjunction with closely related structures, such as the 

entorhinal and perirhinal cortex, as well as the BLA and prefrontal cortex (Morris 

2001; Bast, da Silva, and Morris 2005; Li and Chao 2008; Sauvage et al. 2008). 

In humans, S-S associations for emotional stimuli during classical conditioning 

depend on the hippocampus and are modulated by the amygdala (Bechara et al. 

1.995; Cahill and McGaugh 1998). In animals,_episodic-like memories have been 

demonstrated during fear conditioning. Fear conditioning also changes the firing 

characteristics and "place fields" of dCA1 cells (Moita et al. 2004; Chen, Wang, 

and Tsien 2009). Whether the reported transient firing is sufficient to induce 
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molecular changes that support long-term memory, or whether such changes are 

intrinsic to the dCA 1 is unknown. Furthermore, it is unknown whether the 

ventral/temporal, compared to the dorsal/septal, part of the hippocampus 

preferentially contributes to such changes. Due to its connectivity, distinct gene 

expression patterns, and evidence from lesion and pharmacological studies, the 

ventral hippocampus has been associated with the temporal lobe system which 

regulates motivational and emotional behavior, while the dorsal hippocampus 

has been associated with navigation and exploration [reviewed in (Fanselow and 

Dong 201 0; Bast 2011 )]. Therefore, we investigated whether changes during fear 

conditioning, independent of spatial cues, are encoded by the CA1 and CA3 

hippocampal regions and whether they are more pronounced in the ventral, as 

compared to the dorsal, hippocampus. 

We assessed large neuronal ensembles from the dorsal and ventral parts 

of the CA 1 and CA3 regions of the hippocampus using a cellular imaging method 

which examines plasticity-related immediate-early gene (lEG) expression: 

Arc!H1a catFISH (cellular compartment analysis of temporal activity by 

fluorescence in-situ hybridization using Arc and Homer 1a) (Vazdarjanova et al. 

2002). Arc/Arg3.1 (activity-regulated cytoskeleton-associated protein) ~nd_ 

Homer1a (H1a) are effector lEGs that are coordinately expressed during 

behavior and are useful markers of plasticity (Vazdarjanova et al. 2002). The 

proteins they encode are targeted to, or synthesized at, activated dendrites, 
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where they participate in establishing structural and functional changes that 

support homeostatic scaling, long-term synaptic plasticity, and long-term memory 

[reviewed in (Fagni, Worley, and Ango 2002; Szumlinski, Kalivas, and Worley 

2006; Bramham et al. 2010). Importantly, Arc expression can be dissociated from 

activity and predicts the pattern of plasticity assessed electrophysiologically one 

day later (Guzowski et al. 2006; Carpenter-Hyland et al. 2010). 

The Arc/H1a catFISH method is a powerful tool that can detect differences 

in the size and overlap of large neuronal ensembles, which have initiated 

expression of Arc!Arg3.1 and Homer1a during two temporally separate 

behavioral episodes, across multiple brain regions in the same animals. Due to 

the brief period of transcription (<10 min) of these genes and the differences in 

size between their primary transcripts, H1a intranuclear foci of transcription mark 

cells that initiated transcription 25-35 min before the animal's death, while those 

with Arc foci mark cells with transcription initiated 2-12 min before death 

(Guzowski et al. 1999; Vazdarjanova et al. 2002). Using this method it has been 

shown that exploring the same place twice induces Arc/H1a expression in largely 

overlapping dCA1 neuronal ensembles (Guzowski et al. 1999; Vazdarjanova et 

_aL 2002; V.azdarjano\laanci Guzowski 2004; Ramirez,.Amaya et.al 2005), similar 

to findings from electrophysiological studies of "place cells" (McNaughton et al. 

1989; Barnes et al. 1990; Lee et al. 2004; Leutgeb et al. 2004). Here we show 

that both the size and overlap of hippocampal lEG-expressing neuronal 
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ensembles is decreased by fear conditioning, compared to experiencing the 

same place with the same spatial features and relationships. We also show that 

the changes vary between CA3 and CA 1 and along the septotemporal axis of the 

hippocampus. 

Materials and Methods 

Subjects: Young adult (250-300 g) male Sprague-Dawley rats (Charles 

Rivers Laboratories Inc., MA) were double housed on a 12 h light/dark cycle 

(lights on at 7:00 am) with food and water freely available. All testing was 

performed between 9:00 am and 5:00 pm. 

Behavioral procedures: All behavioral procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC), Georgia Health Sciences 

University, Augusta, GA. All analyses were performed by an experimenter 

unaware of the group assignment of each rat. 

Experimental Design: The experimental design is summarized in Figure 

1 OA. A-A animals (n = 6) were subjected to two emotionally neutral (no shock) 

explorations of a 50 x 10 x 19 em box, made of two stainless steel plates 

separated at the floor with a 1 em gap. The two, 5 min explorations were 

separated by a 20 min resLperJodJn the borne cage. The A"CFCanimals (n = .6) 

received identical treatment, except that during the second exploration they 

received two foot shocks administered through the stainless steel plates (1 mA 

AC, 1 s, 30 s apart, first shock 1 min into the session). An additional 12 rats 
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received either CFC training or spatial exploration and, 24 h later, were placed in 

the apparatus for 5 min to assess long-term memory of the training. No foot 

shocks were administered during the testing. All behavior was recorded using an 

overhead camera. Fear behavior was measured as time spent freezing, which 

was scored as lack of movement except that needed for respiration. A crossing 

was scored when a rat was moving through the apparatus and the base of the 

tail crossed the midpoint of the apparatus. To assess the percentage of cells with 

lEG expression in response solely to foot shock, three rats were introduced to· 

the apparatus, immediately shocked for 2 s, and then promptly removed and 

anesthetized with isoflurane to prevent lEG expression due to subsequent 

exploratory behavior that is usually seen with such "immediate shock" treatment. 

These rats were maintained under general anesthesia for 5 min to allow foot 

shock-initiated transcription to proceed, and then the brain was harvested. Three 

more rats were used as "cage controls." They were taken directly from their cage, 

anesthetized and the brains were harvested. 

Brain harvesting and sectioning: At the end of each experiment, the 

animals were decapitated using a rat guillotine, the brain rapidly harvested, flash

fr.ozen in isopentane, and stored at -80°C..RighLhemispher.es. of brains from 

different conditions were blocked together in freezing medium such that several 

behavioral groups were represented in each block. Twenty micron thick coronal 
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sections were cut on a cryostat and mounted on glass slides. The slides were 

stored at -20°C .until further processing. 

Arc/H1a catFISH: Slides were processed for double Arc!H1a in situ 

hybridization as described previously (Vazdarjanova and Guzowski 2004). 

Briefly, after fixing and permeabilizing the tissue, a fluorescein-labeled full-length 

Arc antisense riboprobe and digoxigenin-labeled H1a antisense riboprobe, 

targeting the 3' UTR of H1a mRNA, were applied and hybridized overnight at 

56°C. Following quenching of peroxidase activity, the ·fluorescein tag was 

revealed with peroxidase-conjugated anti-fluorescein antibody (Fab fragments, 

Roche, Indianapolis, IN) and a tyramide amplification reaction with either 

fluorescein or cyanine 3 (SuperGio™ Green and SuperGio™ Red, Fluorescent 

Solutions, Augusta, GA); these steps were repeated using peroxidase

conjugated anti-digoxigenin antibody (Fab fragments, Roche, Indianapolis, IN). 

Riboprobes were generated using MaxiScript (Ambion, Austin, TX) and 

AmpliScribe (Epicentre Biotechnologies, Madison, WI) in vitro transcription kits 

and fluorescein- . and digoxigenin-labeled UTP (Roche). Nuclei were 

counterstained with DAPI. 

Image Acquisition and Ster.eological.Analysis:. Image stacks from the 

selected regions (2;8-3.8 mm and 4.8-6.4 mm posterior to bregma for dorsal 

and ventral hippocampus, respectively) were collected from at least four different 

slides per animal with a 20x objective on a Zeiss Axiolmager/Apotome system. 
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For the dCA3 region, mosaic images of CA3b were collected and analyzed. The 

position of the dCA1, vCA1, and vCA3 are illustrated in Figures 11A and D. The 

choice of imaging fields from the ventral hippocampus was based on the 

projection patterns of the BLA (Pikkarainen et al. 1999; Petrovich, Canteras, and 

Swanson 2001). 

Unbiased stereological cell counting and classification were performed as 

follows: (1) neurons were first segmented from the appropriate regions of 

interest; (2) segmented neurons were classified manually using AxioVision 

imaging software (Zeiss). Putative glial cells, those with small, intensely, and 

uniformly stained nuclei, were excluded from the analysis. Neuron-like cells in the 

regions of interest were counted by using an optical dissector method which 

minimizes sampling errors attributable to partial cells and stereological concerns 

(West, Slomianka, and Gundersen 1991 ). Cells were classified as Arc+, H1a+, or 

Arc/H1a+ depending on whether they had foci of transcription for Arc, H1a, or 

both, respectively. Those cells that lacked foci were classified as negative. 

Overlap scores were calculated as: (%Arc/H1a + (%E1 x %E2)/100)/(%Emin

(%E1 x %E2)/100), where %Arc/H1a+ = percentage of total neurons that are 

Arc!H1E+; %Et = .percentage_ oLcells activated in tbe first l>ebavioral ellent = 

(H1a+ + Arc/H1a+)ltotal neurons; %E2 = percentage of cells activated in the 

second behavioral event= (Arc++ Arc/H1a+)/total neurons; (%E1 x %E2)/100 = 

theoretical probability of cells activated during both events, assuming the two 
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events activated independent groups of neurons; %Emin = lesser of %E1 and 

%E2, which normalizes the equation to a condition with a perfect overlap even if 

one population is smaller than the other. The Overlap Score is 1 for a perfect 

overlap (%E1 = %E2), and is 0 for two statistically independent %E1 and %E2. 

For purposes of clarity we refer to all H1a+ and Arc/H1a+ cells as an "ensemble" 

that activated lEG expression during the first event, and all Arc+ and Arc/H1a+ 

cells as an ensemble that activated lEG expression during the second event. 

Statistical Analyses: Time spent freezing, number of crossings, and 

overlap scores in the control and experimental groups were compared using 

analysis of variance (ANOVA). Ensemble size activated by the different events 

within the same control and experimental animals was analyzed using repeated 

measures ANOVA with Event and Group as the independent variables and 

ensemble size as the dependent variable. Statistically significant main effects 

were followed up by Fisher's PLSD post-hoc tests for four a-priori set 

comparisons: Event 1 vs. Event 2 for the A-A and A-CFC groups and A-A vs. A

CFC for Event 1 and Event 2. Correlation of ensemble size between regions was 

analyzed with simple regression analyses (Statview software, SAS Institute). 

Differenceawer_e considered statistically significant.at11 < 0.05. 
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Results 

Foot Shock During a Second Visit to a New Place . Induced Fear 

Conditioning 

The experimental design is illustrated in Figure 1 OA. During the first 

exposure to the training apparatus, all rats displayed active exploration (mean of 

11 crossings, range 6-13, for both the A-A and A-CFC groups, no difference 

between the two groups) and virtually no freezing. A-A rats showed similar 

behavioral patterns during their second visit to the same place. While A-CFC rats 

did not show freezing behavior before the delivery of the two foot shocks, there 

was robust post-shock freezing compared to the freezing displayed by the A-A 

rats during the same period of time [F(1, 1 0) = 226.38, p < 0.0001, Figure 10 B]. 

Thus, A-CFC rats acquired robust contextual fear conditioning, as evidenced by 

their continued display of high levels of fear when the aversive stimulus itself was 

no longer present. Such CFC training also resulted in long-lasting memory for the 

event: A-CFC rats tested 24 h later showed significantly more freezing than A-A 

rats (mean 62% vs. 2%, respectively, F(1, 10)= 33.18, p < 0.001). 
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Pairing Foot Shock with Spatial Stimuli Induced a Large Decrease in the 

Size of Dorsal/Septal CA1 (dCA1) Neuronal Ensembles Expressing 

Plasticity-Related Immediate-Early Genes (lEGs) 

Images collected from dCA 1 (Figure 11A) revealed that both spatial 

exploration (Figure 11 B) and fear conditioning in the same context (Figure 11 C) 

induced significant expression of Arc and H1a. While caged control rats had a 

very low percentage of H1a+ or Arc+ cells (1% and 3%, respectively), Event 1 

induced similarly high lEG expression in both A-A and A-CFC rats (Figure 12A). 

Visiting the same place a second time led to a decrease in the size of lEG+ 

ensembles (main effect of Event: F (1, 1 0) = 38.88, p < 0.0001 ). The decrease 

was relatively mild in the A-A group (p = 0.047) and very pronounced in the A

CFC group (p = 0.001). The CFC training appears to account for the decreased 

ensemble size in the A-CFC group, as revealed by a significant Event x Group 

interaction [F(1, 1 OJ= 5.24, p < 0.05] and a significant difference between the A-A 

and A-CFC groups during Event 2 (p = 0.018). The decrease could not be 

explained by the fact that the A-CFC rats were moving less and showing more 

freezing behavior, because there was no correlation between the percentage of 

cells activated during .the CF.C .training (Arc+ neurons) and- the- number of 

crossings during the training (b = -0.06, fil= 0.24, ns); nor was there a 

correlation between the number of crossings during the first exploration and the 

percentage of H1a+ neurons (b = +0.09, fil= 0.007, ns). The overall proportions 
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of neurons expressing Arc/H1a during each event was smaller than previously 

observed with the catFISH method (Guzowski et al. 1999; Vazdarjanova et al. 

2002; Vazdarjanova and Guzowski 2004; Ramirez-Amaya et al. 2005; 

Vazda~anova et al. 2006) which is likely due to the much smaller size of the 

current apparatus (x, y dimensions: 50 x 10 em), with fewer spatial cues, than in 

the referenced publications (i.e., 61 x 61 em). 
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conditioning, *p < 0.001. 
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Figure 11: A) and D) Diagrammatic representation of the approximate 

anatomical locations from which the analyzed images were collected (Paxinos 

and Watson, 4th Edn, Academic Press, San Diego, 1998). Septal/dorsal CA1 

(dCA1), temporal/ventral CA1 (vCA1), and vCA3 were single stacks, while dCA3 

were mosaics through dCA3b. (B)-(F) Representative images from dCA 1 of an 

A-A rat (B); dCA1 of an A-CFC rat (C); vCA 1 of an A-A rat (E); and vCA 1 of an 

A-CFC rat (F). Arc is in red, H1a is in green, and nuclei are in blue. Scale bar is 

· 20 pm. All images are 3 pm thick. Note the higher number of neurons with 

Arc!H1a foci of transcription, to which yellow arrows point, in the A-A compared 

to A-CFC rats. The images also illustrate the lower percentage of lEG-expressing 

neurons in the vCA 1, compared to the dCA 1. 
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Fear-Conditioning-Induced Partial "Remapping" in dCA1 

Not only were fewer dCA1 neurons activated during CFC, compared to 

exploring the same place without the aversive event, but the majority of the CFC

activated neurons were different from those activated by exploring the place 

alone: the overlap score for dCA1 in A-CFC rats was significantly smaller than 

the overlap score of A-A rats (Figure 128, F (1, 10) = 5.00, p < 0.05). This partial 

''remapping," to borrow a term from neuroelectrophysiology, is not a function of 

the decreased size of the neuronal ensembles during CFC, because the overlap 

score.is adjusted for the smaller of the two behavioral events (see "Materials and 

Methods"). Additionally, only 23.1% of the cells activated during Event 1 (H1 a+ 

cells) were also activated during Event 2 in the A-CFC group (Arc+IH1a+ cells), 

compared to 44.2% for the A-A group [F(1, 10) = 15.31, p < 0.01]. Graphically, 

the relationships between size and overlap of the ensembles activated in the first 

and second event are illustrated with Venn diagrams in Figure 12C. Note that 

although the overall percentage of lEG+ cells activated by both events is similar 

for the A-A and A-CFC groups, there is a big difference in the overlap. This 

change in overlap does not appear to be a simple reflection of experiencing a 

foot shock, because foot shock_alone induceclArc in very few dCA1 neurons (4% 

· vs. 3% in caged controls). 
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Figure 12: Comparison of ensemble size and overlap between dCA1 

ensembles activated during both events in A-A and A-CFC groups: (A) Size 

of lEG-expressing ensembles expressed as percentage of total cells. The 

dashed line is the percentage of dCA 1 cells expressing Arc in response to foot 

shock alone. (B) Overlap scores; (C) Venn diagrams representing both size and 

overlap. *p < 0.05 compared to the A-A group; #p < 0.05 compared to Event 1 of 

the same group. 
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Fear-Conditioning-Induced Changes Were Less Pronounced in dCA3 

Fear-conditioning-induced changes in dCA3 ensembles were similar, but 

less pronounced, than those seen in dCA 1. The ensemble size during the 

second event was smaller than that of the first event for both the A-A and A-CFC 

groups (Event effect: F (1, 10) = 36.78, p < 0.0001; and only a trend of a group 

effect p = 0.09, Figure 13A). However, the neuronal ensemble activated by Event 

2 was smaller in the A-CFC versus the A-A rats (p < 0.05). Additionally, 

compared to exploration alone, CFC activated fewer of the neurons activated by 

the first exploration (A-A= 50.1% vs. A-CFC= 31.1 %, p = 0.013, Figure 13C}. The 

overlap score was also decreased for the A-CFC group (Figure 138), although it 

did not reach statistical significance due to a high overlap score in one A-CFC rat 

(without this rat, p = 0.028). Interestingly, the same rat had the lowest overlap 

score in dCA 1. Such negative correlation between overlap scores in the dCA 1 

and dCA3 was observed for the entire A-CFC group (b = -0.46, Ff= 0.65, p = 

0.05), while no correlation was present in the A-A group (b= +0.48, Ff = 0.40, p = 

0.18). 
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Figure 13: Comparison of ensemble size and overlap between dCA3 

ensembles activated during both events in A-A and A-CFC groups: (A) Size 

of lEG-expressing ensembles expressed as percentage of total cells. The 

dashed line is the percentage of dCA3 cells expressing Arc in response to foot 

shock alone. (B) Overlap scores; (C) Venn diai;Jrams representing both size and 

overlap. *p < 0.05 compared to the A-A group; #p < 0.05 compared to Event 1 of 

the same group. 



121 

No CFC-Induced Changes in Size or Overlap in vCA1 

On the basis of findings that functional integrity of, or plasticity in, the 

ventral hippocampus influences fear conditioning (Zhang, Bast, and Feldon 2001; 

Maren and Holt 2004; Hunsaker et al. 2008); we hypothesized that there will be a 

more pronounced change in size and/or overlap in vCA1 and vCA3, compared to 

their dorsal counterparts. In contrast to this hypothesis, there was no difference 

in either the ensemble size (group effect: F (1, 10) = 2.76, ns), or overlap [F (1, 

10) = 0.23, ns] between A-A and A-CFC rats (Figure 14). 

Fear-Conditioning-Induced Changes in Overlap in vCA3 

In contrast to vCA 1, vCA3 showed a significant decrease in the overlap 

score in the A-CFC, versus the A-A rats [F (1, 1 0) = 1 0.90, p < 0.01; Figures 158 

and C]. This decrease occurred even though the ensemble size was similar to 

that of the A-A group for both events (Figure 15A). For both groups there was a 

significant decrease of the ensemble size during the second event, although this 

decrease was not due to fear conditioning (main effect of Event: F (1, 10) = 

34.00, p < 0.001; no effect of Group or Group x Event interaction). However, fear 

conditioning disrupted a strong. correlation between the ensemble size in dCA 1 

and vCA3 that emerged during exploration: there was a strong correlation 

between ensemble size in dCA1 and vCA3 in the A-A group (b= +1.43, Ff = 

0.82, p < 0.01) and no correlation in the A-CFC group (b= -0.58, Ff = 0.03}. The 
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ensemble size in vCA3 was not correlated with the ensemble size of vCA 1 for 

either behavioral group (Rl < 0.20). 

Discussion 

The research presented here tested two main hypotheses: (1) that 

conditioning fear to a place induces plasticity-related gene expression in the 

rodent hippocampus that is qualitatively different than that evoked by exploring 

the same place; and (2) that fear-conditioning-induced changes will· occur 

preferentially in the temporal/ventral, but not septal/dorsal hippocampus. The 

results are congruent with the former, but not the latter hypothesis: different 

ensembles of cells expressing plasticity-related lEGs were observed when rats 

explored a place vs. when they received fear conditioning in that same place. 

These differences were detectable along the septa-temporal axis of the 

hippocampus, with the most notable effect of fear conditioning seen in the dorsal 

CA1 and ventral CA3. Specifically: (1) in dCA1, there was both a CFC-related 

decrease of ensemble size and overlap between lEG-expressing ensembles 

from both events in A-CFC, compared to A-A rats; (2) in dCA3, there was only a 

decrease in the ensemble size during tbe CFC and a statistically non"significant 

decrease in overlap for the A-CFC rats; (3) in vCA 1, neither differences in 

ensemble size nor overlap were noted; (4) in vCA3, A-CFC rats had a significant 

decrease in overlap compared to A-A rats. 
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Figure 14: Comparison of ensemble size and overlap between vCA1 

ensembles activated during both events in A-A and A-CFC groups: (A) Size 

of lEG-expressing ensembles expressed as percentage of total cells. The 

dashed line is the percentage of vCA 1 cells expressing Arc in response to foot 

shock alone. (B) Overlap scores; (C) Venn diagrams representing both size and 

overlap. 
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Figure 15: Comparison of ensemble size and overlap .between vCA3 

ensembles activated during both events in A-A and A-CFC groups: (A) Size 

of lEG-expressing ensembles expressed as percentage of total cells. The 

dashed line is the percentage of vCA3 cells expressing Arc in response to foot 

shock alone. (B) Overlap scores; (C) Venn diagrams representing both size and 

overlap. **p < 0.01 compared to the A-A group; #p < 0.05 compared to Event 1 of 

the same group. 
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Thus, an emotionally aversive event is represented with a pattern of 

plasticity-related gene expression along the septa-temporal axis of the 

hippocampus that is distinct from that elicited by spatial exploration alone. 

Considerations of nomenclature 

While there has been little ambiguity as to the anatomical location of the 

term dorsal/septal hippocampus, what has been referred to as ventral/temporal 

hippocampus varies significantly in the literature, depending on how many 

divisions are included and what is used as relative location markers. Additionally, 

recent accounts have identified dorsal, intermediate, ventral and ventral-ventral 

divisions based on a combination of molecular markers [reviewed in (Fanselow 

and Dong 2010). Our choice of imaging fields from the ventral part of the 

hippocampus (Figure 11) was based on the projection patterns of the BLA, which 

cover the border of what would be considered intermediate and ventral 

hippocampus, based on a classification derived from a combined 

location/molecular markers perspective (Pikkarainen et al. 1999; Petrovich, 

Canteras, and Swanson 2001; Thompson et al. 2008; Dong et al. 2009). The 

BLA is involved in emotional memory and influences hippocampal plasticity in the 

dorsal hippocampus (McGaugh 2004; Nakao et al. 2004). This likely occurs 

indirectly through projections to the lateral entorhinal cortex (Pikkarainen and 

Pitkanen 2001 ), suggesting that direct BLA projections to the more ventral parts 

of the hippocampus could influence encoding of emotional events by that region. 
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Experiments that are testing this hypothesis are currently underway. The ventral 

regions that we analyzed also correspond to those in which protein synthesis is 

necessary for proper consolidation of fear conditioning (Rudy and Matus-Amat 

2005). 

lEG expression is not a measure of locomotion 

One of the main observations in the study is that there is a notable 

decrease in the size of lEG+ neuronal ensemble in several hippocampal regions 

during CFC. One could argue that this decrease in the size of lEG+ ensembles 

results from the decreased locomotion observed in the A-CFC group, compared 

to the control group that explored the apparatus twice without foot shock (A-A 

group). However, there was no correlation between the number of crossings and 

Arc!H1a expression, showing that suppressed locomotion cannot account for the 

decrease in lEG ensemble size. This is consistent with an increasing body of 

evidence which suggests that Arc and H1a are markers of plasticity and not 

neuronal activity, per se (Kelly and Deadwyler 2003; Vazdarjanova and 

Guzowski 2004; Carpenter-Hyland et al. 2010; McCurry et al. 2010). Therefore, 

our findings_ suggest that CFC reduces the number of dCA 1 and dCA3 neurons_ 

undergoing plasticity during the aversive experience and does not simply reflect 

decreased locomotion. The decreased ensemble size may result from any of a 

number of reasons, such as suppressed plasticity in the hippocampus due to 
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elevated levels of stress hormones during CFC, sped-up consolidation, or some 

other emotion-influenced process. Suppressed plasticity is an unlikely 

explanation, because stress hormones released from the adrenals in response to 

a stressor either enhance Arc expression: norepinephrine in the BLA, in 

concentrations that enhance memory, increases hippocampal Arc (Mcintyre et al. 

2005), as is the case with glucocorticoid levels in the hippocampus, are 

significantly elevated above baseline at 30 min (Thoeringer et al. 2007), which is 

much longer than 2 min-the time period required to influence Arc expression. 

Sped-up consolidation is a plausible explanation because in the course of spatial 

memory consolidation the size of Arc+ neuronal ensembles in the hippocampus 

and parietal cortex activated during learning shrinks in half (Ramirez-Amaya et 

al. 2005). Additionally, when memories are well-consolidated, the size of Arc+ 

neuronal ensembles is significantly smaller than immediately after memory 

acquisition (Carpenter-Hyland et al. 201 0). 

The lack of correlation between Arc/H1 a expression and locomotion is 

consistent with previous findings showing that Arc is a marker of long-term 

plasticity and memory and not a marker of acquisition; Arc protein is involved in 

memory consolidation and noLacquisition (Guzowski et al. 2000; Plath et al. 

2006; Wang et al. 2006; Ploski et al. 2008; Holloway and Mcintyre 201.1). 

Therefore, our findings should be interpreted as affecting long-term memory 

processes and not memory acquisition. 
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The Dorsal Hippocampus Engages Different lEG+ Neuronal Ensembles 

Whe11 a Spatial Context is Explored Alone and When it is Associated with 

an Emotional Event 

The fear conditioning training induced robust freezing, both immediately 

and 24 h after training, showing that, in the A-CFC but not the A-A group, the 

spatial context was associated with the fear-eliciting stimulus, foot shock. The 

CFC training also decreased the relative proportion of lEG-expressing cells in 

both the dCA1 and dCA3 that would normally re-express Arc and H1a when a 

novel place is visited for a second time, as illustrated on Figures 12C and 13C. 

The differences in ensemble size and overlap between the A-A and A-CFC 

groups are likely due to differences in what the two groups experienced during 

the second event: exploring the context vs. associating it with foot shock, 

because the "where" and "when" parts of their experiences were matched. It is 

important to note that experiencing foot shock alone, without associating it with 

the context, could not explain the findings. Administering a shock without giving a 

chance for the rats to form a representation of the spatial context, a.k.a. 

"immediate shock" training, is unable to support CFC memory (Fanselow 1980). 

We found no evidence that administering such immediate shock induces any 

significant lEG expression. Even if foot shock induced Arc expression in the 

dorsal hippocampus, it should lead to a larger ensemble size during CFC, not 

smaller, as our data showed. Previous findings of increased lEG expression in an 
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immediate shock group (Lonergan et al. 201 0) may be related_ to the subsequent 

learning that occurred ("I got shocked, although I don't know exactly where") as 

evidenced by enhanced exploratory and burrowing behavior that occurs when 

rats are returned to their home cages after immediate foot shock. To prevent this 

additional learning, we anesthetized the immediate shock rats immediately after 

receiving foot shock. Such treatment does not stop already initiated transcription, 

but prevents initiation of transcription under anesthesia (unpublished 

observations from our laboratory). · 

These findings suggest ·that the dorsal hippocampus is involved in 

encoding emotional memories, in addition to encoding other types of episodic 

memory, and advance the idea that it is part of a larger memory system of brain 

regions that includes the basolateral and central amygdala, and the rostral 

anterior cingulate cortex (Maren 2003; McGaugh 2004; Rodrigues, Schafe, and 

LeDoux 2004; Malin and McGaugh 2006; Matus-Amat et al. 2007; Walker and 

Davis 2008; Holloway and Mcintyre 2011 ). The findings also extend previous 

research showing that the dorsal hippocampus is necessary for single trial 

learning (Morris 2001; Kesner 2007), including single trial contextual fear 

conditioning .(Wiltgen et al. 2006), by showing that the. dorsal hippocampus 

creates qualitatively different representations of a context that is experienced 

with and without a fear-eliciting stimulus. 
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Although both dCA1 and dCA3 showed conditioning-induced changes, 

dCA1 also had a lower overlap in the A-A condition (Figures 12B and 13B). This 

observation can reflect a hypothesized role of dCA 1 in encoding the temporal 

and sequence dimensions of episodic memories (Hunsaker et al. 2008; Farovik, 

Dupont, and Eichenbaum 201 0), as the two explorations of the same place (A-A 

condition) differ mostly along the temporal domain. This interpretation also can 

explain why in the present study we observed a smaller overlap in the A-A rats 

than what we have observed in the past: the temporal difference between the two 

events may have exerted a relatively larger influence than the spatial cues which 

were fewer than those used in previous investigations (Vazdarjanova et al. 2002; 

Vazdarjanova and Guzowski 2004; Ramirez-Amaya et al. 2005). The fact that 

dCA3, compared to dCA 1, had a less pronounced decrease in overlap in the A

CFC rats can reflect the computational characteristics of dCA3 in respect to 

pattern completion and pattern separation which have been evoked to explain 

differences in electrophysiological activity and lEG expression during spatial 

learning (Lee et al. 2004; Leutgeb et al. 2004; Vazdarjanova and Guzowski 2004; 

Rolls and Kesner 2006). 

These findings were made _possible because of the power of within animal 

experimental design combined with the temporal resolution of Arc and H1a 

expression visualized using the Arc/H1a catFISH method. Simply measuring the 

mRNA or protein levels of lEGs or other plasticity-related molecules would not 
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have revealed the differences between the A-A and A-CFC groups, because the 

combined percentage of neurons with lEG expression from both events is similar 

in both groups. Indeed, no difference was reported for Arc protein levels in the 

dorsal hippocampus between a group that explored a place and a group that 

received fear conditioning in that place (Lonergan et al. 2010). However, we 

report striking differences in overlap showing that, at a network level, the same 

place is encoded by demonstrably different neuronal ensembles when it is 

experienced alone vs. when it is associated with an aversive event. · 

Differences in Fear-Conditioning-Induced lEG Expression Along the 

Septotemporal Axis of the Hippocampus 

Evidence of functional dissociations along the septotemporal axis of the 

hippocampus for spatial tasks has long been known (Hock and Bunsey 1998; 

Moser and Moser 1998; Hunsaker et al. 2008; Bast et al. 2009). Arc expression 

patterns during retrieval of spatial memory have also been documented (Gusev 

et al. 2005). Furthermore, lesions, blocking NMDA receptors, or blocking protein 

synthesis in the ventral hippocampus all impair long-term, but not short-term, 

memory for fear conditioning, while such manipulations of the dorsal 

hippocampus have less consistent effects (Zhang, Bast, and Feldon 2001; Maren 

and Holt 2004; Rudy and Matus-Amat 2005; Rogers, Hunsaker, and Kesner 

2006; Yoon and Otto 2007). Evidence that ventral hippocampal lesions impair 
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fear and anxiety behaviors (Kjelstrup et al. 2002; Blanchard, Blanchard, and 

Griebel 2005), and evidence that amygdala-hippocampal projections terminate 

heavily in this region, led to the hypothesis that· fear-conditioning-induced 

changes in lEG expression will be more notable in the ventral, compared to the 

dorsal hippocampus. Our data does not support this hypothesis: vCA1 did not 

show fear-conditioning-induced changes, while vCA3 did show changes, along 

with dCA 1 and dCA3. The data suggest that both dorsal hippocampus and vCA3 

may participate in encoding into long-term memory fear-conditioning-induced 

associations, in addition to encoding other information, i.e., spatial and temporal" 

information, because the changes in A-CFC rats are beyond the changes 

observed in A-A rats. This interpretation is consistent with findings that 

ventral/intermediate hippocampus is necessary for spatial memory (Ferbinteanu, 

Ray, and J 2003; Rudy and Matus-Amat 2005), as well as long-term memory of 

contextual fear (Hunsaker et al. 2008), and suggests that ventral hippocampus, 

like dorsal hippocampus, carries out associative functions for ongoing events, 

including spatial and emotional aspects, when present. 

In summary, contextual fear conditioning, but not experiencing foot shock 

alone, produced a distinct pattern of long-term plasticity-related lEG expression 

along the septo-temporal axis of the hippocampus when compared to spatial 

learning in the same place. We propose that these differences reflect the 
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acquisition of stimulus-stimulus associations, during fear conditioning, by the 

rodent hippocampus, in accordance with observations made in humans. 



IV. UNPUBLISHED RESEARCH 

In this study, we examined Arc and H1a expression in the hippocampus of 

Resistant and Susceptible rats in the A-A and A-CFC conditions. Here we show 

that, in dCA1, similar to na"ive rats, Resistant rats had Arc and H1a expressing 

neuronal ensembles with high overlap during the A-A condition, while the overlap 

dropped significantly in the A-CFC condition. However, Susceptible rats had 

lower ensemble similarity in lEG expression during A-A condition as compared to 

Resistant rats. There were no significant differences between groups observed in 

the dCA3 and vCA1; however in the vCA3, the number of lEG+ neurons in 

response to the second exploration of A-A condition, was smaller in Susceptible 

rats as compared to Resistant ·rats. 

In the same rats, we also examined the pattern of Arc and H1a expression 

in the basolateral nucleus of the amygdala (BLA). The amygdala is accepted as 

the emotional information processing center of the brain and projects to the 

ventral hippocampus via the basolateral nucleus (BLA) (Pikkarainen et al. 1999; 

Petrovich, Canteras, and Swanson 2001 ). In addition, hyper activity of the 

amygdala has been associated with PTSD [Reviewed by (Holzschneider and 

Mulert 2011 )]. 

134 
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However, we found no significant difference in the size or overlap of neuronal 

ensembles in BLA between Susceptible and Resistant rats in either the A-A or A

CFC condition. 

Surprisingly, there was no significant difference in size or overlap of lEG+ 

neuronal ensembles between Susceptible and Resistant rats in the A-CFC 

condition in any of the brain regions examined. 

Together, the data suggest that there are pre-existing differences between 

Susceptible and Resistant rats, in neuronal responses along the septotemporal 

axis of the hippocampus. Contrary to our hypothesis, these differences are more 

pronounced under low emotional situations rather than high emotional situations. 
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Subjects 
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Young adult (250-300 g) male Sprague-Dawley rats (Charles River 

Laboratories International, Wilmington, Massachusetts) were double housed on a 

12 hr light/dark cycle (light on at 7:00 am) with food and water freely available. All 

testing was performed between 9:00 am and 5:00 pm. 

Behavioral procedures 

All behavioral procedures were approved by Institutional Animal Care and 

Use Committee (IACUC), Georgia Health Sciences University, Augusta, Georgia. 

All testing was performed between 9:00 am and 5:00 pm by trained observers 

blinded to the group assignment of the rats and recorded via an overhead video 

camera. 

Classification: The rats were classified as Susceptible or Resistant 

based on their acoustic startle response and behavior on the elevated plus maze 

four days after exposure to cat hair (mild stressor) using a priori criteria. 

[Described in detail in (Nalloor, Bunting, and Vazdarjanova 2011 )]. 

Experimental Design 

The. experimental_design is summarized in figure 1A. Susceptible .and 

Resistant rats were subjected to either of two conditions: A-A or A-CFC 

A-A: Rats (Res: n = 9; Sus: n= 6) were subjected to two 5 min, low 

emotional (no shock) explorations of a 50cm x 1 Ocm x 19cm box, consisting of 2 
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acrylic walls and 2 stainless steel plates comprising the other 2 walls and floor, 

separated at the floor with a 1 em gap. The two explorations were separated by 

20m in, during which time, the rats were returned to the home cage. 

A-CFC: Rats (Res: n = 1 0; Sus: n= 5) received identical treatment as the 

A-A group, except that during the second exploration they received 2 foot shocks 

administered through the stainless steel plates (1mA AC, 1s, 30s apart, first 

shock 30s into the session). 

Fear behavior was measured as time spent freezing, defined as lack of 

movement except respiration. The first event of each condition is referred to as 

Event 1 and the second event as Event 2. 

Brain harvesting and sectioning 

At the end of Event 2 of each condition, the rats were decapitated using a 

rat guillotine, the brain rapidly harvested, flash-frozen in isopentane and stored at 

-80°C. The right hemisphere of brains from different groups and conditions were 

blocked together in freezing medium such that both behavioral groups and both 

conditions were represented in each block. Twenty micron thick coronal sections 

were cut on a cryostat microtome and mounted on glass slides. The slides were 

storedBt -20oc untiLfurther_processing. 

Arc/H1a catFISH 

Slides were processed for Arc/H1a in situ hybridization as previously 

described (Vazdarjanova and Guzowski 2004). Briefly after fixing and 
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permealizing the tissue, a fluorescein-labeled full-length Arc antisense riboprobes 

and a digoxigenin-labeled H1a antisense riboprobe, targeting the 3' UTR of H1a 

mRNA, were applied and hybridized overnight at 56°C. Following a series of 

stringency washes, the digoxigenin tag was detected sequentially with a 

horseradish peroxidase-conjugated anti-digoxigenin antibody (Fab fragments, 

Roche Applied Science, Indianapolis, Indiana) and a tyramide amplification 

reaction (Fluorescent Solutions, Augusta, Georgia). Following quenching of 

peroxidase activity, the fluorescein tag was revealed with peroxidase-conjugated 

anti-fluorescein antibody and tyramide amplification reaction. 

Riboprobes were synthesized using commercial RNA in vitro transcription 

kits (MaxiScript T? Kit; Ambion, Austin, Texas; and AmpliScribe T? Kit; Epicentre 

Biotechnologies, Madison, Wisconsin) and digoxigenin- and fluorescein-labeled 

UTP or RNA labeling mixes (Roche Applied Science, Indianapolis, Indiana). 

Nuclei were counterstained with DAPI. 

Image Acquisition and Stereological Analysis 

Image stacks from the selected regions (2.8-3.8mm posterior to bregma 

for dorsal hippocampus and BLA and 4.8- 6.4mm for ventral hippocampus 

respectively) were collected from at least 3 different slides per animal with a 20x 

objective using a Zeiss Axiolmager/Apotome system(Carl Zeiss Microscopy). For 

the dCA3 region, mosaic images of the entire region (dCA3b) were collected and 
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analyzed. The position of dCA 1, vCA 1, v CA3 and BLA are illustrated in Figure 

17 A-C. 

Unbiased stereological cell counting and classification were performed as 

follows: 1) Neuron-like cells in the regions of interest were segmented from the 

appropriate regions of interest using an optical dissector method (West, 

Slomianka, and Gundersen 1991 ); 2) segmented neurons were counted with 

AxioVision imaging software (Carl Zeiss Microscopy). Putative glial cells, those 

with small, intensely, and uniformly stained nuclei, were excluded from the 

analysis. Cells were classified as Arc+, H1a+ or Arc!H1a+ cells, depending on 

whether they had foci of transcription of Arc, H1a, or both respectively. Those 

cells which lacked foci were classified as negative. Overlap scores were 

calculated as: (%Arc/H1a+ -(%E1x%E2)/100)/ (%Emin -(%E1x%E2)/100), 

where %Arc/H1a+ = percentage of total neurons that are Arc/H1a+; %E1= 

percentage of lEG+ cells in the first behavioral event= (H1a+ + Arc!H1a+)/ total 

' neurons; %E2= percentage of lEG+ cells in the second behavioral event= (Arc+ 

+ Arc/H1a+)ltotal neurons; (%E1x%E2)/100= theoretical probability of cells 

expressing lEG during both events, assuming the two events induced lEG 

expression in independent groups of neurons; %Emin= lesser of %E1 and %E2, 

which normalizes the equation to a condition with a perfect overlap. The Overlap 

Score is 1 for a perfect overlap (%E1=%E2), and is 0 for two statistically 

independent %E1 and %E2. For purposes of clarity we refer to all H1a+ cells as 
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an 'ensemble' that initiated lEG transcription during Event 1, and all Arc+ cells as 

an ensemble that initiated lEG transcription during Event 2. 

Normalized ensemble sizes: The size of lEG+ ensembles during both 

events for both groups where normalized to the mean of the Event 1 ensemble 

size of Resistant rats. 

Statistical Analyses 

Two-way ANOVA with group and condition as independent variables was 

used to compare ensemble size and overlap score. Statistically significant main 

effects were followed up by Fisher's PLSD post hoc tests. (StatView software, 

SAS Institute, Cary, North Carolina). 
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Results 

There are no behavioral differences between Resistant and Susceptible 

animals during either no-shock exploration or contextual fear conditioning. 

The experimental design is illustrated in Figure 16A. During no-shock 

exploration of the experimental box, all rats showed active exploration and very 

little freezing; in the CFC group all rats showed robust post-shock freezing, 

irrespective of their classification. Figure 168 shows the freezing .behavior of 

Resistant and Susceptible rats in the A-CFC condition. During the first (no-shock) 

exploration, both group showed, < 10% freezing, while, both groups showed 

>80% post shock freezing during CFC. Thus, both Resistant and Susceptible 

animals acquire fear conditioning to the same degree. There are no behavioral 

differences, detectable by the measures used, between groups during either no

shock exploration or contextual fear conditioning. 

There are no significant differences between groups in lEG+ neuronal 

ensembles during Event 1 

In all of the brain regions we investigated, no significant differences 

.between.groups_we[eDbserved inlbasize of H1a-t- neuronal ensembles i.e. 

neurons undergoing plasticity during Event 1 in either A-A or A-CFC condition 

(Table 1). 
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Figure 16: A) Experimental Design: A-A = Two explorations of experimental box 

A (no shock; low emotional valence ); A-CFC = One no shock exploration of the 

experiment box A, followed by contextual fear conditioning (CFC) in the same 

f?ox (high emotional valence); Sac = Sacrifice; B) Freezing behavior of rats in the 

A-CFC condition; During no shock exploration (A) and CFC: Resistant (n=10) vs. 

Susceptible (n= 5) rats. 
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dCA1 dCA3 vCA1 vCA3 BLA 

106.99 99.43 109.02 97.07 .. 92.53 
A-A_ Res 

(4.54) (9c5) (11.02) : (9.38) (12.83) 

-
106.59 116.57 104.51 92.82 117.70 

A-A_Sus 
(9.78) (12.72) (17.62) (8.0) (17.31) 

93.97 100.56 91.85 101.56 105.62 
A-CFC_Res 

(5.71) (6.5) (7.53) (9.86) (7.34) 

95.45 116.0 98.49 87.95 104.55 
A-CFC_Sus 

(12.43) (7.47) (13.6) (13.94) (13.01) 

Table 1: Normalized Event 1 ensemble size 

Size of lEG+ neuronal ensembles during the first event (E1) normalized to the 

mean size of lEG+ neuronal ensemble of the Resistant rats during E1. The 

standard errors are given in parenthesis. 
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A B Fig rrJJ: 

Basolateral Nucleus of Amygdala (BIA) Septal/Dorsal hippocampus (dCAl, dCA3b) 

c 

Temporal/Ventral hippocampus (~1. vCA31 

Figure 17: Brain Regions: Diagrammatic representation of the approximate 

anatomical locations from which the analyzed images were collected (Paxinos 

and Watson, 41
h ed. Academic Press, San Diego, 1998). 
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Susceptible animals show 'remapping' in dCA1 in the A-A condition 

There was an overall effect of group and condition on the overlap scores 

in dCA1 (Group effect: F (1, 26) = 7.44, p = 0.011; Condition effect F (1, 26) = 

6.87, p = 0.014; No Group x Condition interaction: F (1, 26) = 0.39, ns). 

In the Resistant animals in the A-A condition, about 50% of neurons 

expressing lEG in response to Event 1 showed lEG expression during Event 2 as 

well (Overlap score= 0.49); whereas, in the A-CFC condition, the majority of the 

neurons expressing lEG in response to Event 2 (CFC) are different from those 

expressing lEG in response to Event 1(no-shock exploration) (Fisher's PLSD: p = 

0.029) (Fig 18 8). This is consistent with previous reports in na"ive rats (Guzowski 

et al. 1999; Vazdarjanova et al. 2002; Vazdarjanova and Guzowski 2004; 

Ramirez-Amaya et al. 2005; Nalloor, Bunting, and Vazdarjanova 2011 ). 

Susceptible rats, however, showed 'remapping' even in the A-A condition 

and their overlap score (0.36) was significantly lower than Resistant rats in the 

same condition (Fisher's PLSD: p= 0.046). The overlap score was further 

reduced in the A-CFC condition but this decrease did not reach statistical 

significance. 

There was no significant difference between groups in dCA 1 ensemble 

sizes expressing lEG in response to Event 2 (Group effect (F (1, 26) = 0.098, ns) 

and group x condition interaction), although the effect of condition shows a trend 

towards significance (F (1, 26) = 3.44; 0.07 49; Fisher PLSD p= 0.065). The size 
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and overlap of lEG + ensembles in both the groups under both conditions are 

represented with Venn diagrams in Figure 19. 

Susceptible animals have a smaller vCA3 lEG+ neuronal ensemble during 

Event 2 in the A-A condition 

In vCA3, there was a significant effect of group on the size of lEG+ 

neuronal ensembles during Event 2 (F (1, 26) = 6.39, p=0.018), but no effect of 

condition or group x condition interaction. This effect was caused by the 

significant drop in neuronal ensembles size during Event 2 in Susceptible rats as 

compared to Resistant rats (Fisher PLSD: p= 0.02). 

There were no significant group differences in the overlap scores in vCA3 

(Group effect: F (1, 26) = 0.681, ns; no effect of condition or group x condition 

interaction). 

There are no significant differences between groups in size or overlap of 

lEG+ ensembles in dCA3, vCA 1 and BLA in either condition (Figure 22). 



147 

A [] Resistant B [] Resistant 100 
...... • Susceptible • Susceptible w 0.8 
0 90 ..... 

"'C 
80 0.7 QJ 

.!::! 
ctl 70 0.6 p = 0.046 E QJ .... .... 0 0 

60 u c VI 0.5 
N 0.. w so ctl 
c -;:: 

QJ 0.4 
Vl > c 40 0 
0 0.3 .... 
::l 30 QJ 
c 

0.2 + 
(!) 20 
w 

~ 10 
0.1 

0 0 
A-A A-CFC A-A A-CFC 

Figure 18: Comparison of dCA 1 lEG+ ensemble size and overlap; Resistant 

vs. Susceptible rats 

A) Size of lEG+ neuronal ensembles during the second event (E2), normalized 

to the mean of the Resistant rats during the first event (E1): Res vs. Sus; A-A 

(Res: n = 9; Sus: n= 6) and A-CFC B) Overlap of lEG+ dCA 1 ensembles during 

A-A and A-CFC conditions 
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Figure 19: Venn diagram of dCA 1 ensemble size and overlap 
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Diagrammatic representation of ensemble sizes during first event (H1a+) and 

second event (Arc+) and overlap 
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Figure 20: Comparison of vCA3 lEG+ ensemble size and overlap; Resistant 

vs. Susceptible rats 

A) Size of lEG+ neuronal ensembles during the second event (E2), normalized to 

the mean of the Resistant rats during the first event (E1) B) Overlap of lEG+ 

vCA3 ensembles during A-A and A-CFC 
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Diagrammatic representation of ensemble sizes during first event (H1a+) and 

second event (Arc+) and overlap 
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Figure 22: Event 2 lEG+ ensemble size and overlap: dCA3, vCA1 and BLA 

There are no significant differences between groups in size or overlap of lEG+ 

ensemble in dCA3, vCA 1 or BLA 
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Discussion 

The study presented here tested two hypotheses: 1) Susceptible rats will 

differ from Resistant rats in hippocampal plasticity-related responses prior to the 

trauma 2) Susceptible rats will differ from Resistant rats, in the hippocampal lEG 

expression pattern during the acquisition of the traumatic event. Our results show 

that there are indeed preexisting differences in plasticity-related responses in the 

hippocampus between Susceptible and Resistant rats. But these differences 

were most pronounced during events with low emotional valence and not 

significant during a traumatic event. 

Susceptible rats lack fidelity in the plasticity-related responses in the 

hippocampus 

Similar to naive rats, Resistant rats in the A-A condition encode the two 

identical exploration of the experimental box with high fidelity in the dCA 1, as 

evidenced by a high overlap score in the Arc/H1a expressing neuronal 

ensembles. However, the overlap of lEG+ ensembles decreases when the 

second exploration is paired with a foot shock (A-CFC). This suggests that the 

dorsal hippocampus of Resistant rats also _engages different lEG+ neuronal 

ensembles when a spatial context is explored alone and when it is associated 

with an emotional event (Nalloor, Bunting, and Vazdarjanova 2012). 
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As reported in chapter 2 and from other studies using Arc/Homer 1a 

catFISH, degree of overlap of lEG expressing neuronal ensembles is low .when 

the second exploration differed from the first; either in contextual cues or paired 

with foot shock (Guzowski et al. 1999; Vazdarjanova et al. 2002; Vazdarjanova 

and Guzowski 2004; Ramirez-Amaya et al. 2005; Nalloor, Bunting, and 

Vazdarjanova 2011 ). 

Therefore, it is interesting that in A-A condition, Susceptible rats had 

significantly lower lEG+ ensemble similarity than the Resistant rats; suggesting 

that Susceptible rats did not treat the two explorations as identical events and 

hence implying impaired fidelity in dCA1 response to the event. Although not 

tested directly in this experiment, it is possible that Susceptible rats have deficits 

in spatial discrimination. This is in accord with findings from monozygotic twin 

studies that revealed impaired configura! processing of contextual cues in the 

twin with PTSD and their non-trauma exposed (no-PTSD) co-twin (Gilbertson et 

al. 2007). 

It should be noted that detection of the difference in overlap was possible 

because of the within-animal comparison of ensembles that Arc!H1a catFISH 

method alluws .. Since there_ wer.e .no differ.ences_ .in ensemble _size_ between 

groups, simply measuring the mRNA or protein levels of lEGs or other plasticity

related molecules would not have revealed the differences between the 

Susceptible and Resistant rats. 
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Susceptible and Resistant rats differ in fear-conditioning-induced lEG 

expression along the septotemporal axis of the hippocampus 

The ventral hippocampus is involved in anxiety behaviors and receives 

direct projections from the BLA. In the previous study we confirmed that the 

ventral hippocampus is indeed involved in the acquisition of emotional memory 

(Nalloor, Bunting, and Vazdarjanova 2011 ). In addition, PTSD is an anxiety 

disorder and imaging studies have linked amygdala hyper activity to PTSD. 

Based on this, we hypothesized that rats Susceptible to developing PTSD-Iike 

behaviors will show greater differences from Resistant rats in the A-CFC 

condition, in which the second event had a higher emotional significance. 

Surprisingly, we found that this was not true. Larger differences between 

Susceptible and Resistant rats were found in the low emotional (A-A) event in the 

ventral hippocampus. 

In vCA3, compared to Resistant rats, Susceptible rats had significantly 

smaller number of neurons expressing lEG in response to Event 2 of the A-A 

condition when there was no apparent change in the emotional valence from 

Event 1 . The Resistant rats showed a similar drop in the Event 2 ensemble size 

in the. A-CFC condition wben Event 2 had. a significanUncrease in emotional 

valence. It is possible that the Susceptible rats assign a higher emotional valence 

to the second exploration in the A-A condition. 
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It is interesting that the difference in the vCA3 overlap observed between 

A-A and A-CFC condition in the na'ive rats was not observed in the Resistant 

rats. The lack of difference is due to. a drop in the overlap in the A-A condition 

with little or no change in the A-CFC condition (Figure 15 B and 20 B). Given that 

na'ive rats have a lower vCA3 overlap when the second exploration was different 

and high in emotional valence (A-CFC; Figure 15 B); it is possible that lower 

overlap is a signature of higher anxiety. 

After the cat hair exposure there was no increase in anxiety levels in the 

Resistant rats that were behaviorally detectable. In fact, their classification as 

Resistant was based off of their low ASR and low anxiety-like behavior on the 

EPM (screening criteria, chapter 1 ). However, it is possible that the cat hair 

exposure causes changes that are not behaviorally detectable and the rats may 

be in state in which anxiety can be more readily induced. The novelty of the first 

exposure may induce an anxiety state in the rats leading to a lower vCA3 overlap 

in the A-A condition. The difference between Resistant and Susceptible rats may 

be that Resistant rats can "cope" better with the anxiety and the overlap similarity 

in the dCA1 is presumably indicative of this "coping". This may be mediated by 

prefrontal cortical. inhibition .of anxiety .. .Deficits. in this inhibition may .be 

contributing to the lower overlap in Susceptible rats. This hypothesis is consistent 

with the impaired extinction in Susceptible rats (figure 4 B) which is also a result 

of impaired fear inhibition. 
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This can be verified by comparing lEG activation pattern in the prefrontal 

cortex, specifically IL which is shown to mediate fear inhibition (Milad, Vidal

Gonzalez, and Quirk 2004). Such comparisons are already underway. Further, to 

test the hypothesis that the lower vCA3 overlap is a signature of anxiety, an 

anxiolytic agent (e.g. benzodiazepine) can be administered before the first 

exploration of the experimental box in the A-A condition and the overlap score 

assessed. If indeed the lower overlap is induced by higher anxiety, there should 

be a "reversal" (increase to 80% seen in na"ive rats; figure 15 B). 

Significance of difference in overlap in A-A condition in Susceptible rats 

It is not clear if the lower dCA1 overlap score in Susceptible rats in the A-A 

condition is indicative of an inability to recognize the experimental box as the 

same one they visited earlier or if they treat the second exploration as more 

stressful. However, there are a few observations that suggest that the later may 

be true: 1) if Susceptible rats treated the second exploration as a completely new 

experience, then, the ensemble size during Event 1 and 2 should have been 

similar 2) Lower overlap has been associated with increase in emotional valence 

(Nalloor, Bunting, and Vazdarjanova 2011) 3) A significantly smaller vCA3 

ensemble express lEG in response to Event 2 in the A-A condition in Susceptible 

rats. This may also be indicative of an anxious state because the Event 2 

ensemble size in the A-CFC condition was lower than the A-A condition (not 
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statistically significant). These facts, together with the above argument, 

strengthen the case for impaired prefrontal cortical inhibition. 

Comparing stress hormone (corticosterone) levels in Resistant and 

Susceptible rats collected 20 min after the second exploration of the A-A 

condition will be a way to confirm if the Susceptible rats were indeed in a state of 

higher anxiety than Resistant rats. 

No differences were found in the BLA 

The BLA modulates the emotional memory formation (Cahill and 

McGaugh 1998; McGaugh 2004 ), L TP in the basolateral nucleus of amygdala is 

associated with the successful acquisition of fear conditioning (Maren and 

Fanselow 1995) and mRNA synthesis in the amygdala has been demonstrated to 

be necessary for acquisition of contextual fear conditioning (Bailey et al. 1999). 

As mentioned previously, amygdala hyperactivity is associated with PTSD 

[Reviewed by (Holzschneider and Mulert 2011 ). Therefore, we examined 

differences between Susceptible and Resistant rats in the BLA during the 

acquisition of a traumatic event. We expected higher CFC induced lEG 

~xpressionjn the_8usceptible as.compared to Resistant.rats. 

We found no differences in the Arc/H1a expression pattern in the BLA 

between Susceptible and Resistant rats, under either A-A or A-CFC condition. It 

is important to note that this finding does not completely rule out differences 
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between groups in activity because under behavioral conditions, Arc/H1a 

expression pattern is indicative of only plasticity inducing neuronal activity and 

not neuronal firing (Guzowski, Knierim, and Moser 2004; Carpenter-Hyland et al. 

2010). 

However, it is also possible that there are no differences between 

Susceptible and Resistant rats in plasticity-related changes in the BLA during the 

acquisition of a traumatic event. The amygdala hyperactivity that has been 

observed in people with PTSD may be a consequence of the disease condition 

and the pathology of PTSD may lie in the abnormal expression of a normal fear 

memory. The fact that rats without an intact amygdala are able to acquire the 

cognitive component of fear conditioning and that we found no significant 

differences in hippocampal lEG expression between groups, in the A-CFC 

condition, also support this hypothesis [(Vazdarjanova and McGaugh 1998); 

figure 22). 

In conclusion, in this study, consistent with our hypothesis, we detected 

pre-existing differences in neuronal responses along the septotemporal axis of 

the hippocampus. But contrary to our hypothesis this did not contribute to 

detectable differencea_during the acquisition _of the traumatic event._ But the 

impaired fidelity of hippocampal responses may contribute to the pathology of 

PTSD by manifesting as impaired discrimination of trauma-related cues and 
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consequently leading to intrusive recollection of trauma memory triggered by 

non-trauma related cues. 



V. GENERAL DISCUSSION 

Despite the vast knowledge base obtained from human and animal 

studies, the etiology of PTSD remains a mystery. There is also a need for more 

effective treatments (Institute of Medicine of National Academics 2007). Data 

from human and animal · studies suggest that there are susceptibilities to 

developing PTSD [e.g. (Gilbertson et al. 2002; Cohen et al. 2012)]. The ideal 

outcome of PTSD research would be to determine non-invasive methods to 

identify people with PTSD prior to trauma exposure and provide preventive care. 

and/or early intervention after trauma exposure to prevent development of PTSD. 

Due to constraints in human research, prospective animal models are a 

necessary tool to facilitate study of the etiology and pathophysiology of PTSD, 

and ultimately development of preventive measures and better treatment 

methods. However, such a prospective model was not available until now. Here 

we report the successful development of a prospective model and some findings 

obtained from it. 

160 
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The two major findings from this set of studies are: 1) Rats susceptible to 

developing PTSD-Iike symptoms can be behaviorally identified prior to the 

trauma 2) Altered fidelity of plasticity-related responses of hippocampal ~euronal 

ensembles emerges as a pre-existing susceptibility factor in Susceptible rats. 

Justification of the animal model 

Our pre-classification is based on two measures of anxiety and it can be 

argued that the PTSD-Iike behaviors (impaired · fear extinction and lasting 

elevation in startle) are only manifestations of high trait anxiety in the Susceptible 

rats and not necessarily susceptibility to developing PTSD. 

Different studies over the past 60 yrs have indicated that subjects (rodents 

and humans) classified as having high anxiety will acquire faster and extinguish 

slower the conditioned responses to an aversive stimuli [e.g. (Bitterman and 

Holtzman 1952; Otto et al. 2007; · Gazendam and Kindt 2012; Joos, 

Vansteenwegen, and Hermans 2012)] . In fact, anxiety tests and conditioning 

cues have been proposed for the psychiatric screening for recruits for the Air 

Force, Army and police academy (Bitterman and Holtzman 1952; Sells 1955; 

Pole et al. 2007). This-is. .notsurprising. as anxiety and_ fear share _a _common 

neuronal circuitry (figure 2) and autonomic and behavioral responses. It is 

possible that anxiety potentiates fear and overcoming the anxiety responses by 

longer exposure to the conditioned stimulus will enhance fear extinction. 
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This was tested in rodents by "detaining" them from performing a 

conditioned avoidance response. The duration of deta.inment positively correlated 

with the rate of extinction (Weinberger 1965). In fact, this theory forms the basis 

behind prolonged exposure therapy which has been used in humans for the 

treatment of PTSD and other anxiety disorders. (Resick et al. 2002). 

Conversely, it has also been argued that this difference in conditioning 

and rate of fear extinction is seen only when the conditioning is performed under 

anxiogenic conditions such as a dark room, threat of a shock, presence of shock 

probe, etc (Spence and Spence 1966). In "masked studies" in which there were 

no overt anxiogenic stimuli and the subjects were told that they were being 

observed for the effects of irrelevant distracters, the difference between high and 

low anxiety group was not significant (Spence and Spence 1966) and one study 

even showed that the low anxiety group acquired conditioning more readily (King 

et al. 1961 ). 

These findings suggest that trait anxiety as an individual measure is not 

sufficient to produce a PTSD phenotype and may not be a reliable predictor for 

PTSD. Rather, being in an anxiety state at the time of the emotional trauma may 

increase the_ risk of developing PTSD. Dr increase PTSD symptom severity. 

Indeed, elevated autonomic responses under high threat conditions have been 

associated with increased severity of PTSD (Pole et al. 2007). 



163 

Our animal model captures this important distinction by revealing which 

animals maintain an elevated state of anxiety after experiencing a mild threat (cat 

hair exposure). Our pre-classification criteria are based on two anxiety measures: 

acoustic startle and elevated plus maze. The state of anxiety is elevated in 

Susceptible rats four days after the cat hair exposure, when acute responses 

should have returned to baseline. 

Further, consistent with human literature on PTSD symptoms, the PTSD

Iike behaviors reported in our animals (impaired extinction and sustained 

elevation in ASR) are specific to the traumatic event (fear conditioning) as none 

of the rats showed freezing in the cat hair context (no conditioning) and the ASR 

returned to baseline within 3 weeks in the group that did not undergo fear 

conditioning. 

Other considerations: 

As discussed in the section 'immune modulation of the HPA-axis', 

subclinical infections, if present will cause an increase in circulating cytokines in 

the rats. Given the effect of cytokines on memory and anxiety like behavior, 

subclinicaL infection may affecl the reported findings. For example, lhe _pre

classification of animals as susceptible or resistant to developing PTSD-Iike 

behaviors is based on anxiety measures. High levels of cytokines and the 

consequent increase in CRH can cause an increase in anxiety state and lead to 
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"false positives" or animals being erroneously classified as Susceptible. In 

addition, if the changes in size and overlap of neuronal ensembles reported [A-A 

vs. A-CFC in non-cat hair animals (Chapter 2) and Resistant vs. Susceptible 

(Chapter 3)] are driven at least in partly by anxiety states, individual differences 

in subclinical infection will add to the variability in the data. 

Although, we cannot completely rule out the possibility of subclinical 

infections, it should be noted that we found no differences between animals in 

anxiety levels prior to cat hair exposure. Assessing pro-inflammatory factors (i.e. 

IL-1, IL-6) when the animals arrive at the facility will be helpful to address this 

concern more directly. 

Implications of the project: 

We have shown that it is possible to identify rats with susceptibility to 

developing PTSD-Iike behaviors using non-invasive measures 

This suggests the possibility of developing such measures in humans as 

well. We used measures of anxiety and acoustic startle response after exposure 

to a mild stressor as the criteria for classification. Homologous measures in 

humans could_be..anxiety measures_ after a mildly aYersive event Jike a simulated 

event or a very mild electric shock. A caveat for developing the use of pre-trauma 

testing in humans is that the history of prior trauma is usually not uniform in a 

population and may contribute to higher variability. Individualized mild stressors 
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.may have to be:designed to be used for classification in order to avoid potentially 

shifting the resistant- susceptibility balance (classification criteria are further 

discussed under future directions). 

Genetic screening for genetic risk factors is an example of a minimally 

invasive identification method, but every susceptible individual may not have a 

genetic risk factor. Furthermore, evidence pointing to significant gene

environment interactions may render such screenings of limited value. 

Developing better screening methods requires a better understanding of the 

disease; our animal model is a tool to facilitate this process. 

We report that there are pre-existing differences in the hippocampal 

responses that were detectable during relatively low emotional events. This 

finding supports evidence that, in humans, a deficit in configura! processing of 

contextual cues is a risk factor for developing PTSD (Gilbertson et al. 2007). This 

could form the basis of a susceptibility detection criterion. It may be possible to 

detect such deficits as early as age 4-5 with the help of simple spatial processing 

tasks. It may also be possible to improve such deficits by training on spatial 

processing tasks with increasing complexity or even games that taps into spatial 

ability (e.g. Tetris). 

We found no significant differences between Susceptible and Resistant 

rats in the processing of events with high emotional content. This finding in 

conjunction with the previous one, suggest that the pathology of PTSD may not 
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be in the impaired acquisition of the trauma memory itself but in the 

discrimination of trauma related cues. Discrimination deficits may result in non

trauma associated cues triggering the trauma memory. The fact that people with 

PTSD show generalized fear responses, have intrusive recollection of the 

traumatic event and have impaired extinction of fear responses to trauma 

associated cues suggest that this may be true (American Psychiatric Association 

2000). 

Possible short comings of the methodology: 

The experimental cohort consisted of only male rats. This is a possible 

caveat as gender differences have been found in the prevalence of PTSD 

(Becker et al. 2007; Cohen and Yehuda 2011 ). However, studies in female rats 

will have to control for the phase of estrous cycle at the time of testing (M. R. 

Milad et al. 2009). Therefore, although it is ideal to conduct all studies in male 

and female rats, it may be easier to conduct initial investigations in male rats and 

then apply relevant findings to females. 

It is possible that there are PTSD subtypes and we may not be able to 

detect-all-subtypes with our classification criteria-measures. As discussed in the 

introduction, genetic makeup, variability in maternal care, differences in strength 

of brain circuitry have all been shown to contribute to susceptibility to developing 

PTSD-Iike behaviors. The pre-trauma manifestation of susceptibility may vary 
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with the cause of susceptibility; we cannot investigate in our animals all causes of 

susceptibility. For instance variability in maternal care may be contributing to the 

susceptibility and resistance detected. However, since our animals are not inbred 

we do not have a history of maternal behavior. Nonetheless, this is the first 

animal model with the capacity to indentify susceptibility to developing PTSD-Iike 

symptoms and therefore, a significant contribution to the investigation of PTSD. 

Another possible caveat is that only right hemispheres of the brains were 

analyzed as trauma lateralization had been observed in PTSD (Henry 1993). 

However, in male rats, emotionally influenced memories have been reported to 

be lateralized to the right hemisphere (Cahill 2003) therefore, we examined only 

the right hemisphere. This however does not minimize our findings since we 

have consistently used the right hemisphere across groups. 

Additionally, our read out measure i.e. Arc and H1a, are plasticity-related 

lEGs. Stress has been shown to cause a reduction in baseline lEG expression 

(N. Kozlovsky et al. 2007). We have not verified baseline expression of Arc and 

H1a in the Susceptible and Resistant rats to confirm that the cat hair exposure 

has not affected baseline expression of Arc and H1a. The study that reported 

stress induced changes in baseline lEG expression, however, has used longer 

exposure times as compared to our 3 min cat hair exposure time (N. Kozlovsky 

et al. 2007). In addition, the within-animal design that Arc/H1a cat FISH allows, 

permits assessment of changes in lEG expression, independent of baseline. 
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As previously mentioned, Arc and H1a are markers of plasticity and not 

neuronal activity per se (Guzowski, Knierim, and Moser 2004; Carpenter-Hyland 

et al. 201 0). We can detect only differences in plasticity-inducing firing pattern 

and not all neuronal firing. We acknowledge this aspect of the methodology and 

do not rule out possibility of non-plasticity related differences between the 

groups. 

Future directions 

One of the most pressing needs is to develop a reliable pre-classification 

criterion for humans to identify people susceptible to developing PTSD and 

targeting those at high risk for experiencing trauma for preventive interventions. 

Use of anxiety measures to identify susceptible people has been proposed 

and tried. However, as previously stated (under 'justification of the animal model'; 

pg 49), trait anxiety is not a reliable measure for classification. Given the 

numerous factors that have been found to be altered in PTSD, and the possibility 

of PTSD-subtypes, it will be meaningful to develop multi-factor assessment 

criteria for identification of people susceptible to developing PTSD. Considering 

thal PTSD is partly .an anxiety disorder, trail anxiety should definitely be one of 

the factors. In addition other factors such as a report of trauma history, tests for 

cognitive flexibility, response inhibition (PFC-related function) and spatial 

discrimination (hippocampus-related) and blood/urine tests for altered 
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neurochemicals or substrates should be considered for inclusion. A deficit or 

alterations in one or more of these measures by themselves or in combination 

with others may render susceptibility. If the criteria are too stringent, there will be 

chances of false negatives meaning that individuals with low or moderate 

susceptibilities can be missed. The converse will be true if the criteria are too 

broad. However, considering the effects of PTSD and the costs incurred by direct 

and indirect costs, it may be reasonable to have broader classification criteria. 

Further, the treatment goal for PTSD should not be "erasing the memory" · 

of the traumatic event. Rather, treatments should aim at improving hippocampal 

function and hence reducing number of cues that can indiscriminately trigger 

trauma memory and also mitigating the maladaptive fear response associated 

with the memory. Tasks that strengthen hippocampal and prefrontal cortical 

activity and function can serve as preventive methods and may even help reduce 

symptoms. Understanding individual differences in susceptibility and 

personalizing interventions will definitely improve outcome and therefore should 

be a priority. 

In conclusion, we have developed an animal model to facilitate 

investigation of PTSD-Iike behavior and _shown that rats. with susceptibility to 

developing PTSD-Iike behaviors have pre-existing alterations in the fidelity of 

plasticity-related neuronal responses along the septa-temporal axis of the 

hippocampus. The model will be a helpful tool to study both pre-existing 
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susceptibilities as well as trauma outcomes. It can also serve as a platform to 

test both preventive and therapeutic interventions. 



VI. SUMMARY 

~ Rats susceptible to developing PTSD-Iike behaviors can be identified 

before the trauma, based on behavior after a mild stressor 

~ In addition to behavioral differences there are pre-existing differences in 

plasticity-related responses between rats susceptible to developing PTSD

Iike behaviors and rats that are not. 
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