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ABSTRACT 

Posttraumatic stress disorder (PTSD) is an anxiety disorder that may follow exposure to 

severe emotional trauma and presents with various syrr~ptoms of anxiety, hyperarousal and 

cognitive anomalies. Interestingly, only 10-30% of an exposed population will go on to 

develop full-blown PTSD. Cholinergic neurotransmission is implicated in anxiety as well as 

other typical manifestations of PTSD, particularly cognitive changes. The frontal cortex 

and hippocampus regulate and in turn are affected by stress, and have also been 

implicated in the underlying neuropathology of PTSD. These areas are densely innervated 

by cholinergic neurons originating from the basal forebrain. In this study, the time 

dependent sensitization (TDS) model was used to induce symptoms of PTSD in animals. 

The study was designed to determine the long-term effects of an intense, prolonged 

aversive procedure on central muscarinic acetylcholine receptor (mAChR) 

characteristics and the correlation if any of those findings to cognitive aspects and general 

arousal as characteristics associated with PTSD. 

In order to achieve this goal, male Sprague-Dawley rats were exposed to the TDS stress 

paradigm with behavioral/neuro-receptor assessments performed on day 7 post re-stress 

(duration of each experiment in whole is 14 days). Acoustic startle reflex (ASR) was 

used to determine emotional state (hyperarousal), while the conditioned taste aversion 

(CTA) paradigm was implemented in order to assess aversive memory. Muscarinic 

receptor binding studies were performed in the frontal cortex and hippocampus. Moreover, 

both the stress-exposed and control animals were pre-tested in the acoustic startle 

chamber in order to attempt to separate stress sensitive from stress-resilient animals 

based on predetermined ASR criteria. 

The ASR niodel was previously validated in our laboratory, while the CTA I-nodel was 

validated in this project before application. In the CTA model, an i.p. injection with lithium 

chloride (LiCI) (associated with digestive malaise), was used as unconditioned stim~~lus 



Abstract 

(US) and was paired with a saccharinlcyclamate drinking solution as conditioned stimulus 

(CS) to induce aversion to the novel taste (CS) when presented in the absence of the US. 

Population data of animals tested in the ASR experiment indicated no statistical significant 

difference between stressed and control animals. However, when each animal was 

assessed individually, 22.5 % of the exposed population displayed all increase above the 

predetermined criteria of 35 % in startle response, indicating a state of heightened arousal. 

In contrast, only 4.2 O h  of control animals (no stress) displayed an increase in arousal 

based on the above mentioned criteria. Muscarinic receptor densities (Bm,,) in the total 

population of animals exposed to stress showed a statistical significant increase in both the 

hippocampus and frontal cortex when compared to controls, with no changes in & values 

observed in either one of the areas. 

In the CTA experiment, TDS stress was implemented as US paired with a 

saccharinlcyclamate drinking solution as CS. An acute session of prolonged stress (as 

used in the TDS model) effectively induced aversion to a novel taste and a s~~bsequent 

reminder of the stress (restress) paired with the CS sustained the acq~~ired aversive 

memory. 

Furthermore, LiCl was reintroduced as US in order to assess the effect of prior exposure to 

two types of stress (acute and TDS) on subsequently acquired CTA memory. Prior 

exposure to acute stress had no significant effect on subsequently acquired aversive 

memory when measured either 3- or 7 days post-conditioning (CS-US). Stress-restress 

(TDS) exposure, however, indicated a significant decrease in aversive memory from 3- to 7 

days post-conditioning (CS-US) as well as a significant decrease in aversive memory 

between the control- and the TDS group 7 days post-conditioning. The mAChR density 

(B,,) in the frontal cortex; but not in the hippocampus, was elevated at the same point in 

time (7 days post CS-US pairing) that CTA memory was impaired following TDS stress 

1 (stress-restress). 

Ultimately, these data support an association between altered cholinergic receptors and 

hyperarousallanxiety in an animal model of PTSD. The data also support the phenomenon 

of individual susceptibility to stress in animals that parallels that observed in humans 
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exposed to severe trauma. Impaired aversive memory (CTA) is a consequence of prior 

exposure to TDS stress, but not acute stress, and is likewise mediated by an altered 

central cholinergic transmission displayed as an increase in mAChRs in the frontal cortex. 

The lack of studies regarding the influence of the cholinergic system in PTSD related 

behavior earns ,this project value as irrimitable PTSD research. 

KEY WORDS: PTSD; cholinergic, time-dependent sensitization; hippocampus; frontal 

cortex; acoustic startle response (ASR); conditioned taste aversion (CTA); muscarinic 

receptor binding. 
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Opsomming 

Posttraumatiese angs-steurnis (PAS) is In angstoestand wat ontwikkel na blootstelling 

aan ernstige emosionele trauma en word gekenmerk deur verskeie simptome naamlik 

angs, verhoogde outonome opwekking en kognitiewe afwykings. 'n lnteressante 

verskynsel is dat slegs 10 - 30 % van die blootgestelde populasie uiteindelik PAS 

ontwikkel. Cholinergiese neurotransmissie word geirr~pliseer in angstigheid sowel as a~ider 

tipiese manifistasies van PAS, veral kognitiewe veranderinge. Die frontale korteks en 

hippokampus reguleer die liggaam se reaksie op stres en word terselfdertyd negatief deur 

stres bei'nvloed. Hierdie twee breindele is betrokke in die onderliggende neuropatologie 

van PAS. Senuweevoorsiening van die frontale korteks en hippokampus bestaan grootliks 

uit cholinergiese neuron projeksies vanuit die basale voorbrein. In hierdie studie word die 

Tyd-Afhanklike Sensitisasie (TAS) model as eksperimentele dieremodel gebruik om 

simptome in rotte te induseer wat verband hou met PAS. Die studie is ontwerp om die 

langtermyn effekte van 'n intense, verlengde traumatiese ondervinding op die sentra.le 

muskariene cholinergiese reseptore (mAChRe) te bepaal en of die bevindinge met die 

kognitiewe aspekte, sowel as algemene outonome opwekking, as eienskappe van PAS 

korreleer. 

Vir die doel van hierdie projek is Manlike Sprague-Dawley rotte aan die TAS stres model 

blootgestel waarna gedrags- en neuro-reseptor parameters, geneem op dag 7 na 

blootstelling aan 'n herstressor (elke eksperiment verloop 14 dae in totaal), vir evaluasie 

gebruik is. Die Akoestiese skrikrefleks (ASR) is gebr~~ik om die emosionele toestand 

(outonome opwekking) van die diere te bepaal, terwyl gekondisioneerde smaakaversie 

(GSA) geimplimenteer is om die graad van aversie-geheue te bepaal. Muskariene 

reseptor binding-studies is in die hippokampus en frontale korteks uitgevoer. Voorts is die 

proefdiere wat aan die TAS stres model blootgestel is, sowel as die kontrole diere (geen 

stres), aan 'n voortoets in die klank-kamer onderwerp. GSA kriteria is gebruik om te 

onderskei tussen stres-sensitiewe en stres-weerstandige proefdiere. 
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Die geldigheid van die ASR model is voorheen in ons laboratorium bewys, terwyl die GSA 

model voor verdere toepassing tydens hierdie projek geldig bewys is. In die GSA model is 

'n intraperitoneale litium chloried (LiCI) inspuitiqg toegedien om gastrointestinale ongemak 

te bewerkstelling wat as ongekondisioneerde stimulus (0s) dien. Hierdie OS is met 'n 

drinkbare oplossing van saggarienlsiklamaat (kondisioneerde stimulus; KS) gekoppel ten 

einde afkering van die vreemde smaak te induseer wanneer die KS in die afwesigheid van 

die OS toegedien word. 

Populasie data van proefdiere wat aan die GSA ekperiment deelgeneem het, het geen 

statisties beduidende verskille tussen stress-onderworpe en kontrole diere getoon nie. 

Wanneer daar egter na elke proefdier individueel gekyk is, is daar bevind dat 22.5 % van 

die blootgestelde populasie 'n verhoging in skrik-reaksie getoon het wat op 'n verhoogde 

toestand van outonome opwekking dui. Daarteenoor het slegs 4.2 % van die kontrole 

diere (geen stres) 'n verhoging in outonome opwekking vertoon. 'n Beduidende verhoging 

in muskariene reseptordigthede (B,,) in beide die hippokampus (p < 0.05) en die frontale 

korteks (p < 0.01) is duidelik wanneer die totale populasie proefdiere aan die stressors 

blootgestel vergelyk word met reseptordigthede in die kontrole diere. Geen verskille met 

betrekking tot Kd waardes (affiniteit) is in enige van die breindele gevind nie. 

In die GSA eksperiment is TAS stres as OS gebruik tesame met 'n saggarienlsiklamaat 

oplossing as KS. 'n Aversie vir die vreemde smaak (KS) is effektief deur 'n akute sessie 

van die verlengde stres prosed~~~re (soos gebruik in die TAS model) geinduseer (p < 0.001). 

'n Herinnering aan die stres (herstressor) gekoppel aan die KS, het verder die reeds 

geinduseerde aversie-geheue vir die KS volgehou. 

In 'n verdere studie is LiCl as OS gebruik om die effek van voorafgaande blootstelling aan 

twee tipes stres op daaropeenvolgende aangeleerde smaak aversie te ondersoek. 

Blootstelling aan 'n akute stressor het geen beduidende effek op aangeleerde smaak 

afkering gehad nie. Blootstelling aan stres-herstres (TAS) het egter 'n statisties 

beduidende afname (p < 0.05) in aversie-geheue getoon vanaf 3- tot 7 dae na 

kondisionering (KS-0s) en 'n beduidende afname (p < 0.05) in aversie-geheue tussen die 

kontrole- en die proefgroep is gevind 7 dae na kondisionering. Op dieselfde tydstip wat 
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aversie-geheue na die TAS stress (stres-herstres) prosedure aangetas is, was die mAChR 

digtheid (Bmax) in die frontale korteks bededuidend verhoog (p < 0.05). Geen verskille is in 

die hippokampus gevind nie. 

Hierdie resultate dui 'n verhouding aan tussen gewysigde cholinergiese reseptordigtheid en 

'n toestand van outonome opwekkinglangstigheid in 'n dieremodel van PAS. Die 

verskynsel van individuele predisposisie tot stres in diere, wat vergelykbaar is met die stres 

reaksie in mense, word deur bogenoemde resultate ondersteun. lngeperkte aversie- 

geheue is 'n gevolg van voorafgaande blootstelling aan TAS stres, maar nie akute stres 

nie. Dit word beniiddel deur gewysigde sentrale cholinergiese oordrag wat vertoon word 

as 'n verhoging in niAChRe in die frontale korteks. 

Die gebrek aan studies n1.b.t. die invloed van die cholinergiese sisteeni in PAS verwante 

gedragsteurnisse besorg aan hierdie projek waarde as ongeewenaarde PAS navorsing. 

SLEUTELWOORDE: Posttraumatiese angs steurnis (PAS); tyd-afhanklike 

sensitisasie (TAS) model; hippokampus; frontale korteks; cholinergies; muskariene 

reseptore;gekondisioneerde smaaka versie (GSA); akoestiese skrikrefleks (AS R). 
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Chapter 1 

1 .I Problem statement 

Anxiety is as common a human emotional state as happiness and sadness. Disorders 

associated with this sensation represent a major class of clinical disorders that occur 

throughout life. From earliest times, men, women and children have been confronted by 

overwhelming events. However, n a t ~ ~ r e  has ensured a means of dealing with immediate 

threatening situations as well as overcoming the long-term sequelae of the event - not 

by decreasing the severity of the threats, but in selecting, preserving and fine-tuning 

biological a.daptive mechanisms in response to a stressor. Nevertheless, some 

stressors can be so overwhelming, that this adaptive capacity is exceeded. In these 

cases, the adaptive mechanisms are either over-extended or over- or under-utilized 

such that subsequent biological changes are manifested as the clinical symptoms 

known as post traumatic stress disorder (PTSD) (Lang et a/., 1998). 

Unconditioned anxiety and fear become entrapped with a malfunction in cognitive 

function coupled with learned alarms through association (Bataglia & Ogliari, 2004). 

The symptoms of PTSD is enveloped in three clusters 1) re-experiencing (flashbacks, 

intrusive recollections, nightmares); 2) avoidance of associative stimuli and 3) persistent 

symptoms of increased arousal (American Psychiatric Association, 1994). Each of 

these symptoms is a product of direct or indirect effects of memory processes to such 

an extent that PTSD might be conceptualized as a disorder of disorganized memory 

(Cahill, 1997) with a large number of unrealistic associations containing both episodic 

and emotional memory, one memory component being intensified while the other is 

impaired (Layton & Krikorian, 2002). 

The diversity of PTSD is not limited to altered behaviour, but has diverse 

neurobiological underpinnings whether predisposing or consequential. 



Fellol-rs (1999) proposed interactive systems of brain structl-rres that are implicated in 

emotions and memory. These structures include the hypothalamus, amygdala, frontal 

cortex and tlippocampus, and their interactive relationslc~ip adds to the complexity and 

difficl-~lty in examining the specific roles of each brain area (Elzinga & Bremner, 2002). 

The emotional disturbances of PTSD have been proposed to be a consequence of 

inability of the frontal cortex and the hippocarnpus to modulate amygdala function 

(Davidson, 2002; LeDoux, 2000). 

An impressive body of evidence suggests that the hippocampus is structurally affected 

in stressed animals (Buwalda et a/., 2004; Vermetten & Bremner, 2002; Lupien & 

Lepage, 2001) as well as in humans suffering from ,the disorder (Brerrlner, 1999a; 

Lupien & McEwen, 1997; Rauch et a/., 2006). In addition, the role of the hippocampus 

in memory, especially the declarative component (Eichenbaum, 1999; Cahill & 

McGaugh, 1998; Vermetten et a/., 2003), has been thoroughly studied (Eichenbaum, 

2004; Elzinga & Bremner, 2002). As PTSD is primarily a disorder of memory, the 

above-mentioned changes suggest a role for this brain region in the pathology of PTSD. 

The hippocampus and frontal cortices receive extensive cholinergic innervation from the 

basal forebrain and has a large quantity of muscarinic acetylcholine receptor sites (van 

der Zee & Luiten, 1999). Reduced cholilc~ergic input in the hippocarnpus is implicated in 

memory impairment (Hasselmo, 2006). In addition, acetylcholine modulates release of 

the excitatory neurotransmitter glutamate in the hippocampus, thereby influencing not 

only learning and memory, but also attentional processes (Acquas et a/., 1996). 

Acetylcholine levels proportionally dictates cortical arousal and changes in acetylcholine 

concentration in the frontal cortex may contribute to arousal and memory dysf~~~nction 

associated with PTSD (Milner et a/., 1 998). 

The amygdala is important in memory, emotion, and motivation and its functions include 

attention to motivationally relevant stimuli (Phelps & LeDoux, 2005; Taylor & 

Fragopanagos, 2005). The amygdala interacts with stress hormones in memory 

consolidation of emotional events influencing other regions such as the hippocampus 

(LeDoux, 2000; Bechara et a/., 1995) and frontal cortex (Cardinal et a/., 2002). 

The time-dependent sensitization (TDS) animal model is based on the principle of 

exposure to series of prolonged intense stressors (triple stress) followed by a brief 
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reminder of the initial procedure on day 7 post stress (the restress), a.nd has in recent 

years been extensively studied as a valid rodent model of PTSD. The purpose of an 

animal model used to investigate a human condition is that it must be as close as 

possible an approximation of the human disorder it is modelling. The TDS model has 

indeed been shown to present with biological and behavioural changes analogous to 

PTSD (Harvey et a/, 2003; 2004a; 2004b; 2005; 2006; Oosthuizen et a/., 2005). 

Although it is well-known that the major pre-disposing factor leading to tlie occurrence 

of PTSD is an extremely traumatic experience which has chronic life changing 

consequences, it remains a mystery why the full-blown syndrome of PTSD is not 

prompted in every person undergoing ,the same life-tt-~reatening ordeal (Breslau et a/., 

1998; Kessler et a/., 1995; Cohen et a/., 2003). It is becoming clear that genetic, 

experiential and environmental factors interact to rank an individual within a hierarchy, 

determining the way the individual will cope with the challenges that are brought about 

by emotionally charged stimuli (Bartolomucci et a/., 2005). This is also the case in 

animals manipulated to model the symptoms of the illness (Cohen eta/., 2004). 

This introduction will serves as an overview of PTSD to set the background against 

which the project described in this thesis was carried out. Aspects relevant to the 

research at hand will be described more elaborately in the following chapters. 

This project will explore the involvement of the central choli~lergic system in the stress 

response as a possible area of pharmacological intervention for a disorder that is 

growing in significance, yet poorly treated. 

1.2 Aims of the study 

The present study was designed to determine the long-term effects of an intense 

aversive procedure on central muscarinic acetylclloline receptor characteristics and 

whether these changes wo~,~ld correlate with selected cognitive and general arousal 

characteristics of PTSD. In order to achieve this goal, an animal model of PTSD was 

used to induce behaviours in the rodent that correspond as close as possible to the 

clinical state of PTSD. 
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The primary aims were firstly.. . 

1. To determine the effect of TDS stress on a general state of arousal in the 

rat and its correlation, if any, to muscarinic acetylcholine receptor (mAChR) 

binding characteristics in the hippocampus and frontal cortex. 

In order to achieve this objective, behavioural studies were undertaken with the aim to ... 

Compare the startle response (using the Acoustic startle response - ASR) in rats 

before and after induction of a state of anxiety in .the arrimals, using the TDS stress 

model. 

Determine the effect of TDS stress on muscarinic acetylcholine receptor 

(mAChR) characteristics in the hippocampus and frontal cortex after ASR 

assessment. 

Select animals showing maladaptive behaviour in the ASR according to 

specific criteria and to compare the behavioural- and neuro-chemical data of 

these specific animals with that of well-adapted animals following traumatic 

stimuli. 

2. Secondly, to determine the effect of two stress designs (acute stress and 

stress-restress) on aversive memory in the Conditioned Taste Aversion 

(CTA) paradigm and to relate these findings to mAChR binding 

characteristics in the hippocampus and frontal cortex. 

Several behavioural studies were implemented in order to accomplish this second 

objective: 

Validation of the traditional CTA model with LiCl as u~iconditio~ied stimulus (US) 

Attempt to induce aversion to a novel taste using the stress-restress (TDS) model 

as US paired with a saccharin/cyclamate solution as the conditioned stimulus (CS). 

Assess the effect of an acute- and stress-restress (TDS) procedure respectively 

on associational memory of subsequent CS-US pairing, with 

saccharin/cyclamate as CS and LiCl injection as US, across two time intervals. 



To determine the effect of TDS stress on mAChR receptor characteristics in the 

hippocampus and frontal cortex after CTA assessment. 

Ultimately, this work will attempt to contribute to the field by providi~ig evidence 

concerning the role of the central cholinergic system, specifically mAChR 

characteristics, in behavioural processes associated with PTSD. Moreover, the study 

will add to the growing body of evidence relating to the face, construct and predictive 

validity of the TDS model as an animal model of PTSD. 



2.1 Introduction 

Posttraumatic stress disorder is an anxiety disorder involving a specific, progressive 

reaction following exposure to an extremely traumatic event or stressor (Myers, 2000). 

'The traumatic emotions associated with PTSD are a consequence of a single exposure 

and are progressively consolidated in the time following the event (Buwalda eta/., 2004; 

van Dijken et a/., 1992), making this reaction disproportionate to the threat and 

persistent beyond the period of stressor cessation (Servatius et a/., 2004). Individuals 

suffering from PTSD develop an enduring vigilance for and sensitivity to a perceived 

environmental threat. They have difficulty in properly distinguishing between real and 

"learned" alarms and fail to respond with appropriate levels of physiological- (van der 

Kolk, 2004) and neuro-hormonal (de Loos, 2002) arousal. 'This inappropriate 

mobilization of biological emergency responses to stressful stimuli is mirrored 

psychologically as a fixation of memories of the past (van der Kolk, 2000). 

Anxiety is a complicated concept and becomes even more so when entangled with 

panic and uncertainty as found in PTSD. Panic and anxiety are described as 

fundamental emotions of unconditional fear that are associated with PTSD. Ultimately, 

these feelings are the product of an enhanced associability between external and 

internal cues, leading to a chronic state of discomfort and unease (Servatius et a/., 

2005). These emotions occur at the wrong time, based on biological vulnerability. 

Ultimately, PTSD emerges as an interrelationship between psychological, biological and 

social processes that intertwine to eventually result in a severely incapacitating illness. 



2.2 Symptomatology 

The diagnostic norms for PTSD consist of a muhifaceted list of criteria. -The first 

prerequisite is that the individual can only develop PTSD if helshe has been exposed to 

a traumatic event described as "events involving actual or threatened death or serious 

injury, or a threat to the physical integrity of oneself or others" (American Psychiatric 

Association, 1994). This list of criteria is simplified to enfold these three symptomatic 

clusters associated with PTSD, which are re-experiencing, avoidance of associative 

stimuli and hyper-arousal (American Psychiatric Association, 1994). 

The re-experiencing phenomenon includes the most distinctive and readily identifiable 

manifestations, and presents itself in nightmares, flashback episodes, frightening 

thoughts etc (Lahmeyer, 2006). These re-living of the traumatic events are triggered by 

certain circumstances, objects reminiscent of the trauma, anniversaries or common 

stressful situations. They could happen at any time, day or night (van der Kolk & 

Saporta, 1991) and even neutral events can trigger these intrusive memories and 

disturbing flashbacks of past traumatic events. 

Intrusive memories are characteristic and occur in the absence of the original stimulus. 

These recollections are powerful infil,trations and evoke emotions of panic, terror, dread 

and despair (Friedman, 2000). Crucially, this causes disturbances in attention and the 

ongoing procession of thoughts (van Praag, 2004). 

2.2.2 Arousal 

PTSD is cored by a loss of neuromodulation leading to the immediate transfer from 

stimulus to response in these patients without being able to make the intervening 

psychological assessment of the root of their arousal. Hyperarousal also interferes with 

psychotherapy by preventing memory recall add acknowledging memories of the 

trauniatic experience (van der Kolk & Saporta, 1991). 

General arousal symptoms include insomnia, irritability and inability to concentrate, but 

hypervigilance and an exaggerated startle response are more characteristic of PTSD 

(Friedman, 2000). 
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Clinical experience suggests that the increased autonomic arousal can be rather non- 

specific, and may occur in response to a variety of stimuli. In fact, some research 

suggests that habituation may follow repeated exposure to the traumatic stimulus itself, 

but associated events continue to illicit hyperactivity (van der Kolk & Saporta, 1991). 

2.2.3 Avoidance and emotional numbing 

Numbing of responsiveness, which may manifest as depression, anhedonia and 

apathetic or dissociative states, becomes part of the patient's general state of mind and 

obstructs the will to explore and draw meaning from surroundings (van der Kolk & 

Saporta, 1991). Individuals suffering from PTSD lack the ability to tolerate strong 

emotions, leading to the deliberate avoidance of emotions associated with the traumatic 

experience. 

Ultimately, numbing is an emotional anesthesia causing 'the individual to suffer from a 

restricted range of affect which also puts strain on participating in meaningful 

interpersonal relationships (Friedman, 2000). 

2.2.4 Cognitive features 

The cognitive state associated with PTSD is a peculiar one. "Traumatic memories are 

partly hyper memorized, partly blurred, whereas the ability to store and retrieve new 

information is impaired" (van Praag, 2004). The issue of memory is thus central to the 

study of PTSD. The 2 main memory components affected by this illness, are 

declarative or explicit memory and non-declarative or implicit memory (Elzinga & 

Bremner, 2002). 

Declarative memory consists of consciously remembering and recalling of events. 

Example: What I did yesterday or the clothes I was wearing. This includes semantic 

and episodic memory. Semantic niemory involves factual knowledge of a person or 

object and episodic memory involves autobiographical memory about events taking 

place in one's life. Brain areas involved in this type of memory are the hippocampus 

and prefrontal cortex (van Praag, 2004). 

On the other hand, non-declarative memory also results from experience, but is 

reflected in performance and changes in behaviour. This form of memory involves skill 
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learning, like swimming, where the next move is unconsciously done; and emotional 

learning where the recall of learned reactions is reflexive and automatic and is 

integrated with emotional charge (van Praag, 2004). The brain area involved here is the 

amygdala (Caliill & McGaugh, 1998). Emotional learning is provoked by neural 

mechanisms of the hippocampus and amygdala that attaches an element of control to 

information. 

2.2.5 Conclusion 

Besides above mentioned symptoms, it is more than likely that a person diagnosed with 

PTSD will have at least one other incapacitating condition. These supplementary 

burdens include major depressive disorders, conduct disorders, phobias and alcohol 

and drug abuse (Keane & Katoupek, 1997). All of ,the above mentioned abnormali.ties 

progress to a climax where the patient perceives the world to be a dangerous place, 

eventually becoming isolated from reality. 

2.3 Risk factors 

Since the acknowledgement of PTSD as a diagnosable disorder, research and 

treatment has focused mainly on effects of trauma on military troops who served in 

conflicts such as the Vietnam and Gulf wars (Kang et a/., 2003; Shaw, 2003). Only in 

recent times, has ,the association of this disorder with an array of situations being 

realized. 

In addition to war veterans, rescue workers and victims involved in the aftermath of 

disasters like hurricane Katrina (Rhoads et a/., 2006) and the Asian Tsunami (recorded 

as one of ,the deadliest disasters of modern history) (Miller, 2005); survivors of terrorist 

attacks on New York (Hoven et a/., 2003), the London bombings; survivers of car 

accidents, rape, physical and sexual abuse, etc (Galea et a/., 2005) are all people who 

are among ,those who are at risk of developing PTSD. In regards to these events, 

research has found the highest rates of onset of PTSD (30%-50%) in survivors of rape, 

military combat and captivity, as well as ethnically or politically motivated internment 

and genocide (McCabe & Anthony, 2002). 



Numerous epidemiological studies have demonstrated that gender is also an important 

risk factor in the emergence of PTSD since women more frequently develop this 

pathology when subrr~itted to intense trauma (Gavranidou, 2003). PTSD is also more 

likely to develop and is longer lasting when the trauma is of human design (e.g. rape, 

torture) than when it is attributable to natural disasters (e.g. earthquakes)(McCabe & 

Anthony, 2002; Shalev, 2000). 

As research continues it is becoming evident that more and more factors exist ,that 

could predispose to the development of this illness and that ultimately, it is caused by a 

convergence of events and predisposing factors. 

2.4 Prevalence 

Situations posing grave physical danger and violent assaults are common in the world 

today, but not all individuals confronted with traumatic experience progress to PTSD. 

Indeed, there is distinct evidence that PTSD is an anxiety disorder that affects a 

vulnerable sub-population of individuals exceeding their adaptive capacity (Louvart et 

a/., 2005). 

Posttraumatic stress disorder affects 6-9 % of the general population and has a severe 

impact on quality of life (Breslau et a/., 1991). In the United States, studies report ,that 

the rate of lifetime exposure to at least one serious traumatic event (excluding grief and 

mourning) is quite high; a conservative estimate reported 61 % among men and 51 5% in 

women (Kessler et a/, 1995). Other studies have found similar rates (Breslau et a/, 

1998; Perkonigg et a/, 2000). The lifetime prevalence of PTSD in the genera.1 

population reaches about 7% overall (Fairbank et a/, 2000), suggesting that about 20- 

3O0/0 of individuals exposed to severe stressors will develop PTSD. 

2.5 Etiology and development 

2.5.1 Introduction 

Clinical evidence regarding PTSD has shown that most people who are exposed to a 

catastrophic event do not develop PTSD, clear evidence that people differ tremendously 

in their vulnerability to stress (Sapolsky, 1994). An individual's psychological 
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interpretation of tlie experience could be seen as the dividing line between copi~ig or 

progressive emotional failure (Bartolom ucci et a/., 2005). 

2.5.2 Sensitizationlkindling 

Although exposure to an initial traumatizing experience is at the root of PTSD, it is the 

subsequent repeated exposure to disturbing emotions through reminders and triggers 

that causes progression of neurobiological damage believed to precede full-blown 

PTSD. This phenomenon is defined by the term "sensitization" or "kindling", which 

involves progressive intensification of a neurophysiologic, behavioural or 

pharmacological response as a consequence of repeated excitation or arousal when 

exposed to a mild stimulus (Friedman, 1994). Behavioural sensitization, clinically 

presented as heightened emotional arousal in humans and displayed in exaggeration of 

startle response to auditory stimuli (Morgan, 1997), is an enhancement in the degree to 

which one responds to repeated presentations of stress-related stimuli (reminders of 

traumatic events). In a sensitized system one would expect that a constant stimulus 

would produce an increase in response magnitude or that, conversely, a lower grade 

stimuli would cause a sustained heightened responsivity. This emphasizes the 

significance of reminders of the initial traumatic event, whether presented as flashbacks, 

nightmares or intrusive thoughts, in the etiology of PTSD. 

2.5.3 Conclusion 

Stress-induced anxiety can therefore be viewed in a broad spectrum from adaptive 

anticipation of a future challenge that guides the mind to successful coping, to the 

complex pathological progression with exaggeration of threat that paves the way to a 

maladapted state where a feeling of safety is unattainable and quality of life is severely 

diminished. 
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2.6 Treatment 

Essentially, treatment call be split into psycho-therapy and pharmacological intervention 

(van der Kolk et a/., 1996). Over the past few years there has been dramatic progress 

in the development of medications for treating anxiety disorders. Various types of drugs 

that act on different molecules in the central nervous system are used clinically as 

therapeutic agents (Miyamoto et a/., 2004). 

2.6.1 Pharmacotherapy 

In general, success in treating PTSD has been claimed for just about every known 

psycho-active medication including benzodiazepines, tricyclic antidepressant (TCA), 

~iionoamine oxidase inhibitors, lithium carbonate, beta adrenergic blockers and 

clonidine, carbamazepine and anti-psychotic agents (American Psychiatric Association, 

2004) and the most frequently used agents are summarized i n  table 2.1. 

In addition to the pharmacological agents mentioned in the table, the following drugs are 

currently being considered for possible intervention in PTSD. 

The alpha-1 -adrenergic antagonist prazosin, commonly used as anti-hypertensive 

agent, has shown promise in treating sleep disturbances and nightmares in patients 

with chronic PTSD (Taylor & Raskind, 2002). The rationale lies in blocking 

noradrenergic activity which is associated with fear and startle responses in PTSD 

leading to heightened emotional arousal. Treatment of chronic PTSD with serotonergic 

medication has been shown to address the core symptoms of PTSD and preclinical 

evidence documents serotonin may have an inhibitory effect on norepinephrine neurolis 

(de Boer, 1995). Another possibility for treatment of chronic PTSD is blockade of 

adrenal steroidogenesis and consequent elevation of adreno-corticotrophic hormone 

(ACTH) through administration of ketoconazole (imidazole derivative). This method of 

inhibition of cortisol biosynthesis has been used as a ,treatment strategy in depressive 

patients (Lamberts et a/., 1997; Wolkowitz et a/., 1999) and is proposed as treatment for 

chronic PTSD due to the comorbidity of PTSD with depression as well as a possibility of 

lowering anxiety-like symptoms as found in an animal model of PTSD (Cohen et a/., 

2000). 
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Although psychological and pharmacological treatments have been found beneficial, 

some PTSD patients still manifest long-lasting psychiatric symptoms resistant to 

treatment. It is, therefore, of importance for studies on PTSD to be targeted at 

prevention and early intervention in order to avoid ,the development of chronic 

symptoms (Southwick eta/., 1999). 

Prospective mechanisms indicated in prophylaxis in PTSD include noradrenergic 

inhibition through the presynaptic an-stimulation with clonidine immediately after the 

stress which can be helpful in reducing PTSD symptoms that should appear later, 

possibly by suppressing the early hyperarousal state (Shinba et al., 2001). A further 

indication for noradrenergic drugs in the early treatment of PTSD, originates from the 

contribution of noradrenergic activity in strengthening or "overconsolidation" of the 

memory for trauma during a life-threatening event (Debiec & LeDoux, 2006). Based on 

this hypothesis, two controlled studies of trauma victims presenting to emergency rooms 

suggest that posttrauma propranolol (p- adrenergic antagonist) reduces subsequent 

PTSD (Pitman & Delahanty, 2005). 

Preclinical animal studies show promise for the use of sertraline (selective serotonin re- 

uptake inhibitor) in immediate post-exposure intervention (Matar et al., 2006) in 

decreasing hyperarousal as well as overall diminished PTSD like behaviour measured 7 

days post stress. 

Memories from traumatic experiences in ICU (intensive care unit) wards can persist for 

many years (Schellirrg et a/., 1998) and can be associated with an incidence of PTSD 

,from 14 % to more than 35 % in patients who experienced prolonged ICU treatment 

(Tedstone & Tarrier, 2003). Clinical studies done using ICU patients found that stress 

doses of hydrocortisone given during the perioperative period of cardiac surgery had a 

protective effect on the development of chronic stress symptoms (traumatic memory 

and feelings of anxietylpanic) assessed at 6 months after the procedure (Schelling et 

at., 2004). 

The complex nature of PTSD and the numerous central systems involved in it as 

pathology is illustrated by the above treatment possibilities suggesting that 

psychopharmacologicaI interventions should be targeted at specific subsets of 
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symptoms, although it is difficult to select which symptom would positively respond to a 

particular drug. 

Although the majority of the mentioned drugs have underlying SI-~pplementary 

cholinergic actions, no clinical studies could be found to examine cholinergic action as 

primary mechanism in PTSD. 

Table 2.1 Suggested pharmacological treatment of specific subsets of symptoms in 

PTSD. 

flashbacks, hyperarousal, sertraline) or mood stabilizer 

(carbamazepine, lithium, 

SSRl and/or mood stabilizer 

(also to pi ramate and 

gabapentin) combination. 

Add nefazodone or trazodone 

for concurrent sleep disorders. 

nightmares, psychosocial 
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2.6.2 Conclusion 

Hyperarousal, intrusive reliving, n~~mbing and dissociation are the symptoms that 

prevent patients from distinguishing present from past. Drugs affecting these symptoms 

are essential in achieving a feeling of safety and perspective from which to approach 

their daily tasks (Yehuda, 2002). 

Basic guidelines are available for treatment, but individualized treatment where constant 

re-evaluation of what is being accomplished and what particular interventions are the 

most effective should be the a.im. It is thus clear that core PTSD symptoms (arousal, 

numbing, re-experiencing), occupational disabilities etc, may all need different treatment 

approaches (van der Kol k et a/., 1996). 

Although the use of medication in providing symptomatic relief for patients suffering 

from PTSD symptoms seems promising, at this time no particular drug has emerged as 

a definitive treatment for PTSD (Friedman, 2000). This creates great demand for 

investigating the unique pathophysiology of this order and to develop new, more illness- 

specific pharmacotherapy. This opens the field to the conceptual approach of 

implementing the unique pathophysiology of this order to develop new pharmacological 

interventions specifically targeting PTSD. 
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3.1 Introduction 

Since the contemporary scientific study of trauma began, understanding the 

relationship/correlation between brain structure and function, in particularly how this 

harmony is disturbed in the mentally ill, is one of the major challenges to clinical and 

experimental neuroscientists worldwide (Fellows et a/. , 2005). 

The brain may be portrayed on different levels such as anatomical-, cellular, subcellular 

or functional basis (Leonard, 2003). These planes are vitally connected to form a 

complex organization able to perform a multitude of tasks. 

Chronic or psychological trauma causes alteration in brain function and neurochemical 

response as well as dysregulation of neurochemical systems on all levels (Weber & 

Reynolds, 2004). One of the key questions being which comes first, the anatomical or 

structural changes, or the neurochemical changes. 

3.2 Brain areas 

In imaging studies of patients with anxiety disorders, progress has been made in 

identifying specific neural circuits. Functional relationships between the amygdala, 

hippocampus and frontal cortex have been established in patients with posttraumatic 

stress disorder (PTSD) (Shin etal., 2006; Bremner, 2005; Gilboa etal., 2004) 

The amygdala is responsible for verbal and non-verbal expression of fear and anger 

(Barad ef a/., 2006; Richter-Levin, 2004); the hippocampus is responsible for learning 

and short term memory (Mayes, 2002; Squire et a/., 2004; Astur et al., 2002) and the 

cortex is a "highly developed association area involved in complex synthesis of 

information" (Leonard, 2003). The brain areas under investigation in this study are the 

frontal cortex and the hippocampus, but because of the inter-relationship between the 



above three mentioned areas in PTSD (section 3.3) the role of the amygdala will also be 

discussed in short. 

3.2.1 Frontal cortex 

Structure and function 

The cerebrum or cortex is the largest part of the human brain, associated with higher 

brain function such as thought and action. The cerebral cortex is divided into four 

sections, called "lobes" (figure 3.1). These lobes are named after the overlying cranial 

bones, thus the frontal lobe, parietal lobe, occipital lobe, and temporal lobe. Each of 

these lobes has its own integrated function. The frontal cortex is associated with 

reasoning, planning, parts of speech, movement, emotions, and problem solving (Levin 

et a!., 1991 ; Clark & Mendez, 2005). 

I 
Figure 3.1 Visual representation of the cerebral cortex 

The rat frontal cortex is a heterogeneous region of the brain, in general, divided into four 

topologically different regions: dorsal-, lateral-, frontal- and medial cortices (Heidbreder 

& Groenewegen, 2003). Each of these regions makes a distinct contribution to 

emotional or motivational influences on behaviour (Cardinal et a/., 2002). 

The frontal cortex is a collection of neocortical structures that control information from 

projections and has a vital influence on a broad range of cortical and subcortical targets 

(Miller & Cohen, 2001). 



Inputs to the frontal cortex include projections from the primary and secondary sensory 

and motor cortices, the thalamus, and the brainstem. Outputs from the association 

cortices reach the hippocampus, the basal ganglia and cerebellum and the thalamus. 

Integration with other regions is necessary to fulfill the function of planning appropriate 

behavioural responses to stimuli (Purves et a/., 2001). 

Role of the frontal cortex in PTSD 

The frontal cortex inhibits inappropriate emotional and fear responses and determines 

effective behavioural responses (Morgan & Ledoux, 1995; Brernner, 2000). 

More specifically, the frontal cortex is implicated in an array of processes which include 

systems responsible for response execution, memory retrieval, emotional evaluation, 

etc. and is also suggested to mediate some aspects of the response to stress and to 

contribute to the interplay between emotions and memory formation (Miller & Cohen, 

2001). In addition, the frontal cortex is also known to modulate the neuroendocrine 

function during stress (Diorio et a/., 1993; Herman & Cullinan, 1997). 

The role of the frontal cortex in PTSD will be discussed with relevance to different 

features implicated in the pathology of this illness. 

3.2.1.2.1 Memory 

The process of long-term potentiation (LTP) has been implicated in how memories are 

laid down (Malenka & Nicoll, 1999). Recent research demonstrates that the blocked 

induction of LTP in the prefrontal cortex (PFC) in vivo, is a direct consequence of 

exposure to inescapable stress (Maroun & Richter-Levin, 2003), which is further 

evidence of the involvement of this brain area in anxiety related memories. As the 

frontal cortex appears to play a decisive role in the working memory component of 

explicit memory, alterations in activity in this brain region may, at least partly, be 

responsible for the deficits in explicit memory function seen in PTSD (Newport & 

Nemeroff, 2000). 

Alterations in frontal cortex activity may also explain the deficits in fear behaviour and 

selective attentional processing, hence the possibility of a role in the re-experiencing 

phenomena reported in PTSD (Newport & Nemeroff, 2000). 



Chapter 3 

3.2.1.2.2 Arousal 

Conditioned fear processing and its extinction in the rat have proven to be dependent 

on the orbitofrontal cortex (sub-region in the frontal cortex). A conditioned fear 

response (see section 4.3.1.1) occurs when a conditioned stimulus (e.g. a light) is 

repeatedly paired with an unconditioned stimulus (e.g. shock) such that the fear 

response occurs to the conditioned stimulus alone. Extinction (i.e. loss of fear response 

to the conditioned stimulus) eventually occurs when the conditioned stimulus is 

repeatedly shown without the accompanying unconditioned stimulus (Newport & 

Nemeroff, 2000). 

The frontal cortex is involved in this fear response in that lesioning the frontal cortex 

reduces extinction of cued fear conditioning in rats (Morgan & LeDoux, 1995) and that 

spontaneous activity of the neurons in the frontal cortex are reduced in the presence of 

a tone (coached to be a conditioned stimulus). The latter indicates that the activity of 

frontal cortex neurons is inhibited after fear conditioning (Garcia etal., 1999). 

As this region of the frontal cortex is crucial to the process of extinction, orbitofrontal 

dysfunction, in conjunction with the amygdala, could contribute to to the ongoing 

hyperarousal symptoms such as the exaggerated startle response in patients with 

PTSD (Newport & Nemeroff, 2000). 

3.2.1.2.3 Clinical research 

Moving from animal to human studies, the frontal cortex plays a critical role in cognitive 

features such as working memory and attention (Newport & Nemeroff, 2000; Saykin et 

a/., 2004), while substantial evidence confirms an involvement in the regulation of 

emotion (Cardinal et al., 2002, LaBar & Cabeza, 2006). Clinical studies using PET 

indicates that dysfunction of the medial PFC (Shin et a/., 1999) and hippocampus 

(Bremner et a/., 2003; Shin et al., 2004) in PTSD may underlie pathological emotions in 

these patients. 

3.2.1.3 Conclusion 

It can therefore be concluded that extreme stress can cause measurable physical 

changes in the frontal cortex, an area of the brain involved in attentional and working 



memory functions and emotional responses to stimuli (Bremner, 2000). These changes 

can in turn contribute to the development of an array of anxiety related disorders, 

including PTSD. 

3.2.2 Hippocampus 

3.2.2.1 Structure and function 

The hippocampus forms part of a group of subcortical structures (including the 

amygdala) that make up the brain's limbic system. This functional area is part of the 

telencephalon (anterior subdivision of the forebrain comprising the cerebral 

hemispheres and associated structures) located on the boundary between the 

telencephalon and the diencephalon (figure 3.2) (posterior subdivision of the forebrain 

which includes the thalamus and hypothalamus) and is adjacent to the amygdala 

(Vanitallie, 2002). 

The hippocampus participates in memory and is particularly important for contextual 

memories with a strong emotional bias (Vanitallie, 2002). It is described as a mediator 

between the initial formation of memories through primary input from the cortex and 

their final storage destination elsewhere in the brain for future recalling (Eichenbaum, 

2000). Specifically, the hippocampal region plays a major role in declarative memory 

(Eichenbaum, 1999) and spatial and contextual memory is particularly dependent on 

this brain area (Sherry et a/., 1992). 

Amygdala '- - -  -.--- 
I 

\ \  
Telencephalon 

Hipllocampus 

Figure 3.2 Visual representation of the location of the hippocampus and amygdala. 
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3.2.2.2 Role of the hippocampus in PTSD 

Considering the above mentioned hippocampal functions in memory systems as well as 

its role in behaviour foltowing stressful experience (Woodson eta/., 2003; Kalisch et a/., 

2006), this brain region plays an undeniably important role in PTSD. 

The hippocampus is structurally altered in animals subjected to severe stress (McEwen, 

1999; McEwen & Magarinos, 2001; McEwen, 2002). Studies indicate that stress 

hormones (glucocorticoids) target and modulate the hippocampus after a severe 

stressful experience (Fuchs & Fliigge, 1998). The role of the hippocampus inhibiting 

the response of the hypothalamic-pituitary-adrenal-axis (HPA-axis) to stress will be 

discussed in more detail in section 3.4. 

Abnormalities in hippocampal structure following emotional trauma has also been 

demonstrated in humans. Magnetic resonance imaging (MRI) has shown reduced 

hippocampal volume among male and female PTSD patients who had been exposed to 

various traumatic experiences (Gurvitis et al., 1996; Bonne et a/., 2001). 

Symptoms associated with PTSD and dependent on hippocampal function will now be 

discussed. 

3.2.2.2.1 Memory 

The hippocampus is strongly implicated in memory and its role is very sub-region 

specific. The dorsal hippocampal functions include formation of fear memory to explicit 

and contextual cues, while ventral hippocampal functions include that of fear 

conditioning (Zhang et a/., 2001 ; Holt & Maren, 1999). 

The hippocampus receives input from various other brain structures (especially the 

amygdala (Richter-Levin & Akirav, 2003) and gathers all the information necessary to 

put a specific event into its proper context. Not all facts are perceived as relevant as it 

goes through this grading process mediated by the hippocampus. The easiest facts to 

remember are those that make sense or are linked to emotions (Phelps, 2004). 

Experiences that are traumatic are inevitably loaded with emotion and are thus etched 

into a person's memory as dictated by the hippocampus. From this originates the 

important role of the hippocampus in contextual memory (Buwalda eta/., 2004). 



3.2.2.2.2 Arousal 

Impairment of the hippocampal function ultimately decreases reliability and accuracy of 

memories regarding events preventing access to information needed to decide whether 

a situation is a threat or not (McEwen, 2002). This glitch in memory recall can also lead 

to inappropriate behavioural reactions labeled as hyper-arousal in PTSD. The 

hippocampus is therefore also responsible for the evaluation of stress related 

information. Subsequent integration of these stimuli therefore might contribute to the 

initiation or response to anxiety-provoking stimuli or events (Lamprea et a/., 2000). 

In addition, damage to the hippocampus is associated with hyper-responsiveness to 

environmental stimuli which further implicates a role for this brain region in the clinical 

phenomenon of exaggerated acoustic startle reflex (section 4.3.2.1 ) (Adamec, 1 991 ; 

Laplante et a/., 2005). 

3.2.2.3 Conclusion 

These studies all indicate that patients with PTSD exhibit important abnormalities in 

hippocampal .volume and function which may be related to impaired cognitive 

capabilities and be havioural changes observed after stress. 

3.2.3 Amygdala 

Structure and function 

The amygdala, so named because it resembles an almond shape, is a set of brain 

nuclei situated closely to each other and therefore grouped under the same name. 

Among the most prominent are the basolateral complex, the centromedial nucleus and 

the cortical nucleus. The amygdala forms part of the limbic system and has been found 

to be central to psychological processing of fear and aggression in social behaviour in 

humans (Albert ef a/., 1993) and the generation of learned fear behaviour in animals 

ranging from rodents to monkeys to humans (Rosen & Donley, 2006; Davis & Whalen, 

2001). 
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3.2.3.2 Role of the amygdala in PTSD 

Studies in animals and in humans have focused on pinpointing the specific brain areas 

and circuits involved in anxiety and fear (emotions that have evolved to deal with 

danger) and which are implicated in PTSD. The body's response to fear (real or 

ungrounded) causes a rapid, automatic response in different areas of the body. This 

protective response is largely coordinated by the amygdala (Ohman, 2005). 

The amygdale is the emotional hub of the central nervous system (CNS) (Cardinal ef 

a/., 2002; Davidson & Irwin, 1999). This conviction is supported by amygdala lesions 

causing impairments in emotional learning, deficits in the perception of emotions and 

facial expressions (Adolphs et a/., 1994; Broks et a/., 1998) and impaired memory of 

emotional events (Bechara ef a/., 1995). 

3.2.3.2.1 Memory 

The role of the amygdala in emotional memory is further highlighted in studies using the 

conditioned taste aversion paradigm (section 4.3.1.2), an animal model used to 

determine and quantify aversive memory in rats (Ferreira et a/., 2006; Reilly & 

Bornovalova, 2005). The mechanism behind this model implicates the amygdala as a 

key brain area contributing to the expression and storage of aversive memory 

(Yamamoto eta/., 1994). 

A vast amount of data supports the role of the amygdala in modulating memory-related 

processing in other brain structures, including the hippocampus and frontal cortex 

(Kilpatrick & Cahill, 2003; McGaugh et a/., 1996; Richter-Levin & Akirav, 2000). The 

neurocircuitry of PTSD can therefore be viewed as conditioned fear with enhanced 

emotional memory acquisition mediated by a hyper-responsive amygdala. Another 

possible mechanism is retarded habituation due to inadequate inhibitory control over the 

amygdala by the frontal cortex and the hippocampus (Hamner eta/., 1999; Grillon et a/., 

1 996; Amaral et a/., 1992; Rauch ef a/., 2003). 

There is agreement that the amygdala is involved in the storage of emotionally arousing 

events such as those that precede PTSD. The debate however, continues over the 

amygdala being the primary storage site of long-term emotional memory and its 
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possible modulation of other brain areas as consolidation sites (Cahill ef al., 1999; Cahill 

& McGaug h, 1 998). 

3.2.3.2.2 Arousal 

Arousal can best be illustrated through the conditioned-stimulus (CS) - unconditioned 

stimulus (CS) paradigm, a form of Pavlovian stimulus-outcome association or 

conditioned fear processing and a process that is important in the pathophysiology of 

PTSD (Newport & Nemeroff, 2000). The amygdala is clearly implicated in the emotional 

response to Pavlovian conditioning by storing associational information concerning CS- 

US pairings (a neutral CS, such as a tone, is presented just before an electric shock, 

US) which allows the CS to retrieve the added affect of its particular US (Cardinal eta/., 

2002). 

This information is then used to control hypothalamic, midbrain and brainstem targets 

giving rise to affective responses, such as freezing or fear potentiated startle and 

modulation of arousal and attention (Liberzon et a/., 1999a) which implicates clear 

involvement of the amygdala in emotional arousal (Cardinal et a/., 2002). Clinical 

studies supplementing the role of the amygdala in heightened arousal show increased 

amygdala activation to trauma relevant stimuli and signals of fear (Rauch et a]., 2000; 

Lanius et a/., 2002). 

3.2.3.3 Conclusion 

The amygdala is therefore of interest to the study of PTSD because of its involvement in 

emotional memory, emotional/behaviouraI manifestations of fear and autonomic 

response (LeDoux, 2000) and the genesis of an aroused state. 

3.3 Brain region inter-relationship in PTSD 

Various interactions between relevant brain areas take place after an exposure to a 

stressful experience. These are outlined below. 



Chapter 3 

3.3.1 Relationship between the hippocampus and amygdala as implicated in 

PTSD 

An intact connection between the amygdala and hippocampus is vital for the amygdala- 

dependent hippocampal expression of stress-induced effects (Kim et a/., 2001). Indeed, 

the ventral hippocampus has extensive projections with nuclei in the amygdala, 

suggesting that the anxiety response is modified through dual interactions between 

these two brain areas (Degroot & Treit, 2002; Richter-Levin, 2004). 

It has been shown that, in animals, high level stimulation of the amygdala disturbs 

hippocampal functioning. This implies that intense affect may inhibit the ability to put a 

certain experience in prospective, a hippocampal function discussed in section 3.2.2 

(Phelps, 2004; Adamec, 1991 ). 

Moreover, the amygdala is thought to integrate internal representations of the external 

world to form images of emotional experiences (Elrick, 2003). The amygdala then 

guides behaviour according to the emotionally tagged sensory information through 

projections to the hypothalamus, hippocampus and basal forebrain (van der Kolk & 

Saporta, 1 991 ) 

3.3.2 Relationship between the frontal cortex and the amygdala as implicated in 

PTSD 

The other brain area implicated in the development of PTSD, the frontal cortex, is also 

not secluded from the influence of the amygdala. 

As in 3.3.1, sensory input is evaluated by the frontal cortex (neocortex) and is awarded 

personal meaning by attaching feelings generated by the amygdala (LeDoux, 1989; 

Maclean, 1985). 

Thus in addition to the influence the amygdala has on the hippocampus, inversely the 

frontal cortex is believed to modulate responsivity of the amygdala (Kim etal., 2003). 



3.3.3 Relationship between the hippocampus and frontal cortex as implicated in 

PTSD 

Just as the hippocampus and amygdala interacts during anxiety response and memory 

functions, it is suggested that the hippocampus and frontal cortex share a complex 

interface in the processing of information (Anagnostaras et a/., 2002). Several studies 

have described dysfunction of both the frontal cortex and the hippocampus in patients 

suffering from PTSD (Bremner ef a/., 2003; Bremner, 1999a; Tanev, 2003; Shin ef a!., 

2006). 

The significance of LTP in memory has been stipulated in section 3.2.1.2.1. LTP is 

inhibited in both the hippocampus (Foy et a!., 1987; Garcia et a!., 1997) and the frontal 

cortex (Rocher et a!., 2004; Maroun & Richter-Levin, 2003) as a result of exposure to 

stress. Both mentioned brain areas are richly involved in memory, which suggests that 

under extremely strenuous conditions, it may be essential to "bar" the high-order 

response mediated by the hippocampus and frontal cortex in order to allow for a more 

automatic response, dependent on the various sub-cortical areas (Maroun & Richter- 

Levin, 2003). 

3.3.4 Conclusion 

As portrayed in above sections, no region in the CNS is designed to function as an 

isolated entity, but rather as a tightly integrated network, constantly processing and 

assessing information for optimal output. If however, any of these critical areas in this 

network become dysfunctional, it may cause an array of cognitive and behavioural 

abnormalities as found in PTSD. 

Furthermore, this section draws emphasis to the complexity of neural mechanisms not 

only in response to stress, but in all aspects of maintaining functional homeostasis in 

the body with the ultimate goal to secure survival of a species. 
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3.4 The hypothalamic-pituitary-adrenal (HPA)-axis and the endocrine 

stress response 

3.4.1 Background 

The response of an individual to stress includes both emotional and physical 

manifestations (McEwen, 2001). It is widely appreciated that the hypothalamic-pituitary- 

adrenal (HPA-axis) is of primary importance in the human stress response (Sullivan & 

Gratton, 2002) and is essentially supplemented by the central noradrenergic system 

(van Praag, 2004; Morilak et a/., 2005). Therefore, efficient activation and inhibition of 

the HPA-axis is essential for optimal coping with stressful situations and long term 

emotional as well as physical health. 

Exposure to stress or a threatening situation triggers activation of neurons in the 

hypothalamus to release corticotrophin-releasing factor (CRF) which in turn stimulates 

the anterior pituitary gland to release adrenocorticotrophic hormone (ACTH), also called 

corticotropin (Lupien & Lepage, 2001 ). In the adrenal gland, corticotropin stimulates the 

release of glucocorticoids, typically cortisol in humans and coriticosterone in rodents 

(Cohen ef a/., 2006; Herman & Cullinan, 1997) as well as the mineralocorticoid, 

aldosterone. 

(through blood) - 
Figure 3.3 Illustration of the hormonal (HPA-axis) stress response 
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Glucocorticoids are the final effectors of the HPA-axis and participate in the control of 

whole body homeostasis and the organism's response to stress (de Kloet et a/., 1998). 

Glucorticosteroids exert their effects via two types of receptors: the mineralocorticoid 

receptor (MR) and the glucocorticoid receptor (GR) (de Kloet et a/., 1998). The MRs 

have high affinity for corticosteroids and are already occupied when corticosteroid levels 

are low. Under normal conditions, GRs are only partially occupied because their affinity 

to cortisol is much lower (Kellner et a/., 2002; Brernner, 199913). They become only fully 

occupied when corticosteroid levels rise due to mounting stress. Corticosteroids enable 

an individual to cope with stress and maintain homeostasis through controlling the 

excitability of neuronal networks underlying learning and memory (De Kloet et a/., 

1999). 

3.4.2 Involvement of the hippocampus in regulation of the HPA-axis and the 

stress response 

The hippocampus with its efferent pathways innervating the hypothalamus is involved in 

the regulation of glucocorticoid release during periods of stress (Herman ef a/., 1992; 

Cullinan et a/., 1993). 

The activity of the stress system and therefore glucocorticoid secretion is tightly 

regulated by negative feedback loops involving its humoral products (Liberzon et a/., 

1997). The hippocampus is rich in both glucocorticoid and mineralocorticoid receptors 

(Vazquez et al., 1996; Han et a/., 2005; de Kloet et al., 1998). Glucocorticoids in 

circulation enter the brain and binds to appropriate receptors in the hippocampus and 

other sites. Due to this receptor-ligand interaction, CRH production from the 

hypothalamus is restrained, thus negative feedback is achieved (Vanitallie, 2002). 

Stress causes a blunted response to negative feedback on the hypothalamus which 

causes the hippocampus to be exposed to excessive cortisol concentration. Unlike the 

hippocampus, the frontal cortex is equipped only with glucocorticoid receptors, but also 

exhibits an inhibitory action on the HPA-axis (Lupien & Lepage 2001) causing an even 

greater increase in circulating cortisol. Over time, this would damage the hippocampus, 

causing further decrease in negative feedback, leading to even higher levels of cortisol 

(Wolf et a/., 2002) and subsequent progressive destruction of this brain area. 
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It is also important to mention that cortisol levels follow a diurnal rhythm, which means 

that, in healthy individuals, cortisol rises rapidly after wakening, reaching a peak within 

30-45 minutes. It then gradually reduces over the day, rising again in late afternoon. 

Cortisol levels then fall in late evening and drops very low during the early phase of 

sleep reaching a trough during the middle of the night (Tsigos & Chrousos, 2002). 

In addition, several monoamine neurotransmitters are shown to have primary roles in 

regulating the HPA-axis, especially dopamine (Sullivan & Gratton, 2002; Harvey et al., 

2006), 5-HT (Harvey et a/., 2006; 20046; 2003; Hood et a/., 2006; Davis et a/., 1997) 

and norepinephrine (noradrenaline; NA) (Young et a/., 2005; Morilak et a/., 2005; 

Harvey et a/., 2006), but will not be discussed in detail as it they are not applicable to 

the current project. 

3.4.3 An altered endocrine stress response in PTSD 

The HPA-axis negative feedback system as a consequence of stress is known to be 

altered in various pathological conditions such as depression (Young ef a/., 1991) and 

PTSD (Yehuda et a/., 1993). While hyposensitive glucocorticoid feedback has been 

found in depression, PTSD demonstrates a unique hypersensitive or enhanced negative 

feedback. This flaw is also described as a "sensitization of the inhibitory elements of 

the HPA-axis" (Liberzon et al., 1997). As a result of this enhanced inhibitory effect on 

the HPA-axis, patients with PTSD have been repeatedly reported to display low cortisol 

levels despite high central nervous system CRF activity (Yehuda et a/., 1996; Baker ef  
a/, 1999). This clinical evidence was also supported by high basal cerebrospinal fluid 

CRF concentrations obtained via a single lumbar puncture (Bremner et al.,l997). 

It has been found that a blunted HPA-axis response to a stressogenic stimulus 

(predator exposure) appears to increase the susceptibility of the animal to PTSD-li ke 

responses (Cohen et a!., 2006). In the same animal study, exogenous administration of 

25 mg/kg of corticosterone to Lewis rats 1 hour before 10 min exposure to cat litter 

decreased anxiety-like behaviour in the elevated plus maze as well as mean amplitude 

of the startle response. These results suggests that dysregulation of endogenous 

corticosterone at the time of exposure to the stressor may play a causal role in the 

development of the neurohormonal imbalance that underlies the behavioural symptoms 

of PTSD-tike responses. Furthermore, the finding that exogenous corticosterone 



attenuated the potential for developing PTSD-like symptoms after acute stress is of 

potential preventive significance. 

In human subjects, peri-operative exogenously administered high doses of 

hydrocortisone during cardiac surgery had a protective response on the development of 

PTSD. This is supported by recent data show that preventive administration of cortisol 

reduces the incidence of cases of PTSD following septic shock (Schelling et a/., 2001 ; 

2002) 

External administration of cortisol was also found to reduce PTSD symptoms in patients 

suffering from chronic PTSD (Aerni et a/., 2004). 

Previous investigations showed lower ACTH and higher coriticosterone levels at 

restress as compared to the initial stress response. This is evidence for possible 

sensitization of HPA-axis, as proposed by Antelman (1 988). 

Sustained exposure to stressful events or reminders of traumatic experience may 

induce changes in HPA-axis responsivity that ultimately results in pronounced neuronal 

degeneration and cognitive impairment (Pynoos eta/., 1999;) portrayed as the abnormal 

arousal symptoms and memory alterations that occur with PTSD (Joseph, 1999; Harvey 

et a/., 2006). 

3.4.4 Other neurotransmitter systems involved in HPA-axis response to stress 

The monoaminergic-sympathetic nervous system is a primary mediator in the HPA-axis 

affecting the way animals deal with stressful experience (Heuser & Lammers, 2003). 

Altered activity in noradrenergic systems has emerged as a key element of many 

aspects of pathological anxiety (Sullivan et a/., 1999). The noradrenergic-system 

interacts with the HPA-axis via CRF (Morilak et a/., 2004; van Praag, 2004; Southwick 

et a/., 1999) which plays a major role in the mediation of the stress response (section 

3.4.1). Evidence from an in vivo micro dialysis study indicates that NA stimulates CRF 

release under conditions of stress (Koob, 1999). As such, activation of the 

noradrenergic system plays an important integrative function in coping and adaptation 

to stress (Koob, 1 999). 



Serotonin (5-HT) is a neurotransmitter in the CNS and is also implicated in regulation of 

the stress response (Harvey et a/., 2004a; 2006; Hood et a/., 2006). Stimulation of 5- 

HTIA receptors exerts an inhibitory effect on the hippocampus and increased 

corticosterone levels decrease this inhibitory effect (Montogornery et a/., 2001). 

Activation of the 5-HT2A receptors further activates the H PA-axis (Mikkelson et a/., 

2004) and stimulates the release of ACTH and corticosterone (van de Kar ef  a/., 2001). 

Increased corticosterone levels also selectively increase 5-HT, receptor activity in the 

frontal cortex (Crayton et a/., 1996) which implicates 5-HT in playing a role in anxiety. In 

addition, pre-clinical data suggests that the antagonism of the 5-tiTA receptor decreases 

both the behavioural and physiological response to stress (Kent et al., 2002). 

Another neurotransmitter exerting an effect on the HPA-axis activity during stress is 

dopamine. Administration of exogenous CRF resulted in an increased dopamine 

concentration leading to the hypothesis that endogenous CRF is involved in the 

increase of dopaminergic activity (Murphy et a/., 2003), which in turn is involved in a 

conditioned avoidance response and reaction to fear stimuli (Reis eta/., 2004). 

What is now clear is that stress and restress evoke markedly different effects on the 

HPA-axis and will impact on the biological responsivity to stressors, although different 

effects on different monoamines leading to behavioural pathology (Harvey et a/., 2006). 

3.5 Neurotransmitters 

3.5.1 Introduction 

In previous sections, awareness of traumatic memory and its consequences has been 

the main focus, but it is important to note the role of underlying biological substrates is 

pivotal in understanding the patho physiology of PTSD. 

While the role of monoaminergic neurotransmitters (section 2.7.2) and other 

neurotransmitters such as NA (Liberzon et a/., 1999b), GABA (Vaiva et a/., 2004; Korpi 

& Sinkkonen, 2006) and nitric oxide (Shuang et a/., 2004; Volke et a/., 1997) in PTSD 

has been extensively investigated in the past, little is known about the role of the 

cholinergic system in the etiology of PTSD. 



Although it has been hypothesized that increases in acetylcholine (ACh) activity are 

fundamental to the multiple manifestations of acute stress (Acquas eta/., 1996; lnglis & 

Fibiger, 1995; Laplante et a/., 2004; Mark ef a/., 1996), ACh does not exert its effects in 

a vacuum. It is likely that the final manifestations of stress involve complex, multiple 

interactions involving inhibitory and excitatory neurotransmitters, such as GABA and 

glutamate, but also norepinephrine, dopamine, 5-HT and the opioid polypeptides, which 

all may be impacted upon by ACh (Janowsky 8 Overstreet, 2000). 

3.5.2 The chotinergic system and acetylcholine 

3.5.2.1 Background 

ACh is a widely distributed excitatory neurotransmitter throughout the body and is 

critical in communication at neuuromuscular junctions, responsible for direct 

neurotransmission in autonomic ganglia and most importantly, is implicated in arousal 

and cognitive processing in the brain (Picciotto ef a/., 2002). 

Figure 3.4 Synthesis, break-down and elimination of ACh in the synapse 
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ACh is synthesized in nerve terminals from acetyl coenzyme A (acetyl CoA, which is 

synthesized from glucose) and choline, in a reaction catalyzed by choline 

acetyltransferase (figure 3.4). In contrast to most other small-molecule 

neurotransmitters, the postsynaptic action of ACh is not terminated by reuptake but by a 

powerful hydrolytic enzyme, acetylcholinesterase (AChE). ACh is released from 

terminals of cholinergic neurons when an action potential is released fallowing opening 

of a voltage dependent calcium-channel. ca2' influx stimulates exocitoses of synapse 

vesicles and ACh is released into the synaptic space (Meyer & Quenzer, 2004). 

Cholinergic activity is attained through coupling with muscarinic receptors (G-protein 

facilitated) or nicotinic receptors (ionotropic) and is terminated by cholinesterases. The 

most abundant muscarinic sub-type receptor in the hippocampus and pre-frontal cortex 

is the muscarinicl -receptor (M1)(Levey et a/., 1991). Nicotinic systems are also 

believed to have an effect on cognitive tasks and receptors are found in the frontal 

cortex and hippocampus (Toth eta/., 1997), but will not be focused on in this study. 

The cholinergic basal forebrain complex is a group of relatively large neurons located in 

the ventral region of the mammalian brain. It provides widespread cholinergic 

innervations throughout the brain, penetrates cortical brain structures like the cortex and 

hippocampus (Vaucher et a/., 1997; Lamprea et a/., 2000) and influences cortical 

arousal, consciousness, memory and learning (Sarter & Bruno, 2000). Anatomic 

locations of cholinergic cell bodies and their projections have been identified and are 

shown in figure 3.5. 
*___r^C-- - 
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Figure 3.5 Illustration of the major cholinergic pathways, originating from cholinergic 

nuclei, innervating different areas of the brain. 
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3.5.2.2 Role of the acetylcholine in PTSD 

The inability to appropriately initiate or regulate the stress response has been proposed 

as a critical factor in the pathophysiology of various stress-related disorders (section 

3.4.3). Dysregulation of cholinergic transmission has been implicated in stress-related 

psychiatric disorders such as depression and also PTSD (Lopez etal., 1999). 

Aversive stimuli (stressful situations) activate the peri-ventricular system, comprising of 

various brain structures which forms a circuit to enable coping with unpleasant 

experiences. ACh is believed to be a vital neurotransmitter in regulating this response 

(Soreq, 2005). 

The role of the central cholinergic system in PTSD will hence be discussed under three 

features closely associated with the development of the disorder, namely memory, 

anxiety and arousal. 

3.5.2.2.1 Role of acetylcholine in memory and learning 

Cholinergic neurons in the brain are involved in learning and memory performance both 

in humans and animals (Mizoguchi et a/., 2001). The study of the relationship between 

memory and the cholinergic system mainly originated from research on Alzheimer's 

disease. A key role of the elements of the cholinergic system in normal brain functions 

and in the memory disturbances of Alzheimer's disease (AD) has been well 

documented (Araujo ef al., 1988; Francis et a/., 1999; Gil-Bea et al., 2005). The 

memory deficits in this disease are associated with a significant and selective loss of 

cholinergic activity in different parts of the brain (cortex, hippocampus and amygdala) 

(Kasa ef a/., 1997). The main irregularity in Alzheimer's disease is deficits in the 

enzyme responsible for the synthesis of ACh, choline acetyltransferase (ChAT). This 

presynaptic deficit causes overall reduced cholinergic activity further on in the 

cholinergic cascade positively correlated to an array of memory deficits (Francis et a/., 

1 999). 

Memory is modulated by cholinergic input from the septo-hippocampal pathway by 

awarding a significance factor to information (Lamprea et a/., 2000). Degeneration of 

cholinergic neurons in the basal forebrain and the associated loss of cholinergic 

neurotransmission in the cerebral cortex and other areas contribute significantly to the 



deterioration in cognitive function seen in patients with Alzheimer's disease (Herholz et 

a/., 2004). 

Muscarinic, cholinergic receptor blockade produces an array of profound deficits in 

memory (Anagnostaras et a/., 2002). One important aspect of central ACh functioning 

is that its detailed functions are extremely region-specific (Vazguez et a/., 2002). This 

implicates that fluctuations of ACh levels in different brain areas have distinctive effects. 

Infusions of muscarinic-receptor antagonists into a variety of cortical regions, 

specifically the hippocampus (as tested in the eight-arm radial maze) (Lydon & 

Nakajima, 1992), pre-frontal cortex (as tested in a delay-matching-to-position memory 

test) (Broersen et al., 1995; Broersen, 2000) and amygdala (as tested with inhibitory 

avoidance training) (Bianchin et a/., 1999), all areas believed to be strongly connected 

to PTSD, can impair cognitive functions associated with these respective regions. 

Cholinergic activity is known to be decreased by common anxiolytics such as 

benzodiazepines which produce both anterograde and retrograde amnesia (Lister, 

1 985; Tomaz et a/., 1 992) and dose-dependent impairments in performance in working 

memory tests are found after systemic administration of anti-muscarinic drugs like 

scopolamine (Mohapela ef a/., 2005). 

3.5.2.2.2 Role of acetylcholine in anxiety 

In addition to an important role in cognitive processes, ACh also has a noteworthy 

influence on anxiety. Evidence demonstrates that increased cholinergic levels result in 

decreased anxiety (Degroot & Treit, 2002) and that diminished cholinergic activity 

brought on by muscarinic antagonists is anxiogenic in rats (Srnythe et a/., 1996). 

Systemic injections of muscarinic antagonists (scopolamine) increases anxiety in the 

elevated plus maze (EPM) (Rogers & Cole, 1995) and black-white box (Smythe ef a/., 

1996) and lesions to the septo-hippocampal cholinergic pathway (SHC) produces 

alterations in anxiety-related behaviour in several tasks including the EPM and the 

defensive burying paradigm (Menard & Treit, 1996). 

-The role of ACh in anxiety also seems to be very stress-specific as chronic stress (4 

weeks) has been reported to have no effect on ACh levels in the pre-frontal cortex, but 
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chronic restraint stress causes an increase in the number of muscarinic ACh receptors 

in the hippocampus (Mizoguchi eta/., 2001). 

Cholinergic activity is modulated through different mechanisms including ACh synthesis 

and release, number of muscarinic and nicotinic ACh receptors and breakdown of ACh 

through AChE (Pappano, 2001). During a traumatic event it is known that ACh release 

is extensively enhanced in certain areas of the brain. These areas include the 

hippocampus and frontal cortex (sections 3.2.2 & 3.2.1). Furthermore, cholinergic 

activity during stressful events is reported to be influenced by another phenomenon 

which includes the generation of a distinct isoform of AChE (AChE-R) (Kaufer ef a/., 

1998; Nijholt et a/., 2004). Ultimately, this leads to a subsequent enhanced breakdown 

of ACh causing a depleted concentration of this neurotransmitter in these brain regions. 

This molecular compensation could have potentially damaging long-term implications 

and has been proven to have delayed cognitive and anxiety modulatory effects (Andres 

et a/., 1997; Erb et a/., 2001 ). 

The Flinders sensitive line (FSL) rat, a genetic hypercholinergic animal model of human 

depression, has been shown to be hypersensitive to the effects of stress (Overstreet et 

a/, 1986). This further implicates a role for the cholinergic system in the stress response 

as there is a strong comorbidity between depression and PTSD (Neria & Bromet, 2000). 

3.5.2.2.3 Role of acetylcholine in arousal 

Central ACh activity may be an essential component in controlling assessment of a 

possible threat and initiating an appropriate response to the situation (File et al., 2000). 

In the case of a lack in cholinergic transmission, the magnitude of the perceived threat 

is exaggerated and displays an endocrine response, leading to irrational behaviour and 

heightened arousal (Smythe et a/., 1996). 

Central cholinergic neurons project from various nuclei to innervate various areas of the 

brain (figure 3.5). Through this communicative network, cholinergic neurons help 

integrate information of biological significance and modulate responsiveness of several 

brain regions, especially the hippocampus (Reinier & Fibiger, 2000). 

ACh stimulates the release of ACTH from the pituitary gland which in turn stimulates the 

adrenal glands to release glucocorticosteroids and mineralocorticosteroids (stress 
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hormones) (section 3.4.1) (Bhatnagar et ai., 1997). A link between hyper-arousal and 

memory lies in noting that high plasma concentrations of cortjcosterone suppress the 

formation of LTP (long term potentiation) in the hippocampus, an important aspect of 

learning (Diamond et a/., 1992). 

The majority of clinical evidence supporting these notions comes mainly from patients 

with Alzheimer disesase. This disease is associated with decreased ACh levels and 

33% of these patients suffer from anxiety disorders (Degroot & Treit, 2002). Moreover, 

nicotine reduces stress-induced anxiety while ACh inhibitors decrease anxiety in these 

patients (Pornerleau et at., 1 984; Jarvi k et a/., 1989). 

3.5.2.2.4 Conclusion 

The possibility exists that ACh may be a secondary, rather than a primary, mediator of 

stress. However, it is of significance that there is little or no evidence that few other 

neurotransmitters or neuromodulators other than ACh are simultaneously able to 

activate the cardiovascular, sympathetic, adrenal- medullary, behavioural-affective, 

analgesic and neuroendocrine systems involved in the stress response (Janowsky & 

Overstreet, 2000). 

Thus, a primary role for the cholinergic system together with the endocrine system and 

noradrenergic function in the modulation of stress is undeniable and the role of ACh in 

the development and treatment of PTSD is worthy of further investigation. 

3.5.2.3 Role of the cholinergic system in the different brain areas implicated 

in PTSD 

The linkage of the hippocampus to the central cholinergic system is established through 

projections from the medial septum (basal forebrain area) called the septo-hippocampal 

cholinergic (SHC) pathway (figure 3.5). This SHC pathway is activated by a variety of 

physical and psychological stressors and therefore this pathway has been linked to 

stress-related behaviours and pathologies including PTSD (Gilad, 1987). 
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The hippocampus can be described as a hub for information about episodes or events. 

However, as mentioned in section 3.2.2.2.1, the hippocampus does not store all the 

information that it receives from the cortex and therefore it is postulated that the medial 

septum in the basal forebrain, together with the amygdala, provides a mechanism that 

attaches a valence or value to the information entering the hippocampus. Thus the 

hippocampus utilizes information derived from the SHC pathway about "stress or 

arousal" to modulate memory (Lamprea et a/., 2000). 

Dysfunction in cholinergic activities in both the cortex and hippocampus has been 

associated with reduced cortical cerebral blood-flow and impaired learning and memory 

(Auld ef a/., 2002; Waite et a/., 1999). The hippocampal cholinergic neurons are 

involved in formation and maintenance of short term working memory or retention and 

retrieval of long-term memory reference (Piekema et a/., 2006; lzquierdo et a/., 1999) 

and increased ACh activity in the hippocampus is positively correlated with enhanced 

spatial and reference memory (Fadda et a]., 2000; Kopf et a/., 2001; Stancampiano et 

a/., 1999). These findings allude to cholinergic levels enhancing learning and memory. 

The contrary is also true as proven by the use of physostigmine infusion to increase 

cholinergic levels in the hippocampus in rats. These results indicate reduced anxiety as 

measured in the EPM and shock probe tests and are consistent with other evidence of 

increased anxiety after intra-hippocampal infusion with muscarinic antagonists (Degroot 

& Treit, 2002). 

In cases where the direct infusion of muscarinic (Smythe et al., 1998; Hess & 

Blozovsky, 1987) and nicotinic (File et a/., 1998) antagonists into the hippocampus were 

examined, the results showed increased fear reaction in rats. Behaviour is not the only 

indication of the anxiogenic effect of Ach. In a study by Jacobson & Sapolsky (1991) 

muscarinic hippocampal blockade enhanced the HPA-axis response to stress (Herman 

et a/., 1989; Jacobson & Sapolsky, 1991 ; Herman & Cullinan, 1997). Moreover, intra- 

hippocampal infusions with scopolamine potently enhance stress-induced ACTH and 

corticosterone secretion (Smythe et a/., 1996). No such studies have been performed 

on humans. 
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3.5.2.3.2 Frontal cortex 

In the cortex, as in virtually all areas of the brain, several transmitter systems combine 

to perform functional tasks. ACh is largely implicated in memory in the frontal cortex 

and interacts with the glutaminergic system in this regard (Levin et a/., 1998). ACh also 

interacts with dopamine and to a lesser extent 5-HT to meet the cognitive requirements 

in the frontal cortex (Vitiello et al., 1997). 

Basal forebrain neurons provide the main cholinergic input into the frontal cortex (Jones, 

2004; Laborszky & Duque, 2000) and the abundant expression of muscarinic receptors 

in the cerebral cortex implicates extensive effects of cholinergic action in this brain 

region (Adem et a/., 1997; Levey et a/., 1991 ; Miyakawa et a/., 2001). A series of 

physiological studies supports the concept that ACh, acting on muscarinic receptors in 

the cerebral cortex, promotes cortical responses to exogenous stimuli through a 

complex effect on membrane polarization in cortical neurons (McCormick & Prince, 

1986). The net physiological effect is that neurons are more likely to fire in response to 

a given excitatory stimulus. This might be an explanation for the role of ACh in 

behavioural arousal (Picciotto et a/., 2002). 

The insular cortex, largely involved in the conditioned taste aversion phenomenon, 

receives one of the strongest cholinergic cortical projections from the basal forebrain 

(Mesulam et a/., 1986; Vaucher & Hamel, 1995). This connection is displayed as the 

ability to learn aversively motivated tasks, especially inhibitory avoidance learning 

(Wenk, 1997; Everitt & Robbins, 1 997). 
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Table 3.1 Behaviours related to PTSD symptomatology as correlated to ACh release in 

the frontal cortex and hippocampus in the rat. 

Exploration (novelty) 

Arousallattention 

Restraint stress 

(visual, tactile, auditory, 

* ACh increase is calculat@ on the baas of the data presented in the single papers, as percent over basal release. 
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3.5.2.3.3 Amygdala 

Supplementary to the role of the amygdala in anxiety and memory and interacting with 

other brain regions implicated in symptoms of PTSD, it is also innervated by a 

substantial amount of cholinergic projections (figure 3.5) (Li et a/., 2001; Millan, 2003). 

Muscarinic receptors (MI-receptors) are found in the amygdala which further confirms 

the role of the cholinergic system in emotional memory (Levey etal., 1991). 

Cholinergic activation in the amygdala alters fear-related behavioural responses 

including duration of freezing bouts in guinea pigs (Leite-Panissi et a/., 2004) and 

acoustic startle response in rats (Winkler et a\., 2000). A robust deficit in freezing 

behaviour, as a consequence of foot-shock, after lesioning in the amygdala indicates 

that the influence of the amygdala on fear behaviour is regulated by cholinergic input 

(Power & McGaugh, 2002). Memory functions are altered through cholinergic activity in 

the amygdala as shown in studies where infusion with muscarinic cholinergic receptor 

agonists into the amygdala enhances memory (Barros et a/., 2002). Cholinergic 

manipulation in the amygdala causes a variety of memory alterations using contextual 

fear conditioning (Vazdarjanova & McGaugh, 1999), food reward systems (Salinas et 

a/., 1997) and conditioned taste aversion (Woolf, 1 996; Bahar et al., 2003). 

Cholinergic pathways converge extensively in the amygdala and other limbic regions to 

fulfill a pivotal role in the control of arousal, motivation and cognitive-attentional function 

(Millan, 2003). 

3.5.2.4 Role of the central cholinergic system in the endocrine stress response 

The main biological changes in the response to stress are related to the HPA-axis 

(Paci3k 8 Palkovits, 2001). Stress is known to cause ACh release in the hippocampus, 

while the circadian rhythm of ACTH and corticosterone release is mirrored by a similar 

rhythm exhibited by ACh release (Mizuno et a/., 1991). 

A lack of ACh function has been shown to cause miscalculation of actual threat such 

that the animal displays an exaggerated endocrine response leading to behavioural 

abnormalities (Smythe et a/., 1996). It has also been shown that intra-hippocampal 

administration of scopolamine results in hypersecretion of ACTH and corticosterone 

(Bhatnagar et at., 1997). This interplay between ACh and stress hormones suggest that 
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ACh may represent a highly influential yet under-explored determinant of emotion and 

possibly disorders of arousal, such as PTSD. 

The remarkable adaptive short-term effect of the stress response is overshadowed by 

the highly maladaptive response in the long-term (Bartolomucci et al., 2005). These 

long-term stress-induced structural changes of the HPA-axis are functionally implicated 

in the development of the psychopathology of PTSD (Bartolomucci et a/., 2005; de 

Bellis et a/., 1999; Feldman & Weidenfeld, 2001). However, while PTSD is associated 

with lowered levels of cortisol and increases in cortisol is linked to hippocampal 

damage, it is clear that the underlying causes of PTSD and its development over time, 

in only selected individuals, reiterates the importance of further research into 

understanding the neurobiology of this incapacitating illness. Moreover, that current 

treatment is only effective to a limited degree further prompts urgent attention to this 

area of research. 

3.5.2.5 Muscarinic acetylcholine receptors 

Cholinergic effects in animals are mediated by both muscarinic and nicotinic 

mechanisms (Janowsky & Overstreet, 2000). However, muscarinic mechanisms have 

been the focus of most investigations into the potential role of the central cholinergic 

system in mental psychopathologies and will also be focused on in this study. 

Muscarinic receptors belong to a group of cellular receptors called G-protein coupled 

receptors (GPCR's) (Scheler, 2004). Muscarinic ACh receptors have generally been 

classified as MI-M5 by molecular biology experiments and differential affinities for an 

antagonist (Wei et a/., 1994). M1'M3 receptors represent the highest density of 

muscarinic receptors in the cerebral cortex (Spencer et at., 1986) and are mainly 

located in the post-synapses of cholinergic neurons. Conversely, M2 receptors are 

located principally in the pre-synapses, functioning as an auto-receptor which regulates 

the release of ACh form nerve terminals (Packard et at., 1990; Quirion et a/., 1994). 

MI-receptors are abundant in the frontal cortex, hippocampus and amygdala (Levey et 

a/., 1991 ; Wei et a/., 1994) which are the three brain areas most widely implicated in the 

stress response and PTSD. 
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3.5.2.5.1 Correlation between acetylcholine and mAChR regulation 

Membrane receptors like mAChRs are highly regulated in their distribution and efficacy. 

The primary deciding factor in this response is the signals from the neurotransmitter, in 

this case ACh. GPCRYs like mACh receptors undergo significant plasticity under 

conditions of continued stimulation to become desensitized as a form of short term 

plasticity. In this regard, receptors are temporarily uncoupled from their effectors (G- 

proteins). On the other hand, up- or down-regulation is a more lasting form of plasticity, 

involving receptor degradation as well as new protein synthesis (Scheler, 2004). 

Long-term alterations in receptor plasticity can be measured by determining the 

characteristics (density and affinity) of the receptor type in a certain tissue by assessing 

the binding capacity of receptors to radioligands or by determining the total number of 

mRNA for a specific receptor. Receptor density is often directly related to the extent of 

agonist stimulation. In correspondence to homeostatic regulation, receptor density tends 

to increase at low levels of agonist concentration and to decrease under conditions of 

high levels of agonist (Scheler, 2004). The sensitivity of the biological response of a 

tissue to an agonist may be related not only to the number of specific receptors involved 

and the events that follow receptor occupation but also to the affinity of the receptor for 

the agonist. Affinity may be an important factor in determining the size of the response 

of a particular tissue. In addition, molecular properties of receptors can determine 

affinity (Bevan et a/., 1989). 

In this study mAChR characteristics will be determined through a radioligand binding 

method. Functional significance of these plasticity changes are not well understood and 

is under the influence of various internal environmental parameters. Factors such as 

receptor affinity changes as well as second messenger systems and tissue specificity 

further adds to the complexity of the functional meaning of these alterations. 

The central principle in relation to the current study is that long-term shifts in mAChR 

density are primarily the result of ongoing ACh stimulation at very high or very low levels 

(Scheler , 2004). 



3.5.2.5.2 Role of rnAChRs in learning and memory 

In recent years the study of the role of muscarinic receptors in learning and memory has 

increased with the finding that cholinergic neurons located in the basal forebrain 

complex greatly contribute to the maintenance of normal cognitive functions. 

Furthermore, cholinergic receptors are believed to be responsible for the sequence of 

intracellular events that causes plasticity changes related to memory encoding in the 

central nervous system (Miranda et a/., 2003). 

Activation of muscarinic ACh receptors enhances the rate of synaptic modification in the 

cortex as seen in experiments showing cholinergic enhancement of long-term 

potentiation (Hasselmo & Barkai, 1995) such that ACh enables the appropriate 

encoding of new information. Following on this, disruption in aversive memory is found 

when post-synaptic receptors (MI-M3) are blocked by the antagonist pirenzipine 

(Ramirez-Lugo ef a/., 2003). 

Chronic immobilization stress causes an increase in the number of muscarinic ACh 

receptors in the hippocampus suggesting that the hippocampal cholinergic system is 

activated by exposure to chronic stress (Gonzalez & Pazoz, 1992). Since muscarinic 

receptors play a role in emotional memory through the presence of MI-receptors in the 

amygdala (Levey et a/., 1991), these receptors may play an important role in PTSD, 

particular pnernonic dysfunction. 

3.5.2.5.3 Role of mAChRs in stress and anxiety 

There is growing evidence that stressors can cause changes in central ACh activity. 

Tizabi and colleagues (Tizabi ef a/., 1989) have shown that stress increases ACh 

release and induces a compensatory down-regulation of muscarinic receptors, while 

choline uptake, as well as the increase in ACh release occurring after exposure to 

stress, is differentially exaggerated in stress-sensitive rats. Furthermore, central ACh 

receptor sites are increased during uncontrollable stress (Janowski ef a/., 1984), as are 

ACh levels. 



Although research concerning the contribution of muscarinic receptors in PTSD is 

limited, the evidence outlined in this section warrants that further study in this area is 

needed. 



Animal Models 

4.1 Rationale for animal models in anxiety research 

In order for an animal model to be useful in advancing clinical understanding of a 

particular illness it must be as close as possible an approximation of the human disorder 

it is modeling. The reason for using animal models is two-fold: they provide means of 

examining a simulation of a human condition within a controlled environment and 

secondly have the advantage of permitting observation of the disorder as it develops, 

where the human condition is only observed from the point of clinical manifestation 

(Yehuda & Antelman, 1993). 

The past few years have seen rapid advances in understanding the neural circuits of 

posttraumatic stress disorder (PTSD) through deeper, more specific research on the 

genetic and biological parameters (Cannistraro & Rauch, 2003). -The ultimate goal 

would be to elucidate the connections between behavioural symptoms and biological 

abnormalities and in suggesting possible treatment strategies for the illness (Yehuda & 

Antelman, 1993). 

From literature and various clinical studies it is clear that, in the pathology of PTSD, the 

more intense the stressor, the more likely it is that the patient will develop the disorder 

(Shors & Servatius, 1997). The ability to model traumatic memories depends upon the 

intensity of the stressor used at conditioning. Animals trained under strenuous 

conditions, in addition to developing high levels of fear conditioning, show a variety of 

symptoms that resemble traumatic memories (Shors & Servatius, 1997). 

4.2 Animal models of stress 

Bio-behavioural differences induced by stress models are dependent on the type of 

stress i.e. controllable, escapable, acute, chronic, predictable, physiological, 

psychological stress (Yehuda & Antelman, 1993). Animal models used in PTSD studies 



include stressors such as inescapable footshock (Pynoos et al., 1996; Servatius et al., 

1995); social confrontations (Stam et a/., 2000); underwater trauma (Wang et al., 2000; 

Richter-Levin, 1998) and exposure to predators (Cohen et a/., 2003; Cohen ef al., 2000; 

Adamec et a/., 1999; Adamec & Shallow, 1993) which are employed to study long-term 

effects of stress and anxiety. Irrespective of the model, the stress-level at which the 

trauma occurs affects the nature and extent of psycho-physiological disruptions (Craig 

et al., 2000). 

Certain criteria have been set in order to assess animal models meant to mimic 

induction of core PTSD symptoms (Yehuda & Antelman, 1993). 

1. Even very brief stressors should be capable of inducing biological and 

behavioural sequelae of PTSD. 

A stressor is often measured by its severity and duration, but the defining factor in 

an animal model should rather be the ability of the stressor to elicit bio-behavioural 

changes associated with the PTSD syrnptomatology. 

2. The stressor should be capable of producing the PTSD-iike sequelae in a dose 

dependent manner. 

The responsivity to a specific stressor should be able to be enhanced by increasing 

the severity of the stressor. This should be achieved without making alterations to 

the duration of the stressor as this parameter has little relevance in the clinical 

situation of PTSD. 

3. The stressor should produce biological alterations that persist over and 

become more pronounced with the passage of time. 

Given that the onset of PTSD is often delayed for months or even years in 

many individuals, an animal model should aim to establish a gradual 

worsening of biological abnormalities with the passage of time. If a study 

includes a possible animal model of PTSD, it would thus have to include long- 

term assessments in addition to identifying short-term consequences of 

stress. In the same context of modeling the clinical syndrome, an animal 



model should also allow for the possibility of recovery of short-term symptoms 

in that not all subjects go on to develop the full blown syndrome. 

4. The stressor should induce bio-behavioural alterations that have the potential 

for bi-directional expression. 

The core symptoms of PTSD include the bidirectional manifestations of both 

enhanced (intrusive re-experiencing) and reduced (avoidance and/or 

numbing) responsiveness to stimuli that has any connection to the initial 

trauma. Although avoidance symptoms are thought to be one of the earliest 

symptoms after the traumatic event and other symptoms, including intrusive 

memories that subsequently appear, prove that not all symptoms are 

simultaneously exhibited. Clusters must be present concurrently to fulfill the 

diagnostic criteria for PTSD. 'This essential capacity of bipolar, or 

bidirectional, manifestations is a difficult feat for an animal model to 

accomplish. 

5. Inter individual variability in response to a stressor should be present either as 

a function of experience (e.g. prior stress history and post-stressor adaptions) 

and genetics, or an interaction of the two. 

Although trauma is the most salient predictor of PTSD, it is not solely 

responsible for the induction of PTSD. This criterion is concluded through the 

fact that not all persons who are exposed to the same extreme trauma 

develop the clinically defined syndrome. A further criterion for this animal 

model is thus that not all subjects exposed to the stressor will elicit PTSD-like 

symptoms. The demonstration of interindividual variability and the elucidation 

of the factors that give rise to these differences will ultimately allow access to 

important etiologic issues related to PTSD, such as vulnerability versus 

resistance to stress. 

The two most popular PTSD stress-models assessed by the above criteria is the 

l nescapable Shock-Learned Helplessness (I S-LH) (Bonne et at., 2004) and the time- 

dependent sensitization (TDS) (Harvey et at., 2006; Harvey et a/., 2004a & b; Harvey et 

a/., 2003; Liberzon et a/., 1997) model. Other stress models used in PTSD studies 
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include fear-potentiated startle (Morgan et a/., 1995), long-term potentiation (Sigurdsson 

et a/., 2006) and predator stress (Adamec & Shallow, 1993). 

In addition to the above mentioned criteria, any attempt to reproduce a psychiatric 

disorder in a laboratory animal should fit three principles of validity. These principles 

include face-, construct- and predictive validity (Overstreet, 1993). 

In PTSD face validity refers to the similarity between the behaviour (i.e., dependent 

variable) exhibited by the animal model and the specific symptoms of the human 

condition. Predictive and construct validity involves the potential to further our 

understanding of the neurobiology of the illness. While construct validity is assessed 

according to the current knowledge of stress-induced alterations in neuro-biological 

systems associated with PTSD, predictive validity refers to whether pharmacological 

agents used to treat symptoms of PTSD could be applied to reverse the effects of stress 

on the subsequent behavioural and biological markers (Geyser & Markou, 2000). 

4.2.1 Inescapable shock-learned helplessness (IS-LH) 

In this behavioural paradigm, animals are exposed to a series of several shocks from 

which they cannot escape ("controlu rats can escape) after which they are placed in an 

alternative stress paradigm from which it is possible to escape. Such a procedure is 

defined as uncontrollable stress such as "inescapable shock (Yehuda & Antelman, 

1993). Animals that have been previously exposed to the inescapable shock appears to 

have lost the ability to escape even when this option is presented. In addition, the 

animal displays a marked passivity and apparent numbing. The behavioural responses 

of animals subjected to this kind of uncontrollable stress have been referred to as 

"learned helplessness," which refers to the "despair" that ensues following the 

"realization" that attempts to escape stress is futile (Krystal eta/., 1989). 

Although the IS-LH model was initially proposed and is still used as a model for 

depression (Chourbaji et a/., 2005; Vollmayr & Henn, 2001; Sherman et a/., 1982), the 

paradigm continues to be accepted by many investigators as an animal model for PTSD 

(Overmier, 2002; King et a/., 2001 ; Maier, 2001). 
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4.2.2 Predator stress 

Several researchers have examined the responses of wild and domestic rats to feline 

predators (Blanchard et al., 1998). Predator stress involves the unprotected exposure 

of a rat to a cat (Adamec & Shallow, 1993) and represents an ecologically relevant 

stressful experience, consequently, inducing responses quite similar to those shown in 

natural contexts. Brief escapable exposure to a cat or cat odor increases defensive 

behaviours in a visible burrow system for many hours after removal of the threat 

(Blanchard et a/., 1993). Exposure to a cat increases anxiety-like behaviour in the EPM 

lasting 3 weeks (Adarnec & Shallow, 1993) or longer (Cohen et a/., 2004). Furthermore, 

predator stressed rats show greater levels of corticosterone following exposure to the 

EPM than handled controls (Blundell & Adarnec, 2006). Behavioural changes 

associated with PTSD, as assessed in the EPM (Blundell & Adamec, 2006) and ASR 

(Servatius et al., 1995), as well as the effects of predator stress on corticosterone 

(Adamec eta/., 1998) contributes to its potential as animal model of PTSD. 

4.2.3 Time-dependent sensitization (TDS) paradigm 

In recent years, there has been significant progress in validating this particular animal 

model of repeated trauma with respect to the principles of face-, construct- and 

predictive validity (Harvey et a/., 2004a; Harvey ef a/., 2004b; Harvey et a/., 2003). The 

model consists of a fear conditioning task in rodents resembling the potentiated fear 

displayed by subjects with PTSD when re-exposed to the context in which they 

previously experienced trauma. 

The term "time-dependent sensitization" (TDS) refers to the fact that exposure to a 

stressor (e.g. restraint stress) will have sustained consequences for extremely long 

periods of time, altering the animal's response to subsequent pharmacological or non- 

pharmacological stressors (Yehuda & Antelman, 1993). This animal model of PTSD 

aims to induce biological and behavioural changes, analogous to the major key 

symptoms of the PTSD-reaction in a dose-dependant fashion (Pynoos, et a/., 1996). 

Aversive behaviour is thus a function of the intensity of the initial stressor (Garcia et a/., 

2000; Antelman et a/., 1991b) and grows stronger with the increased passage of time 

with the introduction of subtle reminders of the initial trauma (Uys et a/., 2003; Shors & 
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Servatius, 1997; Antelman et al., 1992). This is reason why the TDS model was chosen 

as a tool in this study. 

The TDS model consists of a single exposure to a severe stressor with subsequent 

sensitization during restress to induce PTSD like symptoms (Liberzon et al., 1997). The 

intense first exposure frequently comprises of a triple stress procedure including 

restraint-, underwater- and biological stress (exposure to ether of halothane vapours) 

while the restress procedure consists of a situational reminder of the prior stress, using 

either swim or underwater stress (Uys eta/., 2003). 

Triple stressor (acute prolonged stress) 

Restraint stress 

The actual stress with regards to this stressor lies in limiting the animal's freedom in 

choice of movement. The use of restraint as an acute stressor has been proven to 

induce anxious behaviour in rats and has long-term effects on neuro-endocrine 

parameters (Dal-Zotto et a/., 2003). Acute exposure to 2.5 h restraint stress markedly 

activates the hypot halamic-pituitary-adrenal (H PA-axis) resulting in increased plasma 

adreno-corticotropic hormone (ACTH) and corticosterone levels (Servatius et a/., 2004; 

Harvey et a/., 2006), while presentation of this same stressor daily for 10-14 days 

results in a reduction of both central and peripheral HPA-axis responses (Hauger et a/., 

1990). Neuroendocine changes resulting from restraint stress are thus bi-directional 

(Marti et a/., 2001 ; Harvey et a/., 2006), adding to its validity for a stress procedure in an 

animal model. 

Underwater stress 

Underwater trauma is a tangible life-threatening situation with the advantage of that 

being dispersed in water and swimming is a natural aversive situation for rodents (Wang 

et a/., 2000; Richter-Levin, 1998). The stressor experience lies in the restriction of 

choice by forced swimming with no chance of escape. It is designed to model sudden, 

brief traumatizing experiences with consequences persisting for extremely long periods 

and persisting over time (increased anxiety for up to 3 weeks according to Richter-Levin 

(1 998). It is a brief traumatic event and restress using underwater trauma is proven to 

cause desired long-term behavioural anxiety (Richter-Levin, 1998). 
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4.2.3.1.3 Biological stress 

In this form of stress, the experience of anaesthesia is the stressor. Halothane (Harvey 

et a/., 2006; Harvey et a/., 2004a&b) and ether (Uys et a/., 2006; Beekman, 2004; 

Liberzon et a/., 1997) are the two major gases used to induce this form of stress. Ether 

is an "old fashioned" drug in that it was commonly used as an anaesthetic in humans 

years ago. In this case, the reason for selection of ether is the experience of brief 

irritation on the mucous membranes just before anaesthesia steps in. In addition to the 

stress caused by anesthesia after exposure to ether vapours, diethyl ether is also 

known to be a biological stressor by prompting a sharp rise in plasma ACTH and 

corticosterone levels (Rucinsk ef a/., 2005; de Haan ef a/., 2002). However, this 

property may confound endocrine studies during the initial stressor of the TDS 

paradigm, with halothane the better option (Harvey et a/., 2006) since it does not induce 

this endocrine response. 

Ether is commonly used in low doses as aneasthetic and as a stressor in various 

studies (MacLusky eta/., 2000; Emrnert & Herman, 1999; Diorio et al., 1993), including 

the TDS model (Liberzon ef a/., 1997). 

4.2.3.2 Restress 

A trigger or situational/contextual reminder is used to imitate the common post traumatic 

phenomenon in humans in which traumatized individuals are often confronted with 

reminders of a traumatic event, but not a replication of the happening (Pynoos et a/., 

1 996). 

In animals, triggers of the initial fear provoking situation serves to determine if anxiety 

could function as a reinforcer that shapes subsequent responses to related, provoking 

stimuli or contexts (Guitton & Dudai, 2004) and is necessary to establish animal models 

that accurately model the human condition of PTSD. 

It has been shown that both physiological and behavioural responsivity are significantly 

altered upon exposure to a second stressor, compared to those animals who are 

exposed to the stressor for the first time (Yehuda & Antelman, 1993). Moreover, 

restress using underwater trauma is proven to cause desired long-term behavioural 

anxiety (Cohen et a/., 2004; Richter-Levin, 1998)) while stress-restress using TDS has 
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been found to induce bidirectional neuro-endocrine responses together with 

qualitatively different regional brain monoaminergic responses (Harvey et a/., 2006). 

These differences between stress and restress suggest differences in pharmacological 

treatment and prophylaxis of PTSD aimed at the neurobiological differences that 

distinguish stress from re-experience. 

The role of situational reminders therefore includes maintenance of fear-related 

behavioural disturbances as well as its progression over time to the climax of full-blown 

PTSD (Uys eta/., 2003). 

Biological impact of the TDS model 

'The TDS paradigm has been found to have significant correlation with PTSD, including 

modulation of monoamine neurotransmitter systems (dopamine, norepinephrine, 

serotonin) (Harvey et ai., 2006), y-arninobutyric acid and glutamate systems (Harvey et 

a/., 2004a; Caggiula ef a/., 1989) as well as endocrine systems (e.g., corticosterone and 

ACTH) (Harvey et ai., 2006; Harvey et a/., 2003; Antelman et ai., 1991a); the immune 

system (Antelman ef a/., 1990); the cardiovascular system (Antelman et a/., 1989); and 

the carbohydrate metabolism (Antelman et a/., 1991b). Moreover, the model has 

demonstrated actions on nitrergic pathways in the hippocampus (Oosthuizen et al., 

2005; Harvey et a/., 2004a), which may have relevance for the evidence of 

neurodegenerative phenomena in PTSD (Harvey et a/., 2004a). These biological 

changes conform to the requirement of construct validity. 

Supporting the biological changes Liberzon ef al. (1 997) found to be caused by using 

the TDS stress model, Khan & Liberzon (2004) reported that a single prolonged stress 

session (including restraint-, swim- and ether stress) caused significant behavioural 

changes using the acoustic startle response (ASR) model. Behavioural experiments 

conducted in our laboratory have confirmed the ability of the TDS model to induce 

behavioural changes involving spatial memory (morris water maze; MWM) (Harvey et 

a/., 2003) as well as an increase in anxiety as tested in the elevated plus maze (EPM) 

(Harvey et al., 2006). The principle of face validity incorporates the behavioural 

changes induced by exposure to the TDS paradigm. 
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Thirdly, the TDS model has predictive validity as an animal model as TDS-induced 

changes in memory and 5-HT receptor changes is reversed by fluoxetine (Harvey ef a/., 

2004b) as well as by ketoconazole (Harvey et at., 2004a). 

The TDS model therefore meets the proposed requirements for an animal model of 

PTSD. The consequences of TDS persist both for extremely long periods and grow 

stronger with the increased passage of time, similar to what is observed in chronic or 

delayed PTSD (Yehuda & Antelman, 1993). The aim of this model, as also stated in the 

criteria mentioned in (section 4.1) is thus to produce biological changes that will persist 

over time or become more progressive over time. 

4.3 Animal models of behavioural assessment 

The response of an animal to threat or aversive stimulation represents a complex 

behavioural pattern consisting of independent, though interactive components including 

motor, emotional and cognitive functions (Lesch eta/., 2003; Ohl., 2003). 

An essential supplementary component of any animal stress model is the assessment 

model. These models serve as tools to evaluate the effect of the stress model on 

different aspects of behaviour. The most frequently used assessment models in PTSD 

studies include those quantifying anxiety, memory and learning aspects. 

4.3.1 Animal models for memory and learning 

Experience, emotion, and memory are considered to be instrumental in the induction 

and maintenance of acquired emotional and behavioural disorders. Fear-motivated 

learning is considered to be at the root of PTSD. Fear memories are stored in specific 

brain areas and the mechanisms of fear acquisition have been intensively investigated 

(McGaugh & lzquierdo, 2000). Memory processes include acquisition, consolidation 

and retrieval of memories (Yasoshima ef a/., 2005). 



4.3.1 .I Pavlovian conditioning 

4.3.1 .I .1 Background 

Pavlovian or classic conditioning refers to a set of experimental procedures in which the 

experimenter orchestrates an unforeseen incident between stimuli by presenting those 

stimuli independent of an animal's behaviour. It is also known as fear conditioning and 

makes no assumption as to what is learned (Cardinal etal., 2002). 

Essentially, an initially neutral stimulus (such as a bell) is paired with a biological 

relevant unconditioned stimulus that normally elicits an unconditioned response (such 

as food). As a result of this pairing the unconditioned stimulus becomes a conditioned 

stimulus and the unconditioned response becomes a conditioned response (salivation) 

(Cardinal et a/., 2002). 

This kind of associative learning can account for the development of an emotional 

response, while the development of fear can simply be seen as a consequence of the 

association of an event or stimulus with an unpleasant experience (Cardinal et al., 

2002). 

4.3.1 .I .2 Biological mechanism 

The neural mechanism of fear conditioning or Pavlovian conditioning embraces the 

following concepts. Contextual information requires the hippocampus to first create a 

representat~on of the environment. This information is then relayed to the amygdala 

(Davis & Whalen, 2001). The central nucleus of the amygdala is considered critical in 

the expression of the conditioned fear response as it involves the activation of the HPA- 

axis (Sullivan et al., 1999). The amygdala is largely implicated in the emotional 

processing (Bechara et a/., 1995; Adolphs et a/., 1994) that is so narrowly allied with 

Pavlovian conditioning responses (Young et a/., 1995). 

4.3.1 . I  .3 Role in PTSD 

Normal fear responses are adaptive in that they serve as protection from potential harm. 

In nature, Pavlovian conditioning allows an animal to predict events occurring in the 

environment and thus to adapt to different situations (Everitt ef al., 2003). 



Fear conditioning may account for the common clinical observations in PTSD patients 

that elicit symptoms such as anxiety and hyper-arousal resulting in the frequent re- 

experiencing of the trauma (Charney, 2004). This re-experiencing serves as repeated 

exposure to the stimulus and can bring about a sensitization of the fear over time, 

eventually resulting in behavioural responses that are maladaptive. 

4.3.1.2 Conditioned taste aversion (CTA) 

4.3.1.2.1 Background 

Conditioned taste aversion (CTA) is a form of Pavlovian learning. In the CTA model, 

the animal learns to associate a novel taste (conditioned stimulus, CS) with an aversive 

experience (Miranda et a/., 2003). The facilitated conditioning is not only induced by 

exposure to the stressor itself, but can be reactivated days later by re-exposure to the 

context in which the stressful and aversive event occurred. These studies indicate that 

exposure to an acute fearful event and re-exposure to the cues associated with the 

event can induce a long-term increase in the ability to acquire new associations 

between environmental stimuli (Shors & Servatius, 1997). 

Compared to other memory tests like the MWM (Baldi et a/., 2005; Graziano et a/., 

2003; D'Hooge & De Deyn., 2001) and radial arm mazes (He et a/., 2002; Chrobak 8 

Napier, 2002; Bowman et a/., 2001), that focus more on spatial and working memory, 

CTA is a particular form of learning that has relevance to aversive memory. The model 

is thus based on the development of an aversive-conditioned response when exposed 

to the context in which they were trained (Fornari et al., 2000). This phenomenon of 

correlation of taste to aversive experience is a critical factor for this model, indicating the 

associative nature of this kind of learning (Masaki & Nakjima, 2004). 

The animal learns to avoid a taste if, following the first exposure to that taste, they 

experience malaise (Naor & Dudai, 1996). Glycine and saccharin are substances 

known to be strongly preferred to water and are most commonly used as conditioned 

stimuli (Guitton & Dudai, 2004), while an intra-peritoneal injection of lithium chloride is 

used to induce visceral malaise serving as the unconditioned stimulus. 



4.3.1.2.2 Experimental value 

Several properties of CTA make it a useful experimental system for studying molecular, 

cellular and anatomical substrates of learning. The fast acquisition sets an environment 

for correlation between neurochemical events and learninglmemory. CTA is further 

useful as it is a natural type of learning in animals (Naor & Dudai, 1996). 

A unique feature of CTA learning (compared to other types of associative learning) is 

that it tolerates a long CS-US inter-stimulus interval (Guitton & Dudai, 2004). A delay 

between presentation of CS and US may be necessary for mechanisms of acquisition of 

information about the taste to be separated from the following mechanisms involving 

association of the taste information with the negative experience (Naor & Dudai, 1996). 

Although LiCl has been extensively used in a well-established CTA paradigm (Miranda 

ef a/., 2003; Wegener et a/., 2001), stressors, such as forced swimming has been 

successfully implemented as US in a modified CTA paradigm causing subsequent 

aversion to the related taste (Masaki & Nakajima, 2004). 

4.3.1 -2.3 Biological mechanism 

Brain areas believed to be involved in the mechanism of CTA has evolved from an initial 

focus on the brainstem (nucleus tractus solitarius and parabrachial nucleus) (Reilly et 

a/., 1993; Spector et a/., 1992) to establishing of significance of the amygdala (Mickley 

et at., 2004; Bahar eta/., 2003), gustatory neocortex (Yamamoto et a/., 1994; Bermudez 

& McGaugh, 1991) and the hippocampus (Miranda ef a/., 2003) in this response. The 

amygdala and gustatory neocortex (frontal cortex) contribute in significant ways to the 

expression and storage of the CTA memory (Mickley et a/., 2004). The gustatory 

neocortex has been implicated in incorporating the information about the novel taste, 

but not about the US. Moreover cholinergic transmission in this brain region mediates 

CTA in the neocortex (Naor & Dudai, 1996). The involvement of the amygdala in CTA 

represents its role in fear memory and emotion (Yasoshima eta/., 2005) and this brain 

area has been implicated in various phases of CTA memory (Reilly & Bornovalova, 

2005). Although the basal-cortical and basal-am ygdala cholinergic projection remains a 

key component for taste memory formation (Miranda et a/., 2003), the hippocampus is 

involved through "evaluating spatially and temporally unrelated events, comparing them 
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with previously stored information and determining whether and how they are 

associated with each other, with reward, punishment or noveltyJ' (Adamec, 1991). 

Although the role of hippocampus in CTA learning was initially ruled out (Purves et a/. 

1995; Yamamoto e f  a/., 1995), recent evidence suggests a role for the hippocampus in 

CTA as hippocampal inactivation improves taste learning in the CTA paradigm (Stone et 

a/., 2005). In this project the dynamics between the frontal cortex and hippocampus in 

CTA regarding cholinergic activity will be investigated. 

4.3.1.3 Other learning and memory models 

Research concerning learning and memory processes has received significant attention 

world-wide, leading to the development of an array of assessment protocols for animal 

research. The phenomenon of different kinds of memory (spatial memory, working 

memory, aversive memory) and that these forms of memory involve different brain 

regions as well as different neurobiological substrates, makes it critical to applying the 

right test in a specific study. 

4.3.1.3.1 Avoidance learning 

An example of an aversive memory test is avoidance protocols. Various avoidance 

protocols, including active- (Obradovic et a/., 2004; Celik ef a/., 1999), single trial 

passive- (Khromova et a!., 1997; Jagdev & Barar, 1982) and multi-trial passive 

avoidance (Trneckova et a/., 2005; Schneider ef a!., 2000), are available, each differing 

from the other in the amount of conditioning trials and the scoring method. -The use of 

the black and white shuttle box is used in conjunction with footshock pairings executed 

in the same context (Louvart et a/., 2004). This test focusses on both avoidance and 

contextual learning skills. 

4.3.1.3.2 Fear conditioning 

Cued and contextual fear conditioning is in relation with the CTA and Pavlovian 

paradigms where associational memory components are challenged (Miranda et a/., 

2003). During this training, a set of simple commands pairs the shock with the cues and 

invokes a freezing behaviour in the subject. On the following day the subject is tested 

without the foot shock to see if the subject has "remembered" the pairing (Li etal., 2005; 

Rau et a/., 2005). 
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4.3.1.3.3 Mazes 

The water-escape radial arm maze is designed to test working and reference memory 

simultaneously (French et a/., 2006). Escape platforms are hidden 1 cm below the water 

level in the end of 4 of the 8 arms. Each subject has locations that remains fixed 

throughout an experiment. The subject is then released from the start arm and has to 

locate a platform within a fixed time. Sessions are repeated over a number of days and 

serves as a learning experience. Scoring allows the interpreter to determine if learning 

takes place over the period of the experiment (Gresack & Frick, 2003). 

In the MWM paradigm (Baldi et a/., 2005; D'Hooge & De Deyn., 2001), the experimental 

subject has to locate a submerged invisible escape platform within a water pool. The 

position of the platform is not changed during training and in standard conditions several 

prominent cues (wall posters, electrical fittings on the wall, etc) at fixed locations around 

the room serves as navigational indicators. This spatial navigation acquisition training is 

performed for a number of days. On the test day, the platform is taken out of the tank 

and the time spent in each quadrant is recorded, and also the time taken to locate the 

escape platform, are accured to determine spatial memory (Vorhees & Williams, 2006). 

4.3.2 Animal models of anxiety 

Much knowledge and understanding of various anxiety disorders has emerged from 

studies employing animal models that emulate aspects of the presumed behavioural 

expression of fear and anxiety. Thus animal models assessing levels of anxiety have 

the potential to provide information about the course and etiology of PTSD (Lang e l  a/., 

2000; Yehuda & Antelman, 1993). 

The most commonly used models of anxiety and fear assessment will be discussed 

below to highlight the great variety of different forms of anxiety and how it is appraised 

in animals. 



4.3.2.1 Acoustic startle response (ASR) 

4.3.2.1 .I Background 

The ASR in rats is a frequently used model for investigating behavioural plasticity 

(Quednow et a/., 2006; Conti & Printz, 2003; Pletnikov ef a/., 1996). 

The acoustic startle reflex is a contraction of the skeletal and facial muscles in response 

to an abrupt, intense (~80dB) auditory stimulus (Leumann et a/., 2001) which is used to 

identify animal subjects with altered alarm responses subsequent to trauma exposure 

(Garrick et a/., 1995). 

The ASR serves as a protective response and survival mechanism of alarm that rapidly 

alerts and causes arousal in response to unexpected, aversive events (Garrick et a/., 

2001). The characteristic movement involves covering of the eyes, shoulders curling 

forward and up with added shortening of body length, especially the dorsal neck region. 

At the same time the ongoing behaviour is disrupted and an acceleration of the heart 

rate is observed (Davis et a/., 1982). This reflex is very fast and the onset of the 

contraction of the various muscle groups varies from 5-10ms (Pellet, 1990) in rats and 

14-1 51 ms in humans (Yeomans & Frankland, 1995). 

4.3.2.1.2 Role in anxiety research 

Three features make it a valuable behavioural tool in research on anxiety related 

disorders (Swerdlow et a/., 2000). 

1. The ASR in rats is based on a relatively simple, reflex-like mechanism that is 

easily accessible to current electrophysiological methods. 

2. ASR can be elicited in rats and humans using almost identical stimulus 

parameters. Similar response patterns suggest that insights from animal 

studies can be transferred to humans. 

3. The magnitude of the ASR can be modulated by various external and internal 

conditions, which provides a large experimental basis for anxiety disorders. 
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The reasoning behind the test is that emotional states can enhance the startle 

response, e.g. by conditioned or unconditioned aversive events. 

One characteristic of anxious animals is that their reactivity to environmental stimuli is 

exaggerated (Servatius et a/., 2004; Morgan et a/., 1996). This becomes evident in 

studies done where the ASR is measured after subjects are exposed to a variety of 

stressors (Shors, 2001 ; Shors et a/., 1992). Prior research has also shown that stress 

induced by either tail shock or restraint, causes an enhanced responsivity to an acoustic 

stimulus. 

Rats demonstrate a significant increase in mean startle response compared to a control 

group after a ten-minute exposure to a cat. The elevated startle activity continues to 

exist in groups tested on 6 different days post-stress up until 30 days post-stress 

(Cohen et a/., 2004). This exaggerated ASR's noted days after stressor cessation, 

suggests a time-factor in anxious states (Louvart et a/., 2004). Furthermore, exposure 

to a stress-restress paradigm can be associated with a progressive increase in the 

magnitude of startle reflex over time (Pynoos ef a/., 1996). 

4.3.2.1.3 Role in PTSD 

The measurement of startle reflex is analogous to exaggerated startle which represents 

a key aspect of an increased state of arousal in humans (Pynoos ef a/., 1996). In 

humans, the acoustic startle mechanism is routinely measured through muscle 

movement, changes in heart rate and skin conductance (Garrick et a/., 1995). An 

exaggerated reflex startle response to acoustic stimuli is furthermore found most often 

in PTSD patients (Giannopoulou et a/., 2006; Shalev ef al., 1997; Morgan eta/., 1996; 

Yule & Williams, 1990) and is a commonly reported diagnostic criterion for PTSD 

(Garrick et a/., 1995). 

4.3.2.1.4 Habituation 

Another characteristic of the ASR is that both humans (Shalev et al., 1992) and animals 

(Garrick et a/., 1997) have been shown to adapt to the repeated administration of loud 

acoustic stimuli, resulting in a decrease in startle with re-exposure. A lack of this normal 

capacity for startle habituation appears to be a specific biological marker of PTSD 

(Shalev et a/., 1 992) 
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A control rat rapidly and consistently habituates to a prolonged session of acoustic 

stimuli without showing persistently high startle reactions, while the stressed subject 

(exposed to intermittent tail shocks prior to testing), illustrates a clear pattern of failed 

habituation (Garrick et a/., 1995). Decrease in startle amplitude (habituation) in rodents 

has been reported by using as little as 10 successive presentations of the stimulus 

irrespective of the age of the subject (Pletnikov et a/., 1996). 

The uniqueness of this sub-model of the ASR is that non-habituation is found in the 

absence of specific trauma related cues (Garrick et a/., 1995). Furthermore, the 

exposure to a second stress (reminder) is crucial in the development of the non- 

habituation feature (Pynoos et a/., 1996). 

4.3.2.1.5 Conclusion 

The above mentioned findings suggest that this model may be used to provide reliable 

measures of behavioural disturbances and could be a useful tool for investigating of an 

array of variables that may predispose to the development of PTSD. 

4.3.2.2 Other assessment models measuring anxiety in animals 

Additional anxiety models that are widely used include conditioned freezing (Inoue et 

a/-, 2006), conflict tests (Engel et a/., 1989), EPM (Adamec et a/., 2004), fear- 

potentiated startle response (Jovanovic et a/., 2005), four-plates test (Ripoll et at., 

2005), open field test (Prut & Belzung, 2003), marble-burying behaviour (Borsini et a/., 

2002), mouse defense test battery (Blanchard et a/., 2003), novelty-suppressed feeding 

(Borsini ef a/., 2002). A few of these models are briefly described below to clarify the 

basis of anxiety assessment. 

4.3.2.2.1 Elevated plus maze (EPM) 

The EPM test is one of the most popular of all currently available animal models and 

offers a simple and rapid method, with bidirectional drug sensitivity, to study 

unconditioned behaviour (Dawson & Trickelbank, 1995). The EPM consists of a plus 

shaped maze with two open and two closed arms (figure 4.1) and it is based on the 

natural fear of rodents to avoid open and elevated places (Lister, 1990). Normal rodent 

behaviour is to remain in the closed arms of the apparatus. This tendency to stay in the 



closed arms can be increased by using compounds that increase the aversion towards 

the anxiety provoking open arms, while anxiolytic compounds reduce natural aversion 

and promote exploration of the open arms (Pellow ef a/., 1985). The critical 

determinants which are therefore correlated with anxiety are the number of entries 

made into the open arms and the time spent in the open arms (Carobrez & Bertoglio, 

2005). The TDS model has previously shown to cause increased anxiety as measured 

in the EPM (Jeeva, 2004; Naciti, 2002; Harvey et a/., 2006) 

Figure 4.1 Elevated plus maze apparatus 

4.3.2.2.2 Fear potentiated startle 

Fear-potentiated startle is defined by the relative increase in the amplitude of the 

acoustic startle reflex when elicited in the presence of a conditioned stimulus (CS) 

previously paired with an aversive stimulus (unconditioned stimulus, US) (Jovanovic et 

al., 2005). As a result, it provides an objective measure of the conditioned fear 

response which can be amplified by pairing of light with a shock (US) (Davis et a/., 

1993). Fear-potentiated startle can be demonstrated in animals (Risbrough & Geyer, 

2005) and humans (Ameli & Grillon, 2001). An enhanced startle response in the fear- 

potentiated startle paradigm has been linked to enhanced anxiety and arousal which are 

symptoms of psychoemotional disturbance related to PTSD (Morgan eta/., 1995). 
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Open field test 

This test is widely used and is popular in behavioural research since it requires minimal 

apparatus and is quick to perform. It is based on emotionality measured by defecation 

and locomotor activity that takes place in a large arena (figure 4.2) under a high level of 

illumination (Lister, 1990). Gastrointestinal activity is affected by stress and when 

exposed to a novel fear-provoking environment rodents tend to urinate and defecate. 

The number of defecation is thought to correlate emotionality and this measure is used 

in combination with rearing activity in the open field test (Kask et a/., 2002), while an 

increase in locomotor activity indicates decreased anxiety. 

Figure 4.2 Apparatus used in the open field test 

Other models based on exploration include the exploration box (Otter et al., 1997), 

holeboard (Rodgers et at., 1997), T-maze (Rodgers et a/., 1997) and free exploration 

(Dulawa eta/., 2004). These models utilize the natural tendency of rodents to explore 

new environments and to fear (i.e. avoid) open, elevated, or unfamiliar spaces. In all 

these models, freezing or immobility is a generally accepted sign of a state of fear 

(Landgraf & Wigger, 2002). 

4.4 Differential response to trauma 

4.4.1 Introduction 

As has been described in section 2.4, retrospective and prospective epidemiological 

studies of PTSD indicate that human responses to traumatic stressors vary greatly in 

extent and character. Although exposure to trauma remains the most salient predictor of 

who develops PTSD, not all persons who are exposed to the same extreme trauma 
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develop symptoms and not all persons exposed develop a post-traumatic stress 

syndrome (Cohen et al., 2003). For this reason, recent animal research in PTSD has 

emphasized the importance of setting apart the afflicted (Cohen et at., 2004; Cohen & 

Zohar, 2004). 

4.4.2 Predisposing factors to PTSD 

Keeping this in mind, it is hypothesized that several factors other than the trauma may 

contribute to the induction of PTSD. This observation has prompted a wealth of studies 

examining the effect of prior stress history, cognitive appraisal of the trauma, premorbid 

psychiatric functioning and character structure, family studies, and coping skills on 

PTSD phenomenology (Yehuda & Antelman, 1993). It is now clear that many of these 

factors may influence both the induction and the manifestations of this disorder. 

Thus far, data from studies with animal models have routinely been reported and 

interpreted uniformly for the entire exposed population, regarding it as a homogeneous 

whole. The major implication of inter-individual variability in response to stress for 

animal models lies in the reality that, irrespective of the model, there is considerable 

variability in the degree of behavioural disruption following trauma (Cohen et a/., 2004). 

In clinical studies stringent criteria for inclusion in study populations of PTSD are usually 

employed (American Psychiatric Association, 1994). Why then in animal studies would 

the data collection and analysis generally be expressed as a function of exposed versus 

non-exposed populations regardless of individual variation in response? 

4.4.3 Selection of animals 

A number of researchers have recently used the above argument as basis to segregate 

the exposed population into those individuals that were clearly behaviourally affected 

(maladapted) versus those individuals clearly unaffected in spite of having been 

exposed to the same stressor (well-adapted) (Cohen et a/., 2004). More specifically, 

animals are generally separated into those that demonstrate extremes of behavioural 

change on the one hand or virtually no change on the other. As the concept of 

separating animals according to behaviour is fairly novel, there are currently no hard 

and fast criteria for the various behavioural tests. Therefore criteria used in the 
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categorization of animals are determined according to previous results found in each 

individual research laboratory. 

In a study using underwater trauma as stressor and post-stress assessment done in the 

EPM and ASR paradigms, 25 % animals in the stressed group were maladapted, while 

only 1.3% of control animals showed maladaptive responses (Cohen et al., 2004), 

which is in congruence with that in humans. However, the prevalence of unaffected 

(well-adapted) rats was 24.7% as compared to 80% in the control group. 

Drawing a distinction between animals regarded as affected to a sufficient degree by an 

aversive stimulus, from those not significantly affected, may be seen as being 

conceptually similar to the application of inclusion and exclusion criteria when 

diagnosing patients or deciding whether to include them in a clinical study (Bracha, 

2006; Mezey, 2006; Jehel ef al., 2003). Supplementary to this, presenting results as a 

function of the mean of the entire exposed population implies homogeneity and may 

mask the actual pathological statistics of the stress reaction (Yehuda & Antelman, 

1 993). 

In a study analyzing biobehavioural parameters (heart rate monitoring and testing in the 

EPM and MWM paradigms) in animals previously exposed to a predator (cat), the 

stress exposed animals showed an overall deficiency in learning ability compared to the 

control population (Cohen et a/., 2003). In a study done on abuse survivors, (Stein ef 

al., 1999) explained this phenomenon by suggesting that patients suffering from PTSD 

might have fairly specific emotional memory rather than an overall deficit or generalized 

dysfunction. 

On the other hand, the reason for the failure of the results to reveal separate levels of 

memory dysfunction between intra-group sub-populations might be due to the fact that 

the memory task was out of context with respect to the stressor (cat exposure). This 

becomes clear in the research by Richter-Levin (1998) implying that memory 

impairment follows the path of a significant degree of context specificity following a life- 

threatening trauma in an animal model. 



4.4.4 Conclusion 

The above argument leads to the conclusion that other variables clearly play a role in 

modulating the response to stress and trauma. An appropriate animal model for PTSD, 

then, might be one in which the stressor cannot always elicit the PTSD-like sequelae in 

all organisms. The demonstration of inter-individual variability and the exposition of the 

factors that give rise to these differences will ultimately allow investigation into important 

etiologic issues related to PTSD, such as vulnerability versus resistance to stress. 
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5.1 Introduction 

This study was conducted to evaluate the influence of a stress-restress procedure in 

rats on the central cholinergic system. Muscarinic acetylcholine receptor (mAChR) 

binding characteristics in the hippocampus and frontal cortex were measured, together 

with behavioural assessments conducted after exposure of the animals to a putative 

animal model of posttraumatic stress disorder (PTSD). 

The method used to induce stress was the rodent model of time-dependent 

sensitization (TDS). This model was chosen due to its unique ability to cause 

behavioural and biological changes analogous to that observed in PTSD, and that 

persist and progress with time (Harvey et a/., 2006; 2004a; 2003; Liberzon et at., 1997; 

Yehuda & Antelman, 1993). The aim of the model is to induce a state of behavioural 

and biological dysfunction in the animals that mimic certain key aspects of PTSD in 

humans. 

Two distinct models were used to assess the specific behavioural manifestations 

subsequent to exposure to severe stress. General anxiety was assessed by measuring 

hyper-arousal in the acoustic startle response (ASR) test and cognitive aspects of 

aversive memory were assessed by using the conditioned taste aversion (CTA) 

paradigm. 

The ASR was previously validated in our laboratory (Korff, 2007), while the CTA 

paradigm was validated in the current study. The TDS model was also previously 

validated in our laboratory using neuroendocrine validation as well as the morris water 

maze (MWM) and elevated plus maze (EPM) as behavioural outcomes (Jeeva, 2004; 

Naciti, 2002). Pharmacological validation with fluoxetine has also been performed 

(Harvey et a/., 2004a; 2003; Naciti, 2002). 
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In the current study, possible neurobiological manifestations induced by the TDS 

procedure were determined by the analysis of muscarinic receptor binding in the 

hippocampus and frontal cortex. 

5.2 Animals 

All experiments were conducted on male Sprague-Dawley rats provided by the 

Laboratory Animal Center of the Potchefstroom campus of the North-West University 

(NWU) after approval (application number: 05D20) according to the guidelines set by 

the ethical committee of the NWU. Animals weighed 150 - 170 g at the onset of each 

experiment. 

External environmental conditions in the animal centre were similar in all experiments, 

but housing conditions differed in the ASR and CTA experiments. The conditions in the 

animal centre were controlled at 21 k 0.5OC and 50 5 5% relative humidity. Full 

spectrum cold white light, with a light intensity of 350-400 lux was provided over a 12 

hours light - 12 hours dark cycle. A positive air pressure was maintained in the 

laboratory with air filtration 99,7O/0 effective for a particle size of 2 micron and 99.9 % for 

a particle-size of 5 micron. 

In the ASR experiments, the rats were housed in cages (2 rats per cage) with a width of 

28 cm, a length of 44.5 cm and a height of 12.5 cm. Food and water were available ad 

libitum for consumption by the rodents. 

In the CTA experiments, housing conditions were adjusted in order to adapt to the 

requirements of the test. Singular housing was used and animals had free access to 

food, but water availability was limited to 20 min each morning for conditioning 

purposes. 

5.3 Time-dependent sensitization (TDS) model 

5.3.1 Background 

PTSD is an anxiety disorder involving psychobiological symptoms that occur in 

response to severe trauma. Since PTSD involves a distinct pathophysiology, 
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investigators have been prompted to search for potential animal models of PTSD in the 

hope of increasing the understanding of the biological underpinnings of this disorder. 

The TDS model has been proposed to successfully model the onset of PTSD in 

response to trauma (Yehuda & Antelman, 1993). 

TDS refers to the observation that one exposure to a prolonged and severe stressor 

(e-g., injection of pharmacologic agent, immobilization stress) can induce an extremely 

long-lasting alteration in the subsequent responsiveness of the organism to various 

stressors (section 4.2.3). In this paradigm, rats typically receive one prolonged initial 

stressor and are later challenged with the same or another recall stressor as a 

reminder. 

The method used in this study follows a modified version of that originally described by 

Liberzon and colleagues (1997), but modified for our laboratory conditions by Naciti 

(2002). 

In recent years, significant progress has been made in validating the TDS model of 

repeated trauma (Naciti, 2002; Korff, 2001; Oosthuizen, 2003) and the model has 

proved successful with respect to various validation criteria, including face-, predictive- 

and construct validation (section 4.2). 

5.3.2 TDS procedure 

Briefly, the animals are exposed to a series of acute but prolonged stressors that 

escalate in severity on the first day of testing. This initial stress session consists of 

sequential exposure to a somatosensory stressor (restraint), an inescapable or 

psychological stressor (forced swimming and underwater trauma), followed by a 

complex stress-stimuli evoked by exposure to diethyl ether. All stress procedures 

throughout the study were conducted at 9330. Rats are placed in a PerspexB restrainer 

for 2 hrs with the tail-gate adjusted to keep the rat well contained without impairing 

circulation to the limbs (Figure 5.1). Immediately thereafter, the rats are individually 

placed in 18 cm of ambient water (25°C) in a cylindrical perspex@ swim tank, allowed to 

swim for 10 min and held under water with a metal net for 40 s (Figure 5.3). The depth 

of the water is adjusted to allow the animal to keep its nose above the water by using its 

tail as support. Following this, each rat is then immediately exposed to 0.8 rnl of 15% 



ether vapors (Liberzon et al., 1997) in a 5 liter sealed plastic container until loss of 

consciousness (+ 4 min) and then immediately removed (Figure 5.2). The animal is 

then placed in its home cage (housing arrangements of the experiments differ and will 

be stipulated in further sections) and allowed to recover over a period of 7 days. On the 

seventh day after exposure to the stressors, the animal is re-exposed to 10 min forced 

swimming and 40 s underwater stress (restress procedure). 

Figure 5.1 Rat in a PerspexB restrainer 

Figure 5.2 Rat being exposed to ether vapours (biological stressor) 
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Figure 5.3 Rat being exposed to swim-stress (A) and underwater trauma (B) 

5.4 Behavioural studies 

5.4.1 Acoustic startle response (ASR) 

5.4.1 .I Background 

The acoustic startle response (ASR) (4.3.2.1) in humans and animals is a very basic 

reflex characterized by a rapid contraction of facial and skeletal muscles following an 

unexpected and intense acoustic stimulus (Koch, 1999). 

The ASR peak amplitude decreases with repeated stimulation, a process termed 

habituation. The ASR is used extensively in neuroscience and neurotoxicology 

research. 

An exaggerated ASR and diminished habituation of the startle response are among the 

behaviours noted and studied in patients suffering from PTSD (Conti & Printz, 2003; 

Garrick et a/., 1995). In this regard, several animal models of PTSD and stress have 

been associated with changes in ASR and habituation (Conti & Printz, 2003; Garrick et 

at., 1 995; Maslova et a/., 2002) including TDS (Kahn & Li berzon, 2004). 
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5.4.1.2 Apparatus 

ASR and habituation were measured using an automated startle system, the SR-Lab 

Startle Response System (San Diego Instruments Inc, San Diego, USA). This 

apparatus (figure 5.4) consisted of a single sound-attenuating chamber, 58.4 cm high X 

39.1 cm wide X 37.8 cm deep. The chamber is fitted with a stabilimeter consisting of a 

Plexiglass tube (10.2 cm diameter X 20.3 cm) in which the rat is situated. Movement of 

the rat results in the displacement of a piezoelectric accelerometer mounted beneath 

the tube and this jerk is quantified as an amplified voltage output of the accelerometer 

proportional to the amplitude of movement. 

._ _--- 
sound &&&fing I 
startle ch er 

L 
plexiglass tube I 

Figure 5.4 Illustration of the acoustic startle chamber in the ASR system 

A 15-W light bulb is situated in the chamber approximately 5 cm from the Plexiglas tube, 

and an audio speaker is mounted 21.6 cm above the tube. 

The chamber is calibrated using a standard procedure before each testing session to 

verify the intensities of the background noise and startle noise bursts. Sound intensities 

are measured using a Bruel and Kjaer sound meter (model 2230) and microphone (type 

4190). The sound meter is positioned in the center of the animal holder and the startle 

stimulus is measured by setting the sound level meter to continuous mode, recording 

and storing the noise with the highest dB reading to characterize the power of short, 

intense bursts of sound. 
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5.4.1.3 Pre-test protocol 

Following 5 rnin acclimatization, each subject received 10 startle trials. The acoustic 

startle stimulus was a 11 5-dB, 40-rns white noise burst. Data collection began with the 

initiation of the startle stimulus. The startle response was recorded at a sampling rate of 

1000 Hz over a 150-ms period beginning with the onset of the stimulus. Trials were 

separated by an inter-trial interval (ITI) varying from a minimum of 17 s to a maximum of 

25 s with a 2 s step. Background white noise during the ITt was 70-dB. 

The maximum startle amplitude was averaged across the 10 trials for each subject. 

This average was documented as the baseline preliminary value for each subject. 

5.4.1.4 Post-test protocol 

Rats were allowed a 5 minute acclimatization period in the acoustic chamber, during 

which a low-intensity, 70-dB background noise was emitted. Each trial began with a 

burst of white noise of 115-dB (40-ms duration, 2-ms riseifall time) and the startle 

protocol consisted of 40 startle trials to establish an average of the maximum amplitude 

startle response. The IT1 was set at 17-25 s (step of 2 s) and reflexive movements of 

the animal were measured for a 150 ms period following the onset of the stimulus 

(Finamore & Port, 2000). In addition to calculating an average of the maximum startle 

amplitudes, ASR values for each 40-trial session were averaged into four 10-trial blocks 

for each rat in order to determine if the animals habituated to the sound. The element of 

fear potentiation was eliminated by performing stress and startle procedures in different 

environments. 

Effect of the TDS paradigm on general anxiety as measured in the 

ASR 

5.4.1.5.1 Subjects 

Subjects used in this experiment were 64 naive male Sprague-Dawley rats. Rats were 

weighed and randomly assigned to 4 groups (table 5.1). All animals were maintained 

under standard laboratory conditions as stated in section 5.2. Rats were housed two per 

cage in cages that contained food pellets and two glass water bottles with pressure- 

activated metal spouts. Animals were marked with blue and red ink on their tails in 
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order to compare each rat's data in the two sessions (pre- and post-test). All 

experimental procedures were conducted between 08:OO and 12:OO. 

5.4.1 5 .2  Experimental Layout 

Two separate experiments were performed to assess the effect of TDS stress on 

general anxiety as assessed by the ASR. The behaviour phase (table 5.1) was limited 

to behaviour and was terminated after final ASR testing. The neuro-phase on the other 

hand, included decapitation of animals directly after final ASR testing. Decapitation 

started within 15 min from the last rat's ASR session and was finished within 1 hour. 

Decapitatjon was followed by removal of relevant brain areas after which they were 

snap frozen with liquid nitrogen and stored at -80 % until neurochemical assays were 

performed (section 5.5). Phases and groups are shown in table 5.1. 

Table 5.1 Layout of experimental groups in ASR experiments 

# Animals not decapitated for later neurochemical analysis were sacrificed in a humane manner. 

Phase 

Behaviour 

Behaviour 

Behaviour 

Behaviour 

Neuro 

Animals were assigned to groups as in table 5.1 in order to keep the time of ASR testing 

constant across all groups. Pre-test sessions added up to 8 min per subject 

(acclimatization period included), but post-test sessions added up to 19 min per subject. 

Therefore a maximum of 10 animals were assessed per day to prevent testing to 

continue past 12:OO. Control groups were designed similar to TDS groups for 

consistency. 

Group 

TDSl 

TDS2 

Control1 

Control2 

TDSl 

Neuro 

Subjects (n) 

10 

10 

6 

6 

10 

Neuro 

Neuro 

TDS stress 

d 

J 

I /  

Control1 

Control2 

Decapitation 

# 

# 

# 

# 

J 

6 

6 

J 

4' 
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5.4.1 3 .3  Experimental protocol 

In this study, in addition to the TDS group having a control group to be measured 

against, each subject also served as its own control. Both the stressed and control 

animals were pre-tested in the acoustic startle chamber by exposing them to a series of 

10 trials. Three days prior to the initial prolonged stress procedure (triple stress) 

procedure all animals were exposed to a series of 10 trials (pre-test) to establish a 

baseline to compare the final test value to (figure 5.5). On day I ,  TDS groups were 

exposed to triple stress (restraint-, underwater- and ether stress) as described in section 

5.3.1 and illustrated in figure 5.5A. The animals were then left undisturbed until day 7 

post-stress. 

TDS 
Day -3 Day 1 Day 7 Day1 4 

Triple stress Restress 
Pre-test (Prolonged stress) Final test ASR I 

Decapitation 
(neuro-phase) 

control 
Day -3 Day I Day7 Day1 4 

Final test ASR 

Decapitation 
(neuro-phase 

Figure 5.5 Layout of experiments using ASR to assess general state of arousal after 

exposure to TDS stress. (A) TDS group; (B) Control group 
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On day 7 rats were exposed to a restress procedure involving only the swim- and 

underwater stress procedure as used during triple stress. The animals were again left 

to recover undisturbed for 6 days. On day 14 (day 7 post-restress) animals underwent 

final ASR testing (post-test) in the startle chamber. Control animals were tested in the 

same manner, but underwent no stress intervention between pre- and post-test ASR 

sessions (figure 5.56). 

Results from each animal were recorded for each test session and animals in the neuro- 

phase were decapitated within an hour after ASR post-test. Brain tissue was removed 

and left and right hippocampi from each rat were marked and snap frozen separately at 

-1 70 % with liquid nitrogen, while left and right frontal cortices from each animal were 

snap frozen together. Brain tissue was stored at -80 % until assays were performed. 

5.4.2 Conditioned taste aversion (CTA) 

5.4.2.1 Background 

Experience, emotion, and memory are considered to be instrumental in the induction 

and maintenance of acquired emotional and behavioural disorders. Conditioned taste 

aversion (CTA) is a method to assess fear-motivated learning which is considered to be 

at the root of PTSD (McGaugh, 2000). 

In CTA, the animal learns to associate a novel taste (conditioned stimulus, CS) with an 

aversive experience (Miranda et al., 2003). The facilitated conditioning is reactivated 

days later by re-exposure to the context in which the stressful and aversive event 

occurred (figure 5.6). In subjecting the animal to the same context, this re-exposure 

functions as a trigger or reinforcer that shapes subsequent behaviour to an anxiety 

provoking stimuli (Guitton & Dudai, 2004). 
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Conditioned Taste Aversion 
I Pre-conditioning with water 

Aversion measured emording b 
! to amount of novel substance 

consumed 

Figure 5.6 Illustration of the CTA paradigm 

5.4.2.2 Validation of CTA with LiCl as unconditioned stimulus (US) 

In the current study the development of CTA was used as an indicator of the effect of 

stress on aversive memory. The validation experiment was thus conducted to prove 

that an aversive experience, digestive malaise, can indeed be paired with a novel taste 

to establish CTA memory. The hypothesis was that the animal would learn to avoid a 

taste if, following the first exposure to that taste, they experience malaise induced by an 

i.p. injection of LiCI. 

In this study a 0.1 % solution of a 3:l solution of sodium-cyclamate and sodium- 

saccharin (table 5.3) was used as the novel taste (conditioned stimulus). Fifteen 

minutes after sampling the saccharin/cyclamate solution, an imp. injection of 0.15 M LiCl 

(table 5.2), which elicits marked gastrointestinal distress, was given as the 

unconditioned stimulus. The amount of saccharinlcyclamate consumed was expressed 

as ml per 100 g of the subject's body weight. 
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Table 5.2 Lithium chloride solution 

Chemic ar mass la1 volur 

Table 5.3 Sodium-cyclamate : sodium-saccharin solution (saccharin/cyclamate) 

C 

- 
Lithium chloride 

Weight (mg) Final volume (ml) inal concentratio 1 

5.4.2.2.1 Subjects 

32 male Sprague-Dawley rats weighing 170-190 g were randomly assigned to a control 

group (I 2 rats) and experimental group (20 rats). Each subject was housed individually 

under conditions as described in section 5.2. 

- 
I (MM) 
- 
42.5 

5.4.2.2.2 Experimental procedure 

Fir 

1000 (in saline) 

(9) 

6.375 

Experiments were carried out according to a protocol described by Wegener et a/. 

(2001) between 09:OO and 12:OO with the rats in their home cages. The animals had 

free access to chow pellets, but fluid was restricted to a daily drinking session of 20 min. 

The rats had access to water as the only source of fluid 5 days before conditioning day. 

The daily consumption of each rat was recorded in ml throughout the experiment and 

animals were weighed every 2-3 days in order to express final consumption as mll l OOg. 

.ation 
- 

0.15M 

The animals typically drank 10-1 2 ml (4-6 mil1 00 g body weight) on the first 3 days of 

pre-conditioning and gradually increased their daily water consumption to 13-15 ml (+ 6 

m1/100g body weight) thereafter. On day 1, the conditioning day, the rats were offered 

0.1% saccharinlcyclamate solution (table 5.3) to drink as the only source of fluid for 20 

min (basal saccharin/cyclamate intake). After a 15 min time interval they received an 

i.p. injection of 0.15 M LiCl (1 0 rnl/kg) (experimental group) or saline (control group). On 

days 2-4, the rats were offered water for 20 min and on day 5 (i.e. the day of CTA 

testing) the rats had access to the saccharin/cyclamate solution for 20 min (figure 5.7). 

The volume of saccharinlcyclamate solution consumed were recorded and used to 

quantify the CTA. 
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A 

 ex^ Day 1 Day5 
5 days H20 20rninlday 

Pre-conditioning 

Hz0 2Ominlday saccharin1 saccharin/ 
cyclamate (CS) cyclamate (CS) 

+ 
LiCl (US) 

control 
Day 1 Day5 

5 days H20 20rninlday 
Pre-conditioning 

H20  ZOmin/day saccharin/ saccharin/ 
cyclamate (CS) cyclamate (CS) 

+ 
saline (US) 

Figure 5.7 Layout of CTA validation experiment with saccharin/cyclarnate as CS and 

0.15 M LiCl (i.p. inj) as US. (A) Experimental group; (B) Control group 

5.4.2.3 Conditioned taste aversion (CTA) using TDS stress as 

unconditioned stimulus (US) 

5.4.2.3.1 Background 

The TDS-CTA experiments were prompted by earlier studies indicating that exposure to 

an acute fearful event and re-exposure to the cues associated with the event can induce 

a long-term increase in the ability to acquire new associations between environmental 

stimuli (Shors & Servatius, 1997). 

Thus stressors, such as forced swimming, applied immediately after the intake of taste 

solution endows rats with aversion to that taste (Nakajima and Masaki, 2004). This 

phenomenon is a definite sub-concept of Pavlovian conditioning: taste is a conditioned 

stimulus (CS) and swimming is an unconditioned stimulus (US). 
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In this study, attempts were made to address the question whether an anxiogenic 

stimulus such as TDS stress as the US, can associate with taste to produce CTA. 

5.4.2.3.2 Subjects 

The subjects were 32 male Sprague-Dawley rats, assigned at random to one of the two 

training groups (TDS and control) consisting of 20 and 12 animals respectively. The rats 

had a mean weight of 170 g at the start of the experiment, and were housed in 

individual home cages with food freely available and under a 12-41 lightil2-h dark cycle, 

with the lights coming on at 6:00 am. All experimental treatments were given in the 

home cages and in the morning, during the light period of the IighVdark cycle. 

Experiments were conducted between 10:OO and 14:00 with the rats in their home 

cages. The animals had free access to chow pellets, but fluid was restricted to a daily 

drinking session of 20 min, starting at 10:OO. Fluids were presented in glass bottles 

equipped with a metal drinking spout. 

5.4.2.3.3 Experimental procedure 

Rats were trained to receive their daily water ration within 20 min from one pipette 

containing 40 ml. This preconditioning period was implemented 5 days prior to the CS- 

US pairing. The daily consumption of each rat was recorded in ml throughout the 

experiment and animals were weighed every 2-3 days in order to express final 

consumption as m1/100 g. The animals typically drank 5-8 rnl (5-6 mIt100 g body 

weight) on the first 3 days of pre-conditioning and gradually increased their daily water 

consumption to 9-12 rnl (6-7m1/100g body weight) thereafter. 

On day I ,  the conditioning day, the rats were offered 0.1 O/O saccharin/cyclamate solution 

(table 5.3) to drink as the only source of fluid for 20 min (basal saccharintcyclarnate 

intake). Within 5 min thereafter, they were subjected to the triple stressor (section 

4.2.3.1) as described in the schematic figure 5.8. In the 5 days following the first 

conditioning day, the animals were left undisturbed, but once again were only presented 

with water for 20 min per day. On day 7, the water was again replaced by the 

saccharin/cyclamate solution and the rats were exposed to a restress procedure directly 

afterwards (as described in section 4.2.3.2). The rats were left undisturbed for another 

6 days, receiving only H20 for 20 min each day. On day 14 of the experiment, rats were 
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offered the saccharin/cyclamate solution for 20 min for the last time. This drinking 

volume was once again recorded and used to quantify the extent of the acquired 

aversion. A control group underwent the same protocol over the same time period 

(figure 5.8B), being handled only when weighed every 2-3 days, without TDS stress in 

order to confirm successful CTA training. 

TDS Day1 Day7 Day1 4 

5 days 
Pre-conditioning 

H z 0  ZOminjday saccharin/ saccharin/ saccharin/ 
cyclamate (CS) cyclamate (CS) cyclamate (CS) 

+ + 
Triple Stress (US) Restress (US) 

control Day 1 Day7 Day1 4 
5 days 

Pre-conditioning 
H20 ZOmin/day saccharin J saccharin/ saccharin/ 

cyclamate (CS) cyclamate (CS) cyclamate (CS) 

Figure 5.8 Layout of CTA experiment with TDS stress as unconditioned stimulus (US) 

with saccharin/cyclamate as CS. (A) TDS group; (8) Control group. 

5.4.2.4 Effect of prior exposure to different stress paradigms on CTA 

memory induced by LiCl 

5.4.2.4.1 Background 

Prior exposure to stressful situations has proven to be influential in memory and 

learning as assessed by various animal models (Shors, 2001 ; Cordera et al., 2003). 

Experiments done to determine the effect of different stressors on memory is important 

to better understand the cognitive paradox in PTSD. In PTSD, some memories are 

hyper-memorized with preferential consolidation of feadaversive memory, but at the 

same time there is a loss of explicit memory function. Impaired spatial learning (explicit 
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memory) as a consequence of TDS stress has been illustrated in the MWM (Harvey et 

al., 2003). The aim of the two experiments were to determine if the alterations in 

aversive memory (as tested in the CTA paradigm) after exposure to acute- and TDS 

stress, if any, would persist or extinguish over time. The hypothesis being that prior 

trauma will increase consolidation of a fearlaversive memory, and that reminders (i.e. 

TDS) are more effective in this regard. In this experiment the CTA paradigm was 

implemented to assess the effect of prior exposure to either acute prolonged stress or 

TDS stress respectively on aversive memory evoked by LiCl (figures 5.9 & 5.1 0). 

Briefly, all subjects received taste aversion conditioning with saccharinfcyclamate as the 

conditioned stimulus (CS) and an injection of lithium chloride (LiCI) as the unconditioned 

stimulus (US) (section 4.3.1 -2). Saccharinlcyclamate was then reintroduced a few days 

later in order to quantify acquired aversion. 

In these experiments, the aim was to determine if the CTA memory to LiCl (US) would 

sustain or diminish over time (table 5.4) in the presence of a prior traumatic event, with 

respect to two time intervals: 3- and 7 day post-conditioning (CS-US) (figures 5.9 & 

5.10). The 3 day interval used in the validation study (section 5.4.2.2) (Wegener et al., 

200.1 ) was extended to 7 days in order to assess memory changes over time. The 

experiments are compared to each other as well as with a mutual control group. 

Table 5.4 Structural layout of the 3 phases used in this experiment 

Acute stress on memory 

TDS stress on memory 
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5.4.2.4.2 Subjects 

The subjects were 60 male Sprague-Dawley rats, assigned at random to one of the 6 

equal-sized training groups (table 5.3). The animals had a mean weight of 170 g at the 

start of each experiment. They were housed in individual home cages with food freely 

available and under a 12-h lightll2-h dark cycle, with the lights coming on at 06:OO. All 

experimental procedures were carried out between 10:OO and 14:OO during the light 

period of the illumination lightidark cycle. Animals had free access to chow pellets, but 

fluid was restricted to a daily drinking session of 20 min. Fluids were presented in glass 

bottles equipped with a metal drinking spout. 

5.4.2.4.3 Experimental procedure of the CTA component 

Experiments were conducted according to the protocol validated in section 4.4.2.2 with 

the rats in their home cages. Rats were trained to receive their daily water ration within 

20 min from one pipette containing 40 ml. This pre-conditioning period was 

implemented 5 days prior to the CS-US pairing (figures 5.7; 5.9; 5.10 & 5.1 1). The daily 

consumption of each rat was recorded in ml throughout the experiment and animals 

were weighed every 2-3 days in order to finally express consumption as m1/100 g. The 

animals typically drank 7-9 ml (5-7 mIi100g body weight) on the first 3 days of pre- 

conditioning and gradually increased their daily water consumption to 10-12 ml (2 7 

rn1/100g body weight) thereafter. 

All CTA tests extended from the conditioning day, when the CS is paired with the US, to 

the test day, where the CS is presented without consequence (figures 5.7; 5.9; 5.10 8 

5.1 1). The time interval between pairing and test day for two experiments was 3 day- 

and 7 days post-conditioning and were assessed in an acute- and a stress-restress 

(TDS) experiment (table 5.4). 

On the conditioning day (CS-US), water was substituted for 0.1 % saccharin/cyclamate 

solution (table 5.3) as the only source of fluid for 20 min in a single drinking session 

(basal saccharin/cyclarnate intake). 15 rnin later, the animals received an i.p. injection 

of a 0.15 M solution of LiCl (10mlIkg body weight) causing digestive malaise. Control 

animals were injected with saline. 
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After a post-conditioning interval of 3- and 7 days in the respective experiments, the 

water was once again substituted by the saccharin/cyclamate solution. The reduction of 

saccharin/cyclamate consumption on the respective test days (figures 5.9 & 5-10), 

compared to baseline intake on conditioning day (CS-US) was used as a measure of 

strength of aversion. 

Control animals underwent the same protocol over the same time period, but LiCl 

injection was substituted by isotonic saline (at 10 mllkg body weight). 

5.4.2.5 The effect of acute prolonged stress on CTA memory (3- & 

7 day interval) 

5.4.2.5.1 Background 

The aim of the experiment was to determine the effect of exposure to acute stress on 

aversive memory as tested in the CTA paradigm. The effect of the stress was assessed 

at two different time intervals, namely 3 days- (Acute3) and 7 days post-conditioning 

(CS-US) (Acute7) (table 5.4 & figure 5.9). 

5.4.2.5.2 Experimental protocol 

In both the 3 day- and 7 day post-conditioning (CS-US) pairing the animals were trained 

in a water pre-conditioning schedule one day prior to acute prolonged stress (i.e. 5 days 

prior to CS-US conditioning). This procedure involves restriction of daily water 

availability to 20 min at 09:00 as discussed in section 5.4.2.2.2. 

The prolonged stress procedure (figure 5.9) was executed on day 1 and consisted of 

three consecutive stressors (triple stress) involving restraint-, underwater- and ether 

stress as described in section 4.3.2. The CTA paradigm was introduced on day 4. 

Water was substituted with saccharin/cyclamate (table 5.3) and offered for 20 min. 

After an interval of 15 min, digestive malaise was induced by an i.p. injection of 0.15 M 

LiCl (table 5.3) as described in the CTA protocol (section 5.4.2.2.2). In experiment 

Acute3 the saccharin/cyclamate solution was reintroduced 3 days post-conditioning 

pairing (day 8) (figure 5.9A), while in experiment Acute7 the second offering of 

saccharinicyclamate was 7 days post-conditioning (day 12) (figure 5.9B). 
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The consumption on this final test day (day 8 and day 12) was then compared to the 

consumption on the conditioning day. This drinking was expressed as rn1/100 g body 

weight and used to quantify aversive memory. 

A 

3 day interval * 
Day 1 

H20 20minlday 

Triple stress saccharin/ 

-t decapitation 

5 days LiCl (US) 

Hz0 20minIday 

I Day 1 Day4 Day1 2 I 
H20 20minfday 

Triple stress saccharin/ saccharin/ 

?ACUTE PROLONGED o/c!arnate (CS) cyclamate (CS) 7 

I + decapitation 1 
LiCl (US) 

5 days 
r e - c o n d i t i o n i n c j 3  
H20 20minlday 

Figure 5.9 Layout of experiment to determine the effect of acute prolonged stress on 

CTA memory at 3- and 7 days post-conditioning, (A) Acute3; (B) Acute7. 

After saccharin/cyclamate offering on the test day, animals were decapitated and 

relevant brain areas were snap frozen in liquid nitrogen for neurochemical assays. 

Saccharin/cyclarnate was simultaneously offered to all animals and decapitation of the 

first subject started within 15 min after cessation of drinking. All animals were sacrificed 

within 60 min after drinking. 
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5.4.2.6 The effect of TDS stress on CTA memory (3- & 7 day interval) 

5.4.2.6.1 Background 

As in experiments using acute stress, the protocol can be divided into a stress 

procedure and a memory assessment. While the CTA paradigm stayed constant, the 

stress procedure now consisted of the TDS stress model as discussed in section 4.2.3. 

5.4.2.6.2 Experimental protocol 

Experimental procedures started with exposure to triple stress (restraint-, undenuater- 

and ether stress) on day 1 as indicated in (figures 5.10). The animals were then left to 

recover for 5 days and on day 7 the animals were exposed to a restress procedure 

consisting of the underwater procedure as used in the initial stress session. 

The CTA procedure started on day 10 in both groups TDS3 and TDS7 (figure 5.1 0) and 

the animals were started on a water pre-conditioning schedule 5 days before the CTA 

conditioning day. In the pre-conditioning period animals were presented with water (40 

ml) for 20 rnin per day. On day 10 (conditioning day) water was replaced by 

saccharinlcyclarnate for 20 min. Fifteen minutes later rats received LiCl injections (i.p. 

0.1 5 M) to induce digestive malaise. On days 1 1-1 3 and days 1 1-1 7 in the respective 

groups, daily water was again given as in pre-conditioning. On day 14 in experiment 

TDS3 (figure 5.1 0A) and day 18 in experiment TDS7 (figure 5.1 OB), water was once 

again substituted for saccharinlcyclamate, but without any subsequent injection. 

These values (on day 14 and day 18) were compared to the consumption on day 10 

(basal saccharinlcyclamate intake), expressed as m11100g body weight and used to 

quantify aversive memory. 

After saccharin/cyclamate was offered on the test day, animals were decapitated within 

60 min after drinking and the relevant brain areas snap frozen in liquid nitrogen to be 

used in neurochemical assays. 

Control experiments were conducted as illustrated in figure 5.1 1. These two 

experiments served as control for both the CTA studies investigated the effect of the 

acute stress and stress-restress on aversive memory. 
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A 

Restress saccharin/ 
ACUTE PROLONGED cyclamate (CS) cyclamate (CS) 

b~ 7 day interval 

Day 1 Day7 Day1 0 
- 

Dayl 8 
H z 0  20rninlday H20 20rninlday 

Triple stress Restress saccharin/ 
ACUTE PROLONGED cyclamate (CS) 

+ 
LiCl (US) 

5 days 
re-conditioning 
H20 20rnin/day 
t 

saccharin1 
cyclamate (CS) 

+ 
decapitation 

Figure 5.1 0 Layout of experiment determining the effect of TDS stress (stress-restress) 

on CTA memory at 3- and 7 days post-conditioning. (A) TDS3; (B) TDS7. 
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Day 1 

3 day interval 

saccharin / saccharin1 

cyclamate (CS) cyclamate (CS) 

5 days 
h e - c o n d i t i o n i n i  LiC( (US) 

Hz0 20minlday 
decapitation 

control 

Day 1 

7 day interval 

H20 20min/day 

saccharin/ 
cyclamate (CS) cyclamate (CS) 

+ 
5 days LiCl (US) decapitation 

Pre-conditioning t L Hz0 20rninlday 

Figure 5.1 1 Layout of control experiments determining CTA memory at 3- and 7 days 

post-conditioning. (A) Ctrl3; (B) Ctrl7. 
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5.5 Neurochemistry - radioligand binding studies 

5.5.1 Background 

Dysfunction of central cholinergic transmission has been associated with reduced 

cortical cerebral blood flow, impaired performance in memory and learning tasks and 

anxious behaviour (Degroot & Treit, 2002). 

Indeed, ACh function in the CNS is associated with neuropsychiatric manifestations 

(Kaufer, 1999). Evidence towards stressors causing changes in central acetylcholine 

(ACh) activity has been demonstrated by Gilad and colleagues (1983), who found that 

stress causes an increase in ACh release and compensatory down-regulation of 

muscarinic receptors. 

Considering the importance of mAChRs in stress and anxiety (section 3.5.2.5), 

muscarinic ligand binding properties were determined using the non-selective radio- 

labeled rnuscarinic receptor antagonist, [H~]-quinuclidinyl benzylate, in hippocampus 

and frontal areas of brains of animals in both the ASR and CTA experiments. 

5.5.2 Basic principles of receptor binding experiments 

The aim of this experiment was to map the effects of TDS stress on the characteristics 

of mAChRs in the hippocampus and frontal cortex. 

Neurotransmitters, hormones and pharmaceutical chemicals exert their actions through 

binding to receptors. Radioligand receptor binding techniques used to measure the 

extent and affinity of such interactions involve the incubation of a radio-labeled 

compound with membrane preparations containing receptors to which the labeled 

compound will bind selectively. These methods rely upon accurate pharmacological 

characterization of the receptor and provide a means of mapping quantitatively receptor 

distribution in discrete regions of the brain. 

Saturation binding experiments are used to determine the affinity (Kd) of a radioactive 

ligand for a specific receptor and the receptor density (B,,) of that receptor in the 

relevant tissue samples. Radioligand binding studies require the radioactive ligand 

used to have a high affinity for the receptor being studied, low affinity for other receptors 
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and a high specific radioactivity (generally 30 Ci/mmol or higher). B,, refers to the total 

number of receptor sites in the tissue being studied and this occurs when all of the 

receptor molecules are occupied by radioactive drug. Kd, the equilibrium dissociation 

constant, is equal to the concentration of radioactive ligand required to occupy 50 O/O of 

the receptors and is an indication of the molecular and structural properties of the 

receptor (Bylund & Toews, 1993) 

5.5.2.1 Incubation 

The tissue homogenate is incubated with the radioactive ligand at a certain temperature 

until steady-state conditions are reached (figure 5.1 2). 

Time (min) 

Figure 5.12 Illustration of steady-state for the binding of radioactive ligand to a receptor 

Equilibrium occurs when the rate of association of the radioligand is equal to the rate of 

dissociation. The data can be plotted on a graph (figure 5.12) where the X-axis is time 

and the Y-axis is the amount bound. When the amount of radioligand bound to the 

receptor no longer increases with time, steady-state has been reached. For the example 

shown, steady-state is between 40 and 60 minutes. 

5.5.2.2 Termination of reaction 

Once steady state conditions have been reached, the reaction is terminated and the 

bound radioactive ligand is separated from the free ligand by filtering the homogenate 

through glass fiber filters followed by washing the filters with ice-cold buffer, thereby 

purging the filters of excess radioactivity. The filtration process traps the receptor-ligand 

complex on the filter, whilst allowing the free ligand to pass through. 
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Quantification 

The amount of receptor-ligand complex formed can be estimated by measuring the 

amount of radioactivity on the filter. The filters are subsequently placed in scintillation 

tubes filled with scintillation fluid and the radioactivity is determined by scintillation 

counting. 

Specific versus non-specific binding 

Unfortunately, radioactive ligands do not only bind to their specific receptors but also to 

non-specific binding sites (e.g. experimental tubes, filters, bind to tissue protein or 

become trapped in the lipid membrane). The measured activity is thus an inaccurate 

indication of the specific binding to mAChRs. The site that is being studied is referred to 

as the specific site, or specific binding, while binding to both the specific and non- 

specific binding sites is known as total binding. In order to determine the specific 

binding, a surplus of unlabelled ligand that also has high affinity for the receptor, is 

added to the tissue to displace the radioactive ligand from the specific receptors. Non- 

specific binding is determined with the muscarinic antagonist, atropine. Binding in the 

presence of the unlabeled ligand is referred to as non-specific binding. The difference 

between the total and non-specific binding is specific binding. 

5.5.3 Muscarinic acetylcholine receptor binding study 

Chemicals 

Table 5.5 Chemical substances used in the assay 

1 [ 3 ~ ]  duinuclidinyl benzilate 1 Separation Scientific SA (Pty) Ltd I 1 Tris-HCI buffer 1 Sigma Aldrich I I Atropine sulphate I Sigma Aldrich I 
Scintillation fluid, Filter Count Sigma Aldrich 



Chapter 5 

5.5.3.2 Stock solutions 

Table 5.6 List of stock solutions prepared for radioligand assay 

Final cc 
ince 

l volume ! in distil Molar n 

(glmc 

Weight 

'Freeze 500 pl of the 15 mM atropine sulfate solution in an amber microtube. 

Tris-HCI 

Atropine 

sulfate* 

5.5.3.3 Extraction of brain areas 

Rats were sacrificed by decapitation and the hippocampi and fontal cortices were 

rapidly removed and placed on ice. Tissues were stored in clearly marked 1.5 ml 

microtubes. Hippocampi were separately stored as left and right lobes and only the left 

hippocampus was used for radioligand binding assays. The frontal cortex was removed 

as a whole and stored in one tube. Tissues were fixed in liquid nitrogen (-196 O C )  and 

stored at -80 OC until the assays were performed. 

In order to increase assay sensitivity, the left hippocampi of three animals and the whole 

frontal cortices of two animals were pooled to determine a single result for the mAChRs. 

1 57.6 

694.84 

5.5.3.4 Tissue preparations 

7.88 

5.21 13 

1 o6 

500 

Tissues were thawed at room temperature and weighed by adding the pooled tissue to 

a beker with 35 ml ice-cold Tris-HCI buffer (pH 7.4). The suspended tissue was 

homogenised with a Brinkman Polytron PT 10 homogenizer (setting 7) for 20 s. The 

homogenate was then transferred to 2 ultra-centrifuge tubes and centrifuged at 48 000 x 

g for 10 rnin at 4 O C .  The supernatant was discarded and the membrane pellet was re- 

suspended in 17.5 ml of ice-cold buffer. This suspension was centrifuged again at 48 

000 x g for 10 min at 4 OC. The supernatant was again discarded and the final 

membrane suspension was made up with 17 rnl of buffer and kept on ice. An aliquote 

of the tissue was taken for determination of protein concentrations using the Bradford 

protein assay (section 5.5.3.6). 

50 

15 
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5.5.3.5 Assay for mAChR density and affinity 

In this study, the chemical compound used for studying the mAChRs is the potent 

muscarinic antagonist quinuclidinyl benzilate (QNB), with a specific radioactivity of 36.5 

Cilmmol, which binds reversibly to muscarinic cholinergic receptors present in rat brain 

membranes (Wang et al., 2005). 

Specific [ 3 ~ ] - ~ ~ ~ - b i n d i n g  was determined according to the method of Yamarnura and 

Snyder (1974), with minor modifications. For determination of total binding, aliquots of 

960 pl of the tissue preparation containing 0.3 - 0.7 mg/ml protein were incubated with 

7 concentrations of [H~]-QNB (36.6 Cilmmol) (table 5.7) and buffer to a final volume of 

1000 pl. Non-specific binding was defined as that binding inhibited by 20 pl of a 3 mM 

atropine solution. 

Table 5.7 Dilution structure for preparing [ 3 ~ ] - ~ ~ ~  standards 

5.5.3.5.1 Experimental design and protocol 

In this saturation experiment the incubation tubes (polypropylene tubes) were set up as 

in figure 5.13, with one tube being used for total binding and one for non-specific 

binding at each concentration of radioligand. The same amount of buffer and tissue 

was added to all of the tubes. In addition, the unlabeled ligand (atropine) used to block 

specific binding was added to the non-specific tubes as indicated in table 5.8 
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Total binding: Radioligand (hot) 

Non-specific binding: Radioligand (hot) + unlabelled ligand (cold) 

Figure 5.1 3 Set-up of test tubes for incubation 

Table 5.8 Content of test tubes for incubation 

I Hot I 20 1 20 I 
1 Membrane 

The moment the radioligand was added the binding reaction started. The contents of 

each tube was mixed thoroughly using a vortex apparatus and incubated in a shaking 

waterbath at 25 OC for 15 min. 

Non-specific (PI) 

960 

I I 

After incubation, the assay was terminated by rapid vacuum filtration through Whatman 

GFIB filters pre-soaked in Tris-HCI buffer using a filter manifold. The filters were 

washed rapidly with 2 x 5 ml ice-cold buffer. The filters were placed in polypropylene 

counting vials and 3 ml scintillation fluid (Filter Count) was added to each tube. The 

tubes were left for 1 hour in the scintillation counter (Packard Tri-Carb 4660) whereafter 

counting commenced. 

a1 (111) 

960 

Buffer 

A set of standards were also prepared by adding 20p1 of each concentration of PHI- 
QNB of the stock solutions to a pre-soaked GFIB filter in a scintillation vial. Scintillation 

fluid (3 ml) was added and vials were counted in the scintillation counter. These 

standards were used to draw a linear graph and the slope (cpmlnM) was used to finally 

convert the specific binding B,, (cpm) to concentration (nM) and ultimately express 

B,, as pM/mg protein. 

- 20 
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5.5.3.5.2 Determination of radioactivity 

Radioactivity trapped on the filters was determined by liquid scintillation counting. The 

scintillation spectrometer expresses radioactivity as the counts per minute (cpm). 

5.5.3.5.3 Analysis of data 

Receptor binding data was analyzed by non-linear regression analysis using Prism from 

GraphPad Software, Inc. (www.qraphpad.com). The cprn values were plotted against 

concentrations of the radioligand in each vial. Total and non-specific data was plotted 

on one graph and subtracted from each other to give specific binding in the form of a 

hyperbola. B,, approached the asymptote as radioligand concentration was increased 

and is defined as the total number of receptor sites in the tissue being studied. This 

value is reached when all of the receptor molecules are occupied by radioactive drug. 

Kd is the equilibrium dissociation constant and is equal to the concentration of 

radioactive ligand required to occupy 50% of the receptors. Kd thus represents the 

affinity of the radioligand. Both Kd and B,, were values obtained by analyzing the data 

using non-linear regression techniques with Prism. B,, is converted to molar units by 

using the slope from the standard linear curve from the [ 3 ~ ] - ~ ~ ~  concentrations and 

ultimately expressed as pmollmg protein. 

5.5.3.6 Bradford protein assay 

5.5.3.6.1 Chemicals 

Table 5.9 Chemical substances used in the assay 

5.5.3.6.2 Preparations 

Su bstancc 

Bradford reagent 

BSA (bovine serum albumin) 

Tris-HCI 

The bottle containing Bradford reagent was shaken gently and 7 ml (sufficient quantity) 

of the reagent was withdrawn and brought to room temperature in a dark container 

Supplier 

Sigma-Aldrich Inc. 

Sigma-Aldrich Inc. 

Sigma-Aldrich Inc. 
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before quantification in the plate reader. 2 mg BSA was weighed and dissolved in I ml 

ddHzO in a test tube (exactly 2 mgtml) 

5.5.3.6.3 Protein determination 

Assay for determining the protein content in the tissue homogenate is based on an 

assay by Bradford (1 976). A linear range of standard protein concentrations (between 

0.1 - 0.4 mgtml) were prepared and absorbance was measured in the 595 nm region 

(shift in absorbance max from 465 - 595 nrn). Crystalline bovine serum albumin (BSA) 

was used as standard (2 rnglml). 

5.5.3.6.4 Protein standards 

The following dilutions of BSA (blank and standards) were prepared in duplicate in test 

tubes with a final volume of I00 pl. 

Table 5.1 0 Preparation of protein standard range (0 - 1.4 mg/ml) 

Diluti 

nl BSA 1 

5.5.3.6.5 Preparation of the 96-well plate 

st tubes 

Volume 
- 

iC1 bufft 

Proteir i concer 

Mglml 

rtration 

bf 2 mglr 

Blanks (no protein), standards (range of known protein concentration) and unknown 

samples (testing samples) were prepared in duplicate in a 96-well plate. 

Blank and standards (2 x 5 PI) were added in duplicate to separate wells of the plate. 

The same volume (2 x 5 PI) of the unknown (tissue homogenate suspension) was also 

added to separate wells. Bradford reagent (prepared earlier) was added to each well 

using a repeat pipettor or micro-pipette. The plate was immediately placed in the plate 
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reader and mixed by the shaker function for 30 s. Incubation time was 15 min (room 

temperature) after which absorbance was determined using a 560 nm filter. 

5.5.3.6.6 Calculations 

Averages of the duplicate values were determined and the average blank absorbance 

was subtracted from all other absorbance values. These netto absorbance values were 

plotted against protein concentrations of the BSA standards. The derived linear 

equation was used to determine the unknown protein concentrations. 

5.6 Statistical analysis 

The Statistical Consultation Services of the North-West University conducted all 

statistical analyses of the results. 

All CTA data were first analyzed using a one-way analysis of variance (ANOVA) 

(Statsoft, lnc.2001: Statistica Data Analysis Software System, version 7). If significant 

differences were noted using the ANOVA, multiple comparisons were performed using 

the Dunnett's and Tukey tests to compare experimental groups. The Dunnett's test was 

used to compare all groups to the control group with statistical significance defined at 

5% (*p < 0.05) level. The Tukey test, on the other hand, was performed to compare all 

columns on a 5% level of confidence (p c 0.05) to confirm any statistically significant 

difference between the three groups of the 3 day interval and 7 day interval in the CTA 

experiments. All data are expressed as the mean + Standard Error of the Mean (SEM). 

The p value is an indication of the probability to reject the null-hypothesis which states 

that the groups being compared are simi tar. 

Population behavioural data from the ASR experiments were analyzed using Student's 

t-test. Individual data in tabular format were analyzed using the Fischer exact test for 

analysis for contingency tables. The 95% confidence interval of the relative risk was 

calulated using the approximation of Katz. 
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6.1 Introduction 

The time-dependent sensitization (TDS) model was implemented to observe 

behavioural and biochemical changes. The TDS model has previously been validated 

in Sprague-Dawley rats at certain time intervals following the restress procedure. Day 7 

post restress was identified as the day on which the most profound bio-behavioural 

changes of statistical significance were noticed (Naciti, 2002), including morris water 

maze (MWM) and elevated plus maze (EPM) regarding behaviour; and ~ - H T ~ A / ~ A  

receptor and plasma coricosterone changes (Harvey et a/., 2003; 2004b; 2006). In this 

study the model was slightly modified with regards to the stressors used but with no 

interference with the time intervals. The behavioural effects of the TDS model were 

now extended to include analysis of the acoustic startle response (ASR) and 

conditioned taste aversion (CTA). In addition, changes in muscarinic acetylcholine 

receptors (mAChRs) in the hippocampus and the frontal cortex were determined as 

biochemical correlates. 

The behavioural experiments in the study (table 6.1) included: 

1. The effect of TDS stress on general arousal as measured in the ASR (groups 

1 & 2). 

Validation of the traditional CTA model (saccharin/cyclarnate-LiCI) (groups 3 

a 4). 

The attempt to induce CTA by using stress, as implemented in the TDS 

paradigm, as the unconditioned stimulus replacing LiCl (groups 5 & 6). 

The effect of acute prolonged stress on the development of aversive memory 

as measured with CTA (saccharin/cyclamate-LiCI) (groups 7 & 8). 

The effect of TDS stress (stress-restress) on the development of aversive 

memory as measured with CTA (saccharin-LiCI) (groups 9 & 10). 
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Table 6.1 Study layout 

ress ntal cortl 

n 

'control groups; NIA - Not Applicable; TDS - Timedependent sensltiza(lon stress model; AS - Acute slress; Girl - Conlrol 

cal 
lnalysrs 

ex 

Hip us 

d 
J 
NIA 
N/A 
N/A 
N/A 

4' 

W' 

J 
J 
J 

Termination of the relevant behavioural experiments consisted of sacrificing the animals 

by decapitation. Brain tissue (hippocampi and frontal cortices) were removed and snap 

frozen to examine the effects on the cholinergic system involved in cognition and 

arousal by conducting muscarinic receptor binding assays. These studies were 

performed in groups 1 & 2 and groups 7-12, in effect relating mAChR binding to 

behavioural changes in AS R and CTA, respectively. 

Behavioural 

test 

AS R 
AS R 
CTA 
C T A  
CTA 
CTA 
CTA 
CT A 
CTA 
CTA 
CTA 
CTA 

Group 

- 
1 

2 
3 
4 
5 
6 
7 

8 
9 
10 
11 

12 

6.2 Acoustic startle response (ASR) - Behavioural study 

6.2.1 Effect of TDS stress on general arousal 

6.2.1 .I Startle amplitude 

Sub-experiment 

-- 
N/A 
N/A 

Validation 
Validation 

saccharin/cyclamateTDS 
saccharin/cyclarnate-TDS 

Acute3 
Acute7 
TDS3 
TDS7 
Ctrl3 

0 

Rats 

fn) 

The magnitude of the peak amplitude (Vmax) for each stimulus was averaged over 10 

and 40 trials in respectively the pre- and post-test and expressed as Vmax Avg. Two 

identical experiments were conducted as described in section 5.4.1. The data were 

pooled and were further on expressed as a single set. 

- 
40 
24 
10 
10 
20 
12 
10 
10 
10 
10 
10 
10 

TDS 
no stress* 
no stress 
no stress* 

TDS 
no stress* 

Acute 
Acute 
TDS 
TDS 

no stress' 
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6.2.1 .I .I Population results 

In figure 6.1 B, pre-test data was compared to post-test data from the whole population 

in the TDS group and the same was done in the control group (figure 6.1A). Statistical 

analysis was done by conducting a Student's t-test. 

A: Control B: TDS 

Pre-Stress 

Figure 6.1 The effect of TDS stress on general arousal as measured with the ASR. 

Startle activity (Vmax Avg) is compared across two test sessions in the (A) 

Control group (n=24; trials=lO; mean + SEM p = 0.0944); (B) TDS group 

(n=40; trials=40; mean + SEM) p = 0,5604). 

Although the control group showed a tendency (significance was established on a 10 % 

confidence level) towards a lowered startle response when re-exposed to the acoustic 

stimulus on the post-test day (figure 6.1A), no significant difference in startle activity 

was found between pre- and post-test values in either the TDS or the control group 

when tested on a 95% confidence interval (figure 6.1). 

This would imply that neither the stressed nor the control animals showed a significant 

change in arousal with re-presentation of the acoustic stimulus during the final test 

session on day 14 (figure 5.5). 

6.2.1 .I .2 Subject specific results 

In table 6.2 ASR data for each subject are reported individually. Startle activity of each 

rat is illustrated and expressed as O/O increase in startle across two test sessions (pre- 



Chapter 6 

and post-testing). Not all increases in startle were scored as a valid increase in startle 

activity and criteria was set at a > 35 % increase from the pre-test to final testing. 

As mentioned in section 4.4 the separation of animals as done in this study is a recent 

experimental initiative and therefore no solid criteria have been established. This 

percentage (35 %) was chosen as it was the average increase in startle amplitude of all 

the animals reacting to the stressor in a negative manner. In this study, all the animals 

showing > 35 O/O increase in startle will be referred to as "maladapted" and those 

showing < 35 % in startle as "well-adapted1'. 
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Table 6.2 Effect of TDS stress on general anxiety as measured with the ASR. Startle activity of each subject across two testing 

sessions (pre- and post-testing) is shown in the table. Increase in startle is expressed as percentage increase in startle 

activity from one session to the next. 

Table 6.2a Control group (Highlighted bars: increased startle > 35 %) 

Subject whose frontal cortices were used to determine the correlation between behaviour and neurochemistry 
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Table 6.2b TDS group (Highlighted bars: increased startle > 35 %) 

Subject whose frontal cortices were used to determine the correlation between behaviour and neurochemistry 
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The number of animals that exceeded the 35 % benchmark was compared to the 

animals that showed no significant change in startle. The statistical analysis was 

performed after drawing up a contingency table (table 6.3). 

Tabel 6.3 Contingency table drawn from data in tables 6.2a & 6.2b 

One-tailed Fisher exact test using a 95 % confidence interval. 

p = 0.049 ('p < 0.05) 

TDS * 
- 

C 
- 

Using a selection criteria of > 35 % for ASR, indicated that there was indeed a 

significant association between TDS stress and increased arousal as scored in this 

study. In addition, this means that there was significantly more maladapted animals (> 

35 % increase in startle) in the TDS group compared to the control group (table 6.3). 

6.2.1 .I .3 Startle response of specific maladapted subjects 

' - -~~ ~ 

Increased arousal (n) 

9 

1 

10 

In order to ultimately correlate behavioural results with neurochemistry, ASR data of 

specific rats with marked ASR changes were pooled and expressed in figure 6.3 and 

their frontal cortices were later used for neurochemical analysis, These animals used 

for correlation between behaviour and neurochemistry are specified in table 6.2. 

A Student's t test revealed a significant decrease (p = 0.0445) from pre- to final testing 

of ASR in the control group (figure 6.2A). 

%- 

No effect (n) 

31 

24 

55 

Animals from the TDS group showing a significant increase in startle activity (p = 0.002) 

in the final test session compared to the pre-test value (figure 6.2B). 

Total (n) 

40 

24 

64 
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0: Maladapted 

m= Pre Test 

Figure 6.2 ASR results from specific animals in table 6.2 (frontal cortices were used to 

do mAChR binding assays). (A) Well-adapted animals (< 35 % decrease in 

startle) (mean & SEM; n=6 (**p c 0.01) p = 0.002); (6) Maladapted animals 

(> 35 % increase in startle) (mean k SEM; n=6 p = 0.0445). 

6.2.1.1.4 Habituation in the ASR 

A startle session of 40 trials was reduced to 4 blocks of 10 noise bursts presentations to 

determine habituation (Servatius et a/., 1998). Habituation was determined by 

comparing the average startle (Vmax Avg) of the first 10 trials in the session to the 

average startle in the last 10 trials. 

Statistical analysis of the habituation data was done by conducting a Dunnet's t-test 

(figure 6.3). 

There is no significant difference between blocks in either of the groups (figure 6.3), 

which means that animals did not habituate to the acoustic stimulus. Although startle 

did not significantly decrease over time, there was a tendency towards habituation 

towards the last block (block 4) in the control group (figure 6.3A). 



Chapter 7 

B: TDS 
350 

300 

250 rn 
h 200 
X ; I50  

> 100 

50 

0 

Figure 6.3 Effect of TDS stress on the phenomenon of habituation as measured with 

ASR across 40 trials. The first 10 trials (block 1) are compared to all 3 

subsequent sets (block 2, block 3, block 4). 

(A) Control group (n = 24; mean f SEM p = 0.574) 

(B) TDS group (n = 40; mean i: SEM p = 0.1940) 

6.3 Acoustic startle response (ASR) - neurochemistry 

6.3.1 Muscarinic receptor binding densitylaffinity studies after ASR 

Muscarinic acetylcholine receptor (mAChR) densities (Bmax) and affinity (Kd) in the 

hippocampus and frontal cortex were determined by performing radio-ligand binding 

studies using [ 3 ~ ] - ~ ~ ~  as radio-active ligand (section 5.5.3). The densities and 

affinities of mAChRs in the two above mentioned brain regions were determined with 

the ultimate goal to link these results to results from behavioural experiments. 
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As described in section 5.4.1.5.2, animals were exposed to the TDS stress paradigm 

and assessed in the ASR chamber 6 days post-restress (experimental day 14). 

Animals were decapitated immediately after final ASR testing on day 14 after which the 

hippocampi and frontal cortices of each animal were removed as described in section 

5.5.3.3). The relevant brain areas were snap frozen to be analyzed at a later stage. 

Muscarinic receptor binding assays were conducted as described in section 5.5.3 and 

the following results were found. 

6.3.1 .I Hippocampal mAChR density (Bmax) - population data 

Data obtained from performing a Student's t-test indicated that mAChR density was 

significantly increased in the stressed animals compared to the control animals on day 7 

post-restress (p = 0.0189) (figure 6.4). 

Figure 6.4 Effects of TDS stress on mAChR density in the hippocampus after both 

groups were tested in the ASR chamber. (mean k SEM; n=12) *p < 0.05 

(p = 0.0189) 

6.3.1.2 Frontal cortical mAChR density (B,,,) - population data 

As found in the hippocampus, receptor densities in the frontal cortex were significantly 

elevated in animals from the TDS group when compared to control animals (figure 6.5). 

Statistical analysis was conducted using a Student's t-test. 
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Control T 

Figure 6.5 Effects of TDS stress on mACh receptor density in the frontal cortex after 

both groups were tested in the ASR chamber. (mean k SEM; n=9) **p < 

0.01 (p = 0.0011) 

6.3.1.3 Muscarinic binding characteristics of subjects showing abnormal ASR 

behaviour 

Having separated animals with an ASR increase of > 35 O/O from the rest of the 

population (section 6.2.1.1.2), receptor density of muscarinic receptors in the frontal 

cortex were found to be significantly increased compared to animals having adapted to 

the acoustic startle stimuli in the second test session (control) and animals showing 

maladaptive behaviour in the ASR test (figure 6.6). Statistical analysis was conducted 

using a Student's t-test. 

well-adapted ~aladapted 

Figure 6.6 Effects of TDS stress on mAChR density in the frontal cortices of specific 

animals showing abnormal behaviour in the ASR. (mean + SEM; n=9) **p 

< 0.01 p = 0.011 
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6.3.1.4 mACh receptor affinity (Kd) - population data 

Data obtained regarding the mAChR binding affinity between TDS and control groups 

showed no significant differences in receptor affinity between the groups in either brain 

area (table 6.4). 

Table 6.4 The effect of TDS stress on mAChR affinities (Kd) in the hippocampus and 

frontal cortex. 

Mean ficance 

6.4 Conditioned taste aversion (CTA) - behavioural study 

- 
Control 

1.67k0.44 

0.75f0.11 

6.4.1 Validation of CTA with LiCl as US 

.. ..I. .A I 
- Signi 

In order to set up and establish CTA assessment in our laboratory, the validation of the 

CTA paradigm was first performed using a saccharin/cyclamate solution as conditioned 

stimulus (CS) and a 0.15 M LiCl injection as unconditioned stimulus (US) (Wegener et 

a/., 2001). This procedure, as validated, was then used throughout as a test for 

aversive memory and the effects of stress thereon. 

n 

2 

3 

The validation experiment was successfully completed using 0.1 % saccharin/cyclamate 

solution (table 5.3) as CS followed by a 0.15 M LiCl injection (i.p. 10 ml/kg) (table 5.2) 

as US. The CTA procedure was carried out as described in section 5.4.2.2.2. 

n/s 

nls 

0.0804 

The saline injected control animals showed no difference in saccharin/cyclamate 

consumption, while the experimental group, receiving LiCI, consumed significantly less 

saccharin/cyclamate on test day (figure 5.7) as shown in figure 6.7. 

TDS 

2.20*0.35 

7.55k3.71 0.2253 

n 

3 

3 



Chapter 7 

a: control 

6 

5 

o g 4  
m o  
$ 2 3  

2 
*** 

1 

0 
Day 1 Day 5 Day 1 Day 5 

CS-US CS CS-US CS 

Figure 6.7 Comparison of consumption of saccharinlcyclamate after a 3 day interval 

between pairing (CS-US) and testing (CS) with LiCl as US. Statistical 

analysis: Student's t-test 

(A) Control group - US:Saline (n = 10; mean + SEM p = 0.5838) 

(B) Experimental group - US:LiCI i.p. (n = 10; mean + SEM **'p < 

0.OOOl) 

This decrease in saccharinlcyclamate consumption in figure 6.78 represents successful 

CTA, with aversion to the novel taste acquired through associational learning following 

pairing of the CS with LiCl (US). 

6.4.2 Induction of CTA with TDS stress as the unconditioned stimulus 

On conditioning days, saccharinlcyclarnate offering was followed by triple stress on day 

1 and restress (swim stress -I- underwater trauma) on day 7 post-stress with a 15 min 

interval between saccharin/cyclamate and the relevant stress procedure (section 

5.4.2.3). Acquired aversion was determined by comparing the saccharinlcyclamate 

consumption on the first day of offering (na'ive rat) to the subsequent offerings on day 7 

and 14 (figure 5.8). 

Consumption was expressed as m11100g body weight and compared across the two 

conditioning days (day 1 and day 7) and the test day (day 14) (figure 6.8). The 

statistical analysis was a one-way ANOVA with a post hoc Dunnet's test. 
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Consumption on day 7 represents aversion induced by the triple stressor (prolonged 

acute stress) acquired on day 1, while consumption on day 14 represents aversion as a 

consequence of both the CS-triple stress pairing (day 1) and the CS-restress (day 7) 

(figure 6.8B). 

A: Control 
(saline) 

Figure 6.8 Mean saccharin/cyclamate consumption is presented as a function of the 

different days on which saccharin/cyclamate was presented in the (A) 

Control group (n = 12; mean SEM p = 0.2299); (B) TDS group (n = 20; 

mean + SEM (***p < 0.001 vs Day1 ). 

According to a Dunnett's multiple comparison test, the stressed groups (figure 6.8B) 

consumed significantly less @ < 0.001) saccharin/cyclamate on day 7 after triple stress 

and on day 14 (day 7 after restress), compared to the first day of introduction to the 

novel taste. In the control group (figure 6.8A; no stress) saccharin/cyclamate 

consumption remained unchanged on both day 7 and day 14. 

6.4.3 Effect of different stress designs on CTA learning 

These experiments aimed to investigate the effect of prior stress + re-experience on 

memory acquired through CTA learning, using the TDS stress paradigm. 
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The experiments were designed to assess the influence over time of two different stress 

models on memory. Assessment was done in separate groups on days as described in 

section 5.4.2.6 (figures 5.9 & 5.10) to determine whether changes in memory, if any, 

were sustained or transient over 3 to 7 days. Acute stress and TDS stress were applied 

as described in sections 5.4.2.5 8 5.4.2.6, with CTA carried out as described in section 

5.4.2.4.3. 

In control groups, CTA (LiCI as US) was successfully evoked on both 3 days (Ctrl3) and 

7 days (Ctrl7) post CS-US pairing, suggesting that CTA with LiCl is sustained for up to 7 

days (figure 6.9A). 

In the groups receiving acute prolonged stress prior to CS-US pairing, CTA (LiCI as US) 

was again successful in evoking CTA on both 3 days (Acute3) and 7 days (Acute7) post 

CS-US pairing, suggesting that CTA with LiCl remains sustained for up to 7 days in the 

presence of a prior acute stressor (figure 6.96). Similarly, introducing a restress 

procedure 7 days after acute stress (triple stress) sustained LiCl induced CTA for up to 

7 days (figure 6.9C). 

In order to verify data in figure 6.9, control-, acute stress- and TDS-groups were further 

considered separately to clearly assess changes in aversive memory over time. Refer 

to the study layout in table 6.1. 
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3 day Interval 7 day interval 

*** *** 

CSUS CS CS-US CS 
inltfal Intake inltlal intake 

Control (Ctrl3) 

3 day Interval 

csus cs 
Initial Intake 

Control (Ctrl7) 

7 day interval 

Acute Stress (Acute3) Acute Stress (Acute7) 

c 3 day Interval 

"1 

cslus CS 
initial intake 

7 day Interval 

csus cs 
initial Intake 

cslus cs 
Initial intake 

TDS group (TDS3) TDS group (TDS7) 

Figure 6.9 Mean + SEM intake of saccharin/cyclamate on conditioning (CS-US pairing) 

and test days (CS) in all experimental groups. ***p < 0.0001. Experimental 

layouts in figures 5.9 - 5.1 1. 
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6.4.3.1 Aversion lndex 

On first exposure to the novel taste of the 0.1 O/O saccharinlcyclamate solution, the 

animals in the different groups displayed highly variable intakes. Due to this 

inconsistent intake in all experiments, it was difficult to express data as rn1/100rnl and to 

compare values across groups (figure 6.10). This led to the introduction of another 

parameter as a supplementary method to quantify aversion, namely aversion index 

(W elzl et at., 2001 ). 

Control Acute TDS 

Figure 6.1 0 Saccharinlcyclamate intake, upon first exposure to the novel substancej is 

compared across all 6 groups from the experiment determining the effect of 

stress on CTA memory. Initial intakes are obtained from figure 6.9. This 

was done to demonstrate the wide variation of how the animals take to the 

novel experience. 

Aversion lndex (Al) per animal was calculated and expressed as initial basal 

intake(mI/lOUg) : test day infake(m1/100g) (equation 1 ) .  A substantial aversion to the 

novel taste is thus characterized by a large aversion index. This parameter would serve 

to reveal small differences in aversion between the various experimental groups. 

Equation 6.1 Aversion index 

basal 
M = (-1 

test 

A1 : aversion index 

basal: consumption value on conditioning day (mil1 00g) 

test consumption value on final test day (ml/100g) 
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6.4.3.2 Development of CTA memory over time 

6.4.3.2.1 Control study - Aversion index (3- versus 7 days post-conditioning) 

Aversion indexes were calculated as described in section 6.4.3.1. In the control 

experiment there was no difference in aversion between the two groups (Ctrl3 and 

Ctrl7) (figure 6.1 1). This study confirms that LiCl evokes a sustained but equal degree 

of CTA from 3 to 7 days post CS-US pairing. 

nls 

&l3 
Figure 6.1 1 Aversive memory assessed over two time-intervals in the control animals (n 

= 10; mean + SEM). Group Ctrl3: 3 day interval; Group Ctrl7: 7 day 

interval; Statistical analysis: Student's t-test (p = 0.897) 

6.4.3.2.2 Acute study - Aversion index (3- versus 7 days post-conditioning) 

Prior exposure to acute stress caused no significant changes in aversion to the novel 

taste over time (figure 6.12). 

6-1 

k i t e 3  ~ c i t e 7  
Figure 6.12 Effect of acute stress on aversive memory as measured in two time 

intervals (n = 10; mean k SEM). Group Acute3: Acute stress 3 day interval: 

Group Acute7: Acute stress 7 day interval; Statistical analysis: Student's t- 

test (p = 0.180) 
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6.4.3.2.3 TDS study - Aversion index (3- versus 7 days post-conditioning) 

TDS stress was found to significantly decrease aversion index at day 7 compared to 

day 3 post-conditioning (figure 6.13). 

T D ' s ~  T D S ~  
Figure 6.13 Effect of TDS stress on aversive memory as assessed over two time 

intervals (n = 10; mean f SEM). Group TDS3: TDS stress 3 day interval; 

Group TDS7: TDS stress 7 day interval; Statistical analysis: Student's t-test 

The control, acute and TDS groups were further compared in each time interval (3- and 

7 day interval) to clearly assess the effect of the different stressors on aversion memory. 

6.4.3.3 Comparison of CTA memory across groups 

Aversion index across the various groups was compared to the control group to 

establish the effect of acute and stress-restress (TDS stress) on aversive memory of the 

animals (section 5.4.2.4). The 3 day- and 7 day intervals were assessed separately and 

analyzed by a one-way ANOVA followed by Dunnet's t-test. 
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Figure 6.1 4 Comparison of aversive memory assessed 3 days after CS-US pairing. 

(n = 10; mean k SEM) (p > 0.05) 

Although there were distinct tendencies towards lower aversion indexes in the two 

groups of stressed animals 3 days after conditioning (CS-US), none of the groups 

showed significant difference when compared to the control group (figure 6.1 4). 

Figure 6.1 5 Comparison of aversive memory assessed 7 days after CS-US pairing. 

(n = 10; mean 5 SEM). *p < 0.05 Ctr7 vs TDS7 

In the case of the 7 day interval, a significant difference was established between the 

groups (figure 6.15). While acute stress had no significant effect on aversive memory, a 

significant decrease in aversion index versus control for the TDS group (p < 0.05) was 

observed. This indicates that a more prominent decrease in aversion is elicited 7 days 

after CS-US pairing in the group pre-exposed to the TDS stress paradigm. 
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6.5 Conditioned taste aversion (CTA) - neurochemistry 

6.5.1 Muscarinic receptor binding densitylaffinity studies after CTA 

Muscarinic receptor densities (B,,) and affinity (Kd) in the hippocampus and frontal 

cortex were determined by performing radio-ligand binding studies using [ 3 ~ ] -  

quinuclidinyl as radio-active ligand (section 5.5.3). The binding characteristics of 

mAChRs in the two mentioned brain regions were determined with the ultimate goal to 

link these results to findings from behavioural experiments. 

In each group (control, acute stress or TDS) brain tissue (hippocampi and frontal 

cortices) were removed after final CTA testing and used to quantify mAChR binding in 

these areas. Receptor density was expressed as fmollmg protein (B,,) and mAChR- 

ligand affinity (Kd) was determined using the method described as described in section 

5.5.3.5 to provide an indication of affinity properties of the radio-ligand for the mAChR. 

Animals were subjected either to no stress (Ctrl), acute stress (Acute) or TDS stress 

(TDS), whereafter they were decapitated after re-exposure to saccharin/cyclamate on 3- 

and 7 days after conditioning in separate groups. 

Data were first assessed considering each group individually to examine the 

transformation of the receptor quantities across the two time intervals (3- versus 7 days 

post-conditioning) and thereafter versus controls. 
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6.5.1 . I  Changes in m AChR binding characteristics over time 

6.5.1 .I .I Hippocampal mACh receptor densities (B,,,) (3- versus 7 days post- 

conditioning) 

Considering the hippocampus, neither of the groups revealed any significant changes 

when the 3 day interval was compared to the 7 day interval to determine CTA memory 

over time (figure 6.1 6). 

A: Control (LICI) B: Acute sbress (UCI) 

Sday iiterval 7-day interval 

C: TDS (LICI) 

3-day interval 7-day interval 

Figure 6.1 6 Muscarinic receptor densities in the hippocampus determined after. CTA 

memory was assessed 3- and 7 days post CS-US pairing. Statistical 

analysis: Student's t-test (mean + SEM; n=10) 

(A) Control (no stress) (figure 6.1 1) 

(B) Acute (acute prolonged stress) (figure 6.9) 

(C) TDS stress groups (acute prolonged stress .t restress) (figure 6.1 0) 



6.5.1.1.2 Frontal cortical mACh receptor densities (Bmax) (3- versus 7 days 

post-conditioning) 

In the frontal cortex, no statistical significant changes were detected when the mAChR 

densities in the frontal cortex were assessed over time. In each group (Ctrl, Acute & 

TDS), receptor densities were compared across the two time intervals of CTA testing 

with LiCl as US (figure 6.17). 

A: Contml (LICI) 6: Acute sttrem (UCD 

p = 0.2202 ,-,Is 

3-day interval 7-day Interval 

C: TDS (LICI) 

3-day interval 7-day interval 

Figure 6.17 Muscarinic receptor densities in the frontal cortex determined after 

CTA memory was assessed 3- and 7 days post CS-US pairing. 

Statistical analysis: Student's t-test (mean + SEM; n=10) 

(A) Control (no stress) (figure 6.1 1) 

(B) Acute (acute prolonged stress) (figure 6.9) 

(C) TDS stress groups (acute prolonged stress + restress) (figure 6.1 0) 
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6.5.1 .I .3 Hippocampal and frontal cortical mAChR affinities (Kd) (3- versus 7 

days post-conditioning) 

The mAChR characteristics were determined after CTA memory was assessed over 3- 

and 7 days post CS-US pairing. Data obtained by conducting mAChR binding studies 

in the hippocampus and frontal cortex were used to determine mAChR affinity (table 

6.5). These results revealed no significant differences in receptor affinity across the 

groups assessing the two time intervals (3 day- vs 7 day interval). 

Table 6.5 The mAChR affinity (Kd) values in each study (control; acute & TDS) are 

compared across the two intervals (3 day- and 7 days post-conditioning) 

using the Student's t-test. 

3 day 

1 inte 

p valu 

6.5.1.2 Changes in mAChR binding characteristics across groups 

Data from the same experiment was also expressed as comparing the muscarinic 

receptor densities (B,,) and affinities (Kd), as measured after animals were subjected 

to acute stress and the TDS paradigm respectively, to the control group (section 5.1). 

The two time intervals (3 day- and 7 day interval) were thus considered separately to 

compare receptor binding characteristics in the hippocampus and frontal cortex across 

the three treatment groups. 

6.5.1.2.1 Hippocampal mACh receptor density ( B  3 days post- 

conditioning 

. .. 

~pocamp 

>an + SE 
Group 

0.1 322 

0.0773 

0.140 

Muscarinic receptor binding densities (B,,) were determined after CTA memory was 

assessed after a 3 day interval between pairing of CS-US (LiCI as US) and testing (CS 

t 

Front; 

Meal1 I aa=m 

Control 

Acute 

TDS 

3 

3 

3 

p value 

0.4572 

0.2063 

0.3538 

3 day 7 day 

interva lterval 

I -90 * 0.335 
0.79 ? 0.078 

2.20 i: 1.38 

- 
lay 

interval rval 

4.23 -t 2.820 

1.30 r 0.328 

0.76 2 0.074 

0.86 + 0.043 

0.87 + 0.056 

1.87 + 0.436 

0.1 5 + 0.344 
2.21k 0.566 

9.37 1: 4.057 



in the absence of the US) (figures 5.9A; 5.1 0A & 5.1 1 A). The results from comparing 

muscarinic receptor densities in the two stressed groups to the control group are 

illustrated in figure 6.1 8. 

nis 

300 
I 

nis 

Figure 6.1 8 Effects of stress, as evoked by acute stress and TDS stress procedures, on 

mAChR binding density in the hippocampus 3 days after CS-US pairing 

(mean + SEM; n=10) 

A Tukey multiple comparison test showed no significant disparities between receptor 

densities in the three groups at the time of testing (3 days after CS-US pairing) (figure 

6.18). 

6.5.1.2.2 Hippocampal mACh receptor density ( B )  7 days post- 

conditioning 

Considering the experiments where testing was done 7 days after CS-US pairing 

(figures 5.9B; 5.1 06 & 5.1 IB), results proved to be similar to those found in the 3 day 

interval study, with no significant differences noted between neither of the three groups 

(figure 6.1 9). Statistical analysis used was the Tukey multiple comparison test. 
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Figure 6.1 9 Effects of stress, as evoked by acute stress and TDS stress procedures, on 

mAChR binding density in the hippocampus 7 days after CS-US pairing 

(mean + SEM; n=10) 

6.5.1.2.3 Frontal cortical mAChR density (Emax) 3 days post-conditioning 

Receptor densities in the cortex, however illustrates a different picture compared to the 

hippocampus. In the 3 day interval experiments (figures 5.9A; 5.1 OA & 5.1 1 A) the 

density of mAChRs were significantly increased in the frontal cortex area after TDS 

stress compared to both control (Ctrl3) and acute stress (Acute3) (figure 6.20). 

Control animals (Ctrl3) and animals exposed to acute stress (Acute3) were not 

statistically different from one another. Statistical analysis was conducted by using a 

one-way ANOVA with the Tukey test of multiple comparisons. 

Figure 6.20 Effects of stress, as evoked by acute stress and TDS stress procedures, on 

mAChR binding density in the frontal cortex 3 days after CS-US 

pairing(mean k SEM; n=1 O), (*p c 0.05 TDS vs control; **p < 0.01 TDS vs 

acute stress) 



6.5.1.2.4 Frontal cortical mAChR density (Bmax) 7 days post-conditioning 

Figure 6.21 indicates a significant increase in mAChR densities in the frontal cortex of 

animals exposed to TDS stress (TDS7) compared to the subjects exposed to acute 

stress (Acute7) and animals receiving no stress intervention (Ctrl7) 7 days after CS-US 

pairing (figures 5.9B; 5.1 0B & 5.1 1 B). 

Figure 6.21 Effects of stress, as evoked by acute stress and TDS stress procedures, on 

mAChR binding density in the frontal cortex 7 days after CS-US pairing 

(mean + SEM; n=10), ('p c 0.05 TDS vs control; *p c 0.05 TDS vs acute 

stress) 

6.5.1.2.5 Hippocampal and frontal cortical mAChR affihities (Kd) in the 3- and 7 

day interval studies 

Muscarinic receptor affinity (Kd) in the hippocampus and frontal cortex was determined 

together with receptor density and is reported in table 6.6 to illustrate tendencies across 

the three groups (Ctrl, Acute and TDS) in the 3 day- and 7 day interval. 

No statistical significance was detected between groups in either of the two time 

intervals. 
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Table 6.6 Effects of stress, evoked by the acute stress (Acute) and stress-restress 

(TDS) procedures, on mAChR binding affinity &)in ,the hippocarr~pus and 

frontal cortex in the two time interval study. Muscarinic receptor affinities 

are compared using a one-way ANOVA followed by a post hoc Tukey test 

where significance was established. 



7.1 Introduction 

Post traumatic stress disorder (PTSD) is an incapacitating chronic clinical syndrome 

that may follow exposure to traumatic events involving a perceived threat to life of 

physical integrity (American psychiatric association, 1994). Symptoms associated with 

this disorder are divided into ,three clusters and is known to develop over a period of 

time: (1) intrusive re-experiencing of the traumatic event, (2) persistent avoidance of 

stimuli associated with the trauma and emotional numbing, and (3) persistent symptoms 

of increased physiological arousal (American psychiatric association, 1994). 

In this study the time-dependent sensitization (TDS) paradigm was implemented to 

mimic a stressful experience as in the clinical situation. The effect of .the TDS paradigm 

on both cognition arid arousal symptoms was then assessed and correlated with neuro- 

chemical substrates concerning changes in the central cholinergic system. 

In order to more coherently link the results of this study with discussion thereof, results 

are summarized in table 7.1. 

Statistical analysis conducted included the Student's t-test for all acoustic startle 

response (ASR) data, except where the individual results from experimental groups 

were compared. In this case the Fisher's exact test was implemented. All conditioned 

taste aversion (CTA) data were analyzed using Dunnet's t-tests. 
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Table 7.1 Summary of behavioural and neurochemical results found in the entire 

study. The experimental groups were con- pared to the control group of 

each experiment with different statistical methods stipulated as above. 

J 

1 ASR 

ACUTE 

- no significant change All groups are compared relative to the control group 

significant decrease 

significant increase 

STRESS- 

I I I I I 

NEUROCHEMISTRY I 

'ONTRoL $TRESS RESTRESS, TDS 

BEHAVIOUR 
I I I I 

Startle Amplitude 

1 MUSCARlNlC RECEPTOR CHARACTERISTICS I 

A 

N/A 

1 ASR 

tendency towards increase (J) or decrease (r) 
Not Applicable 

Individual results N/A 
P 

Selected animals 
(pre- vs post-test) 1 N/A 

Habituation Total population - N/A (pre- vs ~ost-test 

CTA 

Total population 
(pre- vs post-test) 

1 t rnAChR DENSITIES I 

1" N/ A - 
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7.2 Behavioural experiments 

7.2.1 Effect of TDS stress on general arousal (ASR) 

STRESS- 
RESTRESS1 TDS 

b mAChR AFFINITIES 

The ASR is used to identify subjects with altered alarm responses subsequent to 

trauma exposlAre (section 4.3.2.1). In this experiment, the TDS paradigm was used as 

an animal model of PTSD and its effect on the general state of arousal was tested using 

the ASR in rats. 

Hippocampus - 
Frontal cortex - 
Frontal cortex Selected animals - 

b mAChR DENSITIES 

Hippocampus - 
Frontal cortex 

Hippocampus - 
Frontal cortex 

Hippocampus - 
Frontal cortex - 

Hippocampus - 
Frontal cortex - 

ACUTE 
STRESS 

This experiment was executed in two steps. Firstly the data was used to determine 

whether exposure to stress w o ~ ~ l d  have an overall effect on ASR in the rats as a group 

compared with control animals. Secondly, animals were assessed according to their 

individual results to establish individual differences in behavioural effects. This part of 

,the study was motivated by findings describing the marked difference between the 

proportion of a population exposed to a potentially traumatizing event and the proportion 

developing the full-blown clinical disorder (Kessler et a/., 1995; Breslau et a/., 1991 ; 
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Perkonigg et a/., 2000). This variation in response to intense trauma has also been 

found to be true in animals (Cohen et a/. 2004; Cohen & Zoar, 2004; Cohen et a/., 

2003). 

7.2.1 .I Startle Amplitude 

In figure 6.1 data are expressed as the whole population of rats. As a group, the 

stressed animals showed no difference in startle arr~plitude between pre- and post- 

stress testing as assessed 7 days post-restress (section 5.4.1.5.2). These findings are 

not consistent with the general belief that stress causes an increase in arousal with a 

subsequent increase in startle response (Servatius et a/., 1995; Garrick et a/., 1997). 

The control animals did however show a tendency towards lowered startle response the 

second time they were exposed to the startle chamber (figure 6.1A). 

The above mentioned results could be explained by insensitivity of the rat strain i.e. 

Sprague Dawley rats as they have been known to produce small differences between 

groups (Conti & Printz, 2003) and earlier work has also confirmed this difficulty to 

persistently demonstrate sensitization of startle through stress (Conti & Printz, 2003; 

Grillon et a/., 1996). According to the literature, the appearance of exaggerated startle 

in the ASR is not a consistent finding in rodent models of stress and anxiety (Servatius 

et a/., 2004). Increased reactivity is observed proximal to predator exposure (Hebb et 

a/., 2003a & b) and footshock (Davis, 1989), however tailshock (Beck et a/., 2002; 

Servatius & Shors, 1994; Servatius et a/., 1995) and social defeat (Miczek, 1991) 

proved to have no effect. Further details regarding these results are linked to the 

following discussions. 

This study was designed to enable the assessment of each subject individually with the 

purpose of identifying those subjects belonging to a sub-population that reacted more 

profoundly to the stressor (section 4.4). In table 6.2a and table 6.2b animals exhibiting 

an exaggerated startle response across the two test sessions are highlighted and 

statistical analysis confirmed a significant difference in the number of subjects showing 

exaggerated startle between the control and ,the TDS group. 

This finding of the individual animals showing an exaggerated startle response is in 

agreement with the well-known phenomenon that only a proportion of the population 
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exposed to any specific traumatic event will develop the full-blown chronic syndrome 

(Perkonigg et a/., 2000; Bowman, 1999; Kessler et a/., 1995). 

Considering the TDS group (table 6.2a), 22.5 % of the animals showed an increase in 

startle response of > 35 % which was set as a valid change in startle (section 6.2.1.1.2). 

Only 20 - 30 % of humans exposed to extreme tra~,~ma, go on to develop full blown 

PTSD (Breslau etal., 1991), which would mean that 22.5 % found in this experiment is 

quite a feasible statistic when compared to the human disorder. 

In contrast, only 4.17 % of the control subjects showed a significant increase in startle 

(>35 %) (table 6.2a). The reason for the control group animals having an increase in 

startle activity is unknown, but not unique, as other studies have also found a small 

percentage of control animals hinting towards anxious behaviour (Cohen etal., 2004). 

The 22.5 % (TDS) versus the 4.7 % (control) maladapted ar~imals found in ,the current 

study reproduces results found by Cohen et a/. (2004). These researchers found that 

20 % of animals exposed to predator stress were maladapted (according to self-set 

criteria), while only 5 % of the control animals showed maladaptive behaviour as 

assessed 7 days post-stress in the ASR. 

The increase in ASR from 4.17 - 22.5 % after TDS stress has highlighted that 

environmental adversity will more effectively separate stress sensitive from stress 

resilient populations (Connor & Zhang, 2006). 

The individual differences in susceptibility to tlie effects of stress are clearly 

demonstrated here and are very likely responsible for the disguise of the maladapted 

fraction of subjects when data from the total population is reported as in figure 6.1A and 

figure 6.1 B. 

This marked difference between the proportion of the experimental population exposed 

to the traumatic experience, and the proportion which developed increased arousal 

symptoms across the duration of the experiment (14 days), suggests qualitative 

differences in terms of factors related to vulnerability and/or resilience between exposed 

individuals (Cohen etal., 2004; Korn, 2001). 



Individual differences in reaction to stressful experience are not an isolated finding, and 

are supported by various studies (Guimont & Sandi, 2006; Touyarot et al., 2004; Cohen 

etal., 2004) as well as clinical information in the form of prevalence statistics (Breslau et 

al., 1991). In addition, results from the acoustic startle study demonstrated a bimodal 

reaction to a traumatizing experience, where a fraction of animals showed a significant 

increase in startle between the two test sessions (pre- and post-testing) at the one end 

and a fraction showed a decrease in startle at the other end (table 6.2b). This can be 

interpreted as a bidirectional response to trauma (Yehuda & Antelman, 1993), reflecting 

behaviour analogous to polarization in humans. 'This polarization in turn could be 

related to preexisting neurobiological factors or personality characteristics. TDS stress 

in animals has similarly demonstrated bimodal responses, including both increased and 

decreased corticosterone levels following stress and restress respectively (Harvey et 

al., 2006). In another animal study, immunological activation as well as immunological 

suppression has been noted using a chronic stressor (Newport & Nemeroff, 2000), 

while bi-directional responses to inescapable footshock has been described, including 

enhanced (hyperarousal) and reduced (avoidance and numbing) responsiveness to 

environmental stimuli, following inescapable footshock (Sawamura et a/., 2004). 

From these results, a correlation between TDS stress and exaggerated startle, 

representing a key aspect of an increased state of arousal in humans, is evident. 

7.2.1.2 Habituation in the ASR 

Habituation is defined as a decrease in behavioura.1 response to repeatedly applied 

stimuli and the startle response is widely used, both experimentally (Plappert & Pilz, 

2005; Garrick et al., 1995) and clinically (Shalev et al., 1997), for the study of 

habituation in PTSD. 

The data from the final test session (40 trials on day 14) in the startle amplitude 

experiment were analyzed to determine if there was any habituation over the 40 trials. 

According to Finamore & Port (2000), it was expected that the control group would 

habituate to the sound during the 40 trial session. In the same light, the stressed 

animals were expected to exhibit a pattern of non-habituation. There was however no 
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significant difference when the first 10 trials (block 1) were compared to the last 10 trials 

(block 4) of the session in either of the groups (figure 6.3). 

A possible explanation for the TDS group not showing an increase in startle, could be 

that the repetitive presentation of acoustic startle-eliciting stimuli may cause the auditory 

threshold to rise. This decrease in acoustic susceptibility is known to develop after 

periods of exposure to very loud acoustic stimulation (Jordan & Poore, 1998) and could 

be the reason why the animals did not show as vigorous a reaction towards the end of 

the session as one would have expected. However, if this was the case the control 

group would also have a lower startle response towards the end of the session. This 

did not happen which gives cause to eliminate the possibility of an auditory threshold. 

Although the focus of this experiment was on startle response which does not require 

such a large number of startle trials (Conti & Printz, 2003; Finamore & Port, 2000), 

habituation was also assessed as a possible additional parameter. A possible 

explanation for non-habituation in the control group is that 40 trials were not enough to 

evoke habituation. Habituation studies have established habituation with as little as 10- 

(Pletnikov et a/., 1996) and 24 (Vogel & Wagner, 2005) startle trials, but subsequent 

literature searches revealed ,that the majority of studies have used sessions consisting 

of over 100 trials to assess habituation (IVielsen & Crnick, 2002; Garrick et a/., 2001; 

Dirks et a/., 2001). In addition, ASR involves a rapid response to auditory stimuli, while 

habituation requires a process of repeated exposure to stimuli to develop and is 

generally assessed through testing over a couple of days (Garrick et a/., 2001). These 

factors would need to be considered before drawing any conclusions regarding the 

prediction of habituation in the TDS model. 

7.2.2 Conditioned taste aversion (CTA) 

CTA is a form of Pavlovian conditioning (section 4.3.1 .I). It entails a particular form of 

learning in which the subject learns to associate a novel taste with a distressing 

situation, commonly involving the induction of visceral malaise by an unconditioned 

stimulus (US), most often LiCl (Miranda et a/., 2003; Wegener et a/., 2001; Naor & 

Dudai, 1996). Other than LiCI, stress procedures like swim stress have been 

successfully implemented as aversive stimuli to replace LiCl as US in the CTA model 

(Nakajima & Masaki, 2004). 



Chapter 7 

In this study the CTA paradigm was initially characterized and validated with LiCl 

(section 5.4.2.2). Thereafter, the CTA procedure was implemented to determine if taste 

aversion could be induced by pairing a novel taste with a stressful experience using 

TDS stress as US (section 5.4.2.3). Finally, since PTSD is associated with an increase 

in fear-memory (van Oyen Witvliet, 1997) with a loss of explicit memory function 

(Elzinga & Bremner, 2002), the study sort to investigate whether prior stress applied in 

two designs (acute stress and stress-restress) could modify the consolidation of 

aversive memory (i.e. CTA) induced by LiCI. 

7.2.2.1 Validation of CTA with LiCl as US 

In order to use the CTA model (LiCI as US) in our laboratory, the method was first set 

up and validated in our laboratory using a 0.1 % NaSaccharin/NaCyclamate 

(saccharin/cyclamate) solution as CS and a 0.15 M LiCl i.p. injection as US (section 

5.4.2.2). This procedure for CTA is widely used as a test for aversive memory (section 

4.3.1.2). 

Results of this validation experiment can be seen in figure 6.7 The saline injected 

control animals showed no difference in saccharin/cyclamate consumption (figure 6.7A), 

while the experimental group, where LiCl as US was paired with saccharin/cyclamate, 

consumed significantly less of the saccharin/cyclamate on test day as shown in figure 

6.78. This decrease in saccharin/cyclamate consumption represents the aversion to 

the novel taste acquired ,through associational learning. CTA induced by LiCl 

represents one of the most robust responses to an US, which has lead to a great deal of 

research into understanding the neuro-anatomical basis of CTA. 

The hypothesis behind the CTA as a memory test is thus established by proving that the 

experimental group (LiCI as US) obta.ined a strong recollection of the digestive malaise 

caused by the i.p. LiCI. This feeling of discomfort is associated with the taste of the 

saccharin/cyclamate and therefore the formation of associational learning is 

consolidated. Of particular significance is that aversion to the CS in the CTA paradigm 

has been found to be preserved for up to 10 days post-conditioning (CS-US) (Batsell & 

George, 1995). 
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CTA with I-iCI as US was hereafter used to assess aversive memory throughout the 

study, in particular regarding the effect of prior stress on CTA learning (section 6.4.3). 

7.2.2.2 Induction of CTA with TDS stress as the unconditioned 

stimulus 

This experiment was to determine whether an anxiety-like state induced by TDS stress 

could be implemented as the US to produce CTA. If this was indeed possible, the taste 

of the saccharin/cyclamate solution (conditioned stimulus; CS) when re-introduced 

would be analogous to the situational reminder in the re-experiencing symptom cluster 

in PTSD. 

Theoretically, control animals should sl~ow no aversion to the novel taste and if it is a 

favourable taste, the consumption is expected to increase (or maintained) with every 

offering (figure 6.8) (Misanin eta/., 2006), as was reproduced in the current study. This 

can also be viewed as a form of habituation to an initial novel stimulus, since any novel 

stimulus/environment is seen as potentially harmful to the aninial to which the animal 

then becomes accustomed to when the novelty is not followed by a threatening or 

uncomfortable experience. 

-The stressed group (figure 6.8B) not only failed to habituate to the taste, but now linked 

a negative association to the saccharin/cyclamate, thus proving the ability of TDS stress 

to act as US in the CTA paradigm. Although aversion was established by TDS stress, 

the magnitude of the decrease in saccharin/cyclamate consumption is not nearly as 

severe as when LiCl is used as US (figure 6.7). This is in accordance with studies 

implementing contextual and aversive stimuli as US which generally cause weaker CTA 

than an i.p. injection of LiCl (Nakajima & Masaki, 2004; Guitton & Dudai, 2004). 

-The attempts made by other researchers to use exercise in the form of swimming as US 

is very valuable to our study as both the initial triple stressor and restress procedures 

included being immersed in water (Nakajima & Masaki, 2004). In the latter studies, rats 

learned to avoid tastes that were associated with the swimming. The aim initially was to 

use exercise (swimming) to induce taste aversion, but the aversion was ultimately 

attributed to the psychological stress of swimming and being wet, with increments in the 

time of swimming resulting in increased aversion to the CS (Nakajima & Masaki, 2004). 
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This means that the aversive memory corr~ponent is enhanced in a dose-dependent 

way depending on the severity of the stressor. Another study induced CTA by using 2- 

(4-chloro-2-methylphenoxy) propionic acid (mCPP), an agent known to induce anxiety- 

like behaviour in animals rather than visceral discomfort, as tlie US (Guitton & Dudai, 

2004). The subsequent CTA induced by the anxiety-like emotional state evoked by 

mCPP not only confirms that pharmacological agents can effectively be used as US in 

CTA, but also suggests that anxiety states also are effective in inducing CTA, which 

may a play an important role in TDS-induced CTA since TDS has been found to 

increase anxious behaviour in rats (Harvey et al, 2006). 

Another important observation from the current study is that the restress procedure on 

day 7 post-stress, acting as a reminder or reinforcer of the aversive memory, had no 

significant impact on the strengthening of aversive memory. Indeed, while restress 

sustained CTA on day 7, there was no increase in aversion after the second pairing 

(CS-US) session (,figure 6.8B), suggesting that re-experience plays a role in maintaining 

fear-related memory rather than strengthening the aversion. However, no study was 

done in the absence of a restress procedure, which would be interesting to confirm the 

above suggestion. 

In addition, it was observed that both the control and stressed animals drank 

significan.tly less of the saccharinlcyclamate solution than the recorded daily water 

consumption when the taste was first presented on day 1. This can be explained by a 

neophobic response which is known to occur when an animal is confronted with a novel 

strong taste (such as saccharinlcyclamate solution) and is characterized by a reduced 

consumption compared to the more familiar gustatory stimulus (tap water) (Mickley et 

a/., 2004). When the taste is presented again its consumption gradually starts 

increasing (Misanin et a/., 2006). The control group drank less than the TDS group on 

initial exposure (figure 6.8). The question whether the decrease in consumption in the 

'TDS group was due to aversion or merely a pseudo-decrease caused by the higher 

initial intake, can only be confirmed after more experiments are performed. 

During final CTA testing (figure 6.8; day 14), the rat reacted to the CS with a level of 

aversion that would be more appropriate as a reaction to a traumatic event than to a 

non-aversive stimulus such as the CS. This fear-related reaction corresponds to the 
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way PTSD patients 'relive' the past trauma when ,they encounter reminders of their 

previous experience (Rau et a/., 2005). 

Thus, acute prolonged stress can effectively induce CTA that can be sustained upon re- 

experience (restress). Therefore, like LiCl acts as an US in the validation studies (figure 

6.7), TDS also effectively induces CTA by its pairing with the CS and evoking a 

decrease in saccharinlcyclamate intake. However, a new question arises: can prior 

stress, either acute stress of acute stress plus reminders, modify CTA induced by an 

aversive experience like gastric malaise evoked by LiCI? 

7.2.2.3 The effect of different stress paradigms on CTA learning and 

its persistence over time 

The purpose of this experiment was to determine if and how prior exposl_rre to an acute 

stress and a stress-restress design respectively, would affect subsequently acquired 

aversive memory using LiCl as US, and whether stress with and without reminders 

could modify the persistence of the CTA memory over two time periods. 

The study consisted of 6 separate groups as stipulated in section 5.4.2.4 (table 5.3). 

Groups were exposed to either acute- and TDS-stress respectively and CTA memory 

was tested on two time periods after pairing (CS-US). For each test-day a separate 

group of animals was used and a control experiment was conducted in the same way. 

Aversive memory was successfully acq~~ired in all groups (Ctrl; Acute & TDS) as can be 

seen in figure 6.9. Clearly, LiCl induces a sustained CTA over 3- and 7 days, which is 

in agreement with the literature (Houpt et a/., 1996). Further, these data suggest that 

LiCI-induced CTA was effectively retained over 3- and 7 days in the presence of either 

AS or TDS administered prior to CS-US pairing. However, to better quantify the 

magnitude of aversion between groups, data are forthwith expressed as aversion index 

(section 6.4.3.1). 
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7.2.2.3.1 CTA in the control group - LiCl as US 

In the control group (no stress with LiCl as US), aversion index revealed no difference in 

aversion between the 3 day- and 7 day interval memory assessments (figure 6.1 1). The 

lack of change in aversion index indicates that the aversion present at 4 days post 

conditioning underwent no further alterations over the next 4 days (figure 5.9). 

Moreover, it confirms the enduring nature of LiCI-induced CTA. 

Although it is expected that aversion to LiCl would increase as a function of time (Batsell 

& George, 1995), ,this increase is based on cornparing memory directly after pairing (4-6 

hours) to memory 2-4 days later to determine the effect of time on CTA memory. The 

dose of LiCl (1.5 M) used in this study is also considered a medium intensity US, which 

has been known not to cause enhanced aversion over time and aversion strength in 

control animals has proven to be constant at 3- 5- and 10-day intervals (Batsell & 

George, 1995). 

The finding that the two control groups showed similar results provide a solid basis to 

examine further effects of stress on this type of CTA learning. 

7.2.2.3.2 Influence of acute stress on CTA - LiCl as US 

In the acute stress experiment (prolonged triple stress) there was again no significant 

difference in aversion between 3- and 7 days post CS-US pairing (figure 6.12), which is 

consistent with the pattern in the control group (figure 6.1 1). The aversive memory 

therefore does not grow weaker or stronger over time and is not significantly different 

from the aversion illustrated in the control group at either of the two test sessions 

(figures 6.14 & 6.15). This suggests that prior exposure to acute stress has no 

significant effect on subsequently acquired aversive memory. 

This finding is however not co~isistent with other studies examining the effect of acute 

stress on memory. It has been shown that an acute session of inescapable tailshock 

(Shors & Servatius, 1997); restraint stress (Cordera et a/., 2003); restraint stress with 

tailshock (Shors 2001); or swim stress (Shors, 2001) enhances the acquisition of the 

conditioned eye-blink response (CCER) (also a form Pavlovian learning). No studies 

could be found that used CTA as a test for assessing the effect of stress on memory. 
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A point of note in the above mentioned studies is that stress procedures and 

conditioning are executed in the same context/environment. This suggests that the 

learning can be attributed to mere fear potentiation while in the current study the effects 

of acute stress was determined on an isolated learning experience days after cessation 

of stressor. 

7.2.2.3.3 Influence of stress-restress (TDS model) on CTA memory - 
LiCl as US 

The stress-restress experiment reveals a different predisposition. Results indicate a 

significant decrease in aversive memory over tinie (figure 6.1 3), at least on day 7 post- 

conditioning (CS-US). The stress-restress model therefore appears to incapacitate 

memory regarding a learning experience not connected to the stress procedure itself. 

It is clear that there are some changes in memory involving either consolidation, or 

retrieval difficulties and it would be enlightening to compare the groups to their 

respective controls. 

On comparing aversive memory across grol-ips as tested 3 days post-conditioning 

(figures 6.14), no significant differences between any of the groups were detected. 

However, in the case of the 7 day interval experiments, a significant decrease in 

aversion index was established between the control- and the TDS group (figure 5.15). 

This means that, in addition to the memory impairment evident in the TDS group over 

time (figure 6.13), the animals exposed to TDS stress showed weakened aversive 

memory compared to the control group animals. 

Although there was no significant difference between the TDS group and co~itrol group 

in aversion in the 3 day interval experiment (figure 6.14), there was a tendency towards 

impaired memory elicited by the TDS stressed animals. This tendency suggests that 3 

days after conditioning, there were traces of memory impairment, but after another 4 

days CTA memory to saccharin/cyclamate was found to be significantly attenuated 

(figure 6.15). 

Literature regarding the effect of a stressful experience followed by a reminder on CTA 

is limited. Indeed, the majority of studies have examined the effects of stressful and 

emotional experience on cognitive performance using fear-conditioning with tailshock as 
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US and classical conditioned eye-blink response (Shors et a/., 2006; Servatius et a/., 

2001) to assess memory. In one such study by Rau and colleagues (2005), the stress 

consisted of 15 footshocks in one context (context A) with or without an additional 

reminder consisting of 1 footshock the next day in context B. Testing was done one day 

after the reminder in context B and memory was scored as percentage freezing. When 

the footshock was delivered in context A only without a reminder in context B, < 20 % of 

animals demonstrated freezing, while in the group receiving 1 shock in context B 

(reminder), 90 % of animals demonstrated freezing. The effect of the acute shock with 

no reminder in the mentioned study, proves that memory regarding the learned fear in 

the experiment with the reminder, is context specific. 

What separates the Ra1-l study from the current study is that, just as in the study 

examining the effect of acute stress (section 7.2.2.3.2), the stress procedure and the 

CTA test are completely separate events. Here the learning experience was isolated 

from the stress and the memory trace assessed in an environment related to the 

conditioning and not the stressful experience. 

Another study determined the effects of exposure to inescapable stressors on the 

processes of learning from subsequent aversive events (Servatius et a/., 2001). This 

study also used classically conditioned eyeblink response (CCER) as aversive memory 

test, although the stress procedure and testing was carried out in different 

environments. These authors once again found that inescapable stress facilitated 

acquisition of the eyeblink conditioned response which is in conflict with results from this 

study. The decrease in CTA by prior TDS stress suggests that TDS does not increase 

fear memory, but prevents CTA memory related to visceral malaise (induced by LiCl 

injection). 

Previous studies have found that TDS stress impairs spatial memory performance, a 

hippocan- pal-dependent form of memory (explicit memory) (Harvey et a/., 2003). CTA 

memory involves the cortex, specifically the gustatory neocortex (a region in the frontal 

cortex) (Yamamoto et a/., 1994) and although the majority of research rejects a role for 

the t~ippocarnpus in CTA memory (Yamamoto et a/., 1995; Parkinson et a/., 2000), the 

latter brain area may represent an explicit memory component related to the contextual 

nuances of the CTA experience (Aguado et a/., 1998; Adamec, 1991) and which may be 

modified by TDS stress. Indeed, 'TDS stress induces marked changes in hippocampal 
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5HTIA receptors (Harvey et al, 2003) as well as on glutamatergic transmission (Harvey 

et al, 2004), all of which may play a deciding role in mediating the effects of TDS stress 

on explicit memory function. 

Other possible explanations for the enhancement of associational memory in the 

studies described above, compared to the attenuation of associational memory caused 

by TDS stress in the current study, could be that the memory enhancenient in the 

former is a form of pseudo-conditioning, more likely to be the cause of fear potentiation. 

The fear is potentiated as a consequence of both the stressor (footshock) and the 

conditioning procedure (periorbital shock to the eye-lid) consisting of a shock (Shors et 

a/., 2001). Exposure to stress may affect processing of the components of the 

conditioning procedure individually or affect responding to the CS when the stressor is 

linked to the CS-US pairing experience, such as the shock procedure in CCER 

preceded by tailshock as stressor (Servatius & Shors,1994). 

Another possibility of how inescapable stressors facilitate acquisition centers on 

enhanced processing of the CS. Exposure to inescapable stressors affects reactivity to 

acoustic stimuli for some time after stressor cessation (Servatius & Shors,1994; 

Servatius et a/., 1995). Since an acoustic stimulus is used as CS in tlie CCER test, this 

could lead to false positive results regarding associative memory. 

In addition, only certain stressors have been found to cause enhanced conditioned eye- 

blink conditioning (Shors, 2006). These included acute restraint stress coupled with 

intermittent footshocks (Rau et a/., 2005; Shors, 2001; Servatius & Shors, 1994) as well 

as swimming stress (Shors, 2001) and water deprivation (Berry & Swain, 1989). 

Regarding stressors like restraint alone and noise stress, no change in learning is 

observed (Shors, 2001). 

Another factor to consider is the time interval between conditioning (CS-US) and testing. 

In previous studies examining aversive memory (Shors, 2001 ; Servatius & Shors, 1994; 

Bangasser & Shors, 2004), assessment of the memory trace is done only 1-2 days after 

conditioning, whereas in the CI-~rrent study the subjects were exposed to the CS 3- and 7 

days respectively after conditioning (section 5.4.2.4). 

In both the acute- and TDS study, the interval between stressor cessation and 

conditioning is 3 days after stress and the CTA memory testing is only conducted once 



after a 3 day and 7 day interval respectively after conditioning. In all other studies using 

conditioned responses to assess memory, the conditioning is firstly done one day after 

stressor cessation (Shors, 2006; Shors, 2001 ; Servatius et a/., 2001) and secondly, the 

conditioning is done in multiple sessions for a number of days (Shors, 2006; Bangasser 

& Shors, 2004). This could all contribute to the differences between the findings in this 

current study and earlier findings in the literature. 

The difference between the opposite effects of stress on memory regarding CTA and 

CCER could also lie in the motor response (Shors, 2001). All the data regarding 

associational memory indicate that an acute stressful experience enhances the ability to 

acquire new associations involving fine motor responses in the form of an eye-blink. 

This study using the TDS stress paradigm examined the long-term effect of a different 

kind of stress on memory not related to motor response. This hints at a different 

mechanism and response dependent on factors other than simple associational 

memory when the eye-blink response is used. 

With all taken into acco~~~nt, the diverse protocols and results described following CTA 

and CCER would only be addressed by conducting a CCER study with the TDS stress 

as preceding stress experience and compare it to the CTA as associative learning 

paradigm with both experiments carried out in the same time frame. This would provide 

an interesting extension to the current work. 

7.2.2.3.4 Importance of the restress procedure in CTA 

The TDS and acute stress groups demonstrated significantly different effects on 

aversive memory in the animals. As all CTA testing was done over consistent time- 

intervals across the three groups (table 5.3), it car1 be concluded that the major defining 

factor in the memory alterations is the restress procedl- re used in the TDS paradigm. 

The importance of the reminder in shaping memories is illustrated here. 

Froni results found in this study, it is clear that pre-exposure to TDS stress causes a 

profound decrease in the ability to acquire and recall information regarding associational 

memory subsequent to trauma. Why the TDS paradigm elicits a decrease in CTA 

memory can be directly related to close proximity of TDS stress to PTSD as opposed to 

the acute stress studies. There are no aninial studies that compare the effect of an 



extended stress paradigm, like TDS stress, on CTA memory and this work represents 

the first such study. Moreover, clir~ical studies in PTSD bare a striking resemblance to 

the results found here. It has been demonstrated that Holocaust s~~rvivors with PTSD 

show poorer performance in paired-associates tests (Gurvits et a/., 1996), believed to 

be a deficit in the ability to encode and consolidate new -information. 

In summary, TDS stress has a seemingly permanent negative influence on CTA 

memory, at least for 7 days post restress as determined in this study. 

A final conclusion regarding the effect of stress on memory and learning is that although 

exposure to stressful stimuli is known to affect learr~ing, it is tlie intensity, duration and 

context of the stressor as well as the conditioning circumstances, which determine the 

occurrence, direction and magnitude of the response. 

Abnormalities in the rate of learning, as illustrated after TDS stress exposure, can also 

point to dysfunctions in several brain regions, including lirrrbic structures (hippocampus 

and amygdala) and the frontal lobes (Schachter eta/., 1996). It now becomes essential 

for the investigator to establish the neurobiological underpinnings of these behavioural 

changes, especially if relevance to the treatment and understanding of PTSD is to be 

realized. 

7.3 Muscarinic receptor binding studies 

From the discussed literature in section 3.2, it is evident that memory and anxiety 

involves a complex process requiring the coordination of many different regions of the 

brain and many neurotransmitter systems. Stress itself is a multifunctional response 

involving adrenal steroid hormo~ies as well as biogenic amines and other 

neurotransmitter responses (section 3.4). Animal experiments (McGaugh, 2000; 

Roozendaal, 2000) and recent experiments in humans (Buchanan & Lavallo, 2001) 

have sliown that glucocorticoids and catecholamines have profound dose-dependent 

enhancing effects on long-term memory of emotionally arousing events associated with 

PTSD. 

Evidence of catecholamine dysregulation in post-traumatic stress disorder (PTSD) has 

been associated with exaggerated behavioural, cardiovascular, and biochemical 
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responses (Kent et a/., 2002; Southwick et a/., 1997). It has been suggested that 

alterations in noradrenaline (NA), epinephrine and serotonin (5-HT) may have relevance 

for symptoms commonly seen in survivors with PTSD, including hypervigilance, 

exaggerated startle, irritability, impulsivity, aggression, intrusive memories, depressed 

mood, and suicidality (Southwick et a/., 1999). Moreover, these biochemical and 

behavioural changes reflect a failure of the natural cut-off mechanisms following a 

stressful event, especially in the light of decreased cortisol in PTSD (Yehuda et a/., 

2000), resulting in an ongoing inappropriate biological stress response. To date, TDS 

has demonstrated changes in key biological stress response mediators, particularly 

monoamines (Harvey et a/., 2006), glucocorticoids (Harvey et a/., 2003) and 

GABAIglutamate (Harvey et a/., 2004a). 

Amorrg the various neurotransmitter systems, the role of the cholinergic system in 

stress has attracted special attention (Soreq, 2005; Smythe et a/., 1996; Gilad, 1987; 

Finkelstein et a/., 1985) although has not been studied to any great degree in PTSD. In 

this study muscarinic acetylcholine receptor (mAChR) densities in the hippocampus and 

frontal cortex were determined by performing radioligand binding studies using [ 3 ~ ] -  

ql~inuclidinyl benzylate ( [ 3 ~ ] - ~ ~ ~ )  as radio-active ligand (section 5.5). 

The ligand binding characteristics of muscarinic receptors in the above mentioned brain 

regions were determined following testing in the ASR and CTA experiments with the 

ultimate goal to link neurochemistry of the cholinergic system to results from the 

behavioural experiments. 

7.3.1 Muscarinic receptor binding densitylaffinity studies after ASR 

7.3.1 .I Introduction 

In order to determine the effects of a stress-restress procedure on the central 

cholinergic system, animals were decapitated immediately after final ASR testing on day 

14. The hippocampi and ,frontal cortices of each animal were removed as described in 

section 5.5.3.3) and muscarinic receptor binding assays were performed (section 

5.5.3.5). 
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7.3.1.2 Muscarinic acetylcholine receptor (mAChR) binding characteristics 

Although cholinergic pathways fulfill a pivotal role in the control of arousal (Karczmar, 

1 993) with an extensive presence in the hippocanipus, ,frontal cortex (McKinney & 

Jacksonville, 2005) and several other limbic regions (Millan et a/., 2003), there is a 

scarcity of reports specifically focusing on the response of muscarinic receptors to 

stress or anxious behaviour, and especially in the context of PTSD. 

Results from the mAChR binding experiments in the hippocampus revealed a significant 

increase in receptor density (Bmax) in the TDS group compared to the control group 

(figure 6.4). This significant elevation in muscarinic receptor density in stressed animals 

was also evident in the frontal cortex area (figure 6.5). 

Muscarinic receptors behave as dynamic structures and are differentially affected by 

various types of stressors (MysliveCek & Kvetfianskjl, 2006). The effect of chronic 

immobilization stress on mAChRs was reported to cause an increase in the number of 

mAChRs in the hippocarr~pus (Takayama et a/., 1987) as well as in the frontal cortex 

(Gonzalez & Pazoz, 1992). Another study using chronic immoblilization stress reported 

increased mAChRs in the hippocampus until 7 days post-stress (Finkelstein et a/., 

1 985). 

These findings are supported by a study where chronic exposure to cold stress (14 

days) decreased the acetylcholine (ACh) content and showed a compensatory increase 

in mAChR density in the hippocampus (Fatranska et a/., 1989). An acute session of 

forced swimming on the other hand, caused a decrease in mAChRs in the central 

nervous system (CNS) (Estevez et a/., 1984). 

This is consistent with the results in the CI-~rrent study showing an increase in mAChR 

density after TDS stress and a possible decrease in synaptic ACh. The differences in 

mAChR characteristics induced by different durations of stress (acute versus chronic 

stress) highlights the importance of constant reminding of tra.umatic experience as in the 

clinical situation of PTSD. 

Further studies that could assist in shedding more light on the results in this study 

include examining ,the effect of stressful stimuli on ACh levels in the hippocampus and 

frontal cortex. 
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Activity of frontal cortical and hippocampal cholinergic pathways are enha.nced in 

response to anxiogenic and stressful stimuli (table 3.1) (Millan et al., 2003). Mark and 

colleagues (1996) using niicrodialysis tecl-~iniques, demonstrated that inescapable 

stress selectively enhanced extracellular ACh release in rat hippocampus and frontal 

cortex. Significantly, ACh release increased even more when stress was intensified. 

Consistent with the above results, Day et a1 (1 998) demonstrated by using microdialysis 

techniques, that prenatally stressed rats as adults, showed greater release of 

hipocampal ACh when exposed to a mild stressor. 

In a study by Smith and colleagues (2006), both psychogenic and physical stresssors 

(e.g. immobilization, handling and tailpinch) significantly increased extracellular levels of 

ACh in the frontal cortex. Similar studies also reported an increase in ACh efflux within 

the frontal cortex as well as in the hippocampus (Gilad, 1987) as a result of 

immobilization stress (Mark et a/., 1996; Laplante et al., 2004). 

The link between mAChR density and ACh concentration can be explained by noting 

that receptor density is often directly related to functional efficacy by agonist stimulation 

(section 3.5.2.5.1). ACh is known to regulate the level of both nicotinic and muscarinic 

receptors in many systems (Honda et al., 1995). In general, agonist depletion tends to 

produce both an increase in receptor density and an increase in receptor 

responsiveness (Lee et a/., 2003; Federici et a/., 2002). Thus a long-term shift in 

receptor density is primarily the result of ongoing agonist stimulation at very high or very 

low levels. In the current study, a long-term increase in mAChR density was found 

which may be linked to a chronic diminution in ACh function following stress. This 

chronic diminution in ACh function could be a result of either a decrease in production 

and release of ACh, increased breakdown of ACh by AChE (Golomb, 1999), or 

neuronal depletion following long-term activation (Massey et al., 2001). 

A very important finding supporting the above regards the production of a distinct 

isoform of acetylcholinesterase (AChE-R) which occurs under conditions of stress 

(section 3.5.2.2.2) (Kaufer et al., 1998). The authors demonstrated that stress 

modulates cholinergic gene expression of the AChE-R which acts to reduce available 

ACh and to depress cholinergic neurotransmission in the period following stress. In 

addition, long-term shifts in receptor density may also be the result of specific brief co- 

ordinated events that affect receptor systems in a sustained fashion (section 3.5.2.5.1). 
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This molecular compensation would play a crucial role in brain activity and is reported to 

have long-term implications on cogr~ition and neuroanatomical pathologies (Kaufer et 

a/., 1998). 

Considering these explanations, it is possible to speculate that the increased density of 

mAChRs could be caused by a lowered ACh level in the specific brain areas studied. 

Although extracellular ACh levels were not measured in this particular study, other 

studies where both receptor density and ACh levels were determined predominantly 

suggest an inverse relationship between mAChR density and ACh concentration 

(Fatranska et a/., 1989; Tizabi et a/., 1989). It has indeed been demonstrated that 

chronic treatment with muscarinic drugs is accompanied by altered receptor 

conce~itration and altered responses to the drugs (Pullia et a/., 1996). Chronic 

treatment with agonists decrease brain muscarirlic receptor number and results in 

tolerance to the effects of the agonists (Marks et a/., 1987). On the contrary, antagonist 

treatment (Marks et a/., 1984) or depleted levels of the endogenous neurotransmitter 

(Fatranska et a/., 1989) induces an increase of receptor number and supersensitivity to 

agonists. It sho~~ ld  however, be noted that elevated ACh levels and increased mAChRs 

have also been reported as a consequence of ~~ncontrollable stress (Janowski et a/., 

1984). 

The Kd value is an indication of the concentration of drug at which 50 % of the receptors 

are occupied and refers to the affinity of a ligand for a certain receptor molecule 

(Waelbroeck et a/., 1986). No significant changes regarding affinity (Kd) were reported 

in the hippocampus or in the frontal cortex as determined after ASR testing (table 6.4), 

which indicates that TDS stress caused no noteworthy changes in the molecular 

properties of the receptors. These results are in accordance with a study by Gonzalez 

& Pazos (1 992) who reported no change in affinity after immobilization stress. 

As the animals were sacrificed immediately after final ASR testing in the startle 

chamber, ,the effect of this procedure on central ACh levels and subsequent effects on 

muscarinic receptors is important to consider. Although auditory stimuli, as used in the 

ASR experiment, is known to activate the cholinergic system and cause an increase in 

ACh in both the hippocarrlpus and frontal cortex (Inglis & Fibiger, 1995) (table 3.1), 

muscarinic receptor changes w o ~ ~ l d  not be influenced by 'this acute changes in ACh 



levels as plasticity changes involving receptor density are long-term changes (Scheler, 

2004). 

'rlie role of .the hypot halamic-pituitary-adrenal (H PA) axis in ,the stress response as 

major regulator in the rapid stress response has been highlighted throughout and, as 

mentioned above, ACh levels in the CNS are rapidly activated by stressful stimuli 

(Millan, 2003). Hormones of the HPA-axis, CRF and corticosterone, also affects 

arousal and cognition, processes that classically have been associated with forebrain 

cholinergic systems (Stenzel-Poor et a/., 1994). CRF microinjections induces an 

increase in plasma concentration of corticosterone and was found to increase 

concentrations of ACh in a dose-dependent manner in comparison with a control 

injection, suggesting that stress-induced changes in cholinergic function may be 

mediated by CRF (Day et al., 1998). Neurohormonal modulation of the cholinergic 

system is furthermore confirmed by activation of central cholinergic terminals in 

response to a large dose of corticosterone (Gilad, 1987). 

With respect to the above claims, it is proposed that a compensatory decrease in ACh 

concentration in the hippocampus and frontal cortex follows as a reaction to the spike of 

AChE release during stressful experience (i.e. TDS; Millan, 2003). In the lorlg-term, this 

is then accompanied by an increased production of mAChRs, as a compensatory 

mechanism. 

7.3.2 Muscarinic receptor binding densitylaffinity studies after CTA 

As with the ASR experiment, animals were decapitated within an hour after final 

presentation of the CS. Muscarinic receptor characteristics, after acute stress and 

stress-restress respectively, were determined after a 3 day- and a 7 day interva.1 

between CS-US pairing and final CS presentation (section 5.4.2.4). The same 

procedure was applied to a control group. 

Data were first assessed considering each group individually to examine the 

transformation of the receptor density (B,,) over time and thereafter mAChR 

characteristics were compared across groups. 



7.3.2.1 Changes in mAChR binding characteristics over time (3- versus 7 day 

interval) 

In both the hippocampus and frontal cortex, neither the acute stress (figures 5.1 6B & 

5.1 7B) nor the stress-restress (figures 5.1 7C & 5.1 7C) procedure caused any marked 

charlge in mAChR density over time, comparing the 3 day- to the 7 day interval. This 

was also the case in the control group (figures 5.16A & 5.1 7A). 

The relevance of these results is that the changes in receptor density that might have 

taken place through the course of the experiment is already present at 3 days after 

conditioning and undergoes no further change over time up to 7 days post-conditioning. 

There were also no changes in affinity in any of the groups (control; acute and TDS) 

from the 3 day- to the 7 day interval (table 6.5), indicating no changes in neuronal 

responsivity to the ligand [ 3 ~ ] - ~ ~ ~ .  

7.3.2.2 Changes in mAChR binding characteristics across groups 

Data from the same experiment was also expressed as corr~paring the mAChR 

densities, as measured after animals were subjected to acute stress and the TDS 

paradigm respectively, to the control group. This was done separately after each time 

interval (3- and 7 days post-conditioning) (figure 6.1 8-6.21). 

In tlie hippocampus, there were no significant differences in mAChR densities between 

the three groups at 3 days (figure 5.18) after CS-US pairing. 

Considering the 7 day interval (7 days after CS-US pairing), results proved to be similar 

to those found in the 3 day interval, unveiling no significant differences between the 

groups (figure 5.1 9). 

At first glance, this indicates that neither acute prolonged stress, nor acute stress plus 

restress (TDS), had a marked effect on mAChRs in this brain region. However, these 

data are at odds with those data described where mAChR binding was determined after 

ASR (section 6.3.1.2). 

Since TDS stress caused a significant elevation in mAChRs in the hippocampus in the 

ASR experiment but not in the CTA experiment, it could be possible that the 
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conditioning experience (CS-US) was the defining factor causing the divergence of 

results. Treatment with antidepressant drugs has been found to induce neuroreceptor 

charlges as soon as 3 days (Liebenberg, 2006). While it is speculative to attempt to 

extrapolate pharmacologically induced receptor changes to that evoked by stress, it 

tentatively suggests that the 3 days between conditioning and CTA testing may be 

enough time for receptor plasticity changes to be induced due to the novel experience 

of the pairing (CS-US) procedure. 

Muscarinic receptor densities in the cortex, however illustrates a much different picture 

compared to the hippocampus. In both the 3 day- (figure 6.20) and 7 day (figure 6.21) 

interval paradigms, mAChR density was significantly increased in the fronta.1 cortex area 

after TDS stress, which is in agreement with that noticed after ASR. 

Receptor binding studies indicated that the total number of muscarinic receptors in the 

,frontal cortex was increased by 44 % after the 3 day interval (figure 6.20), and by 48 % 

(figure 5.21) after the 7 day interval. 

On the other hand, the affinity of the muscarinic receptors remained essentially 

unchanged in both the hippocampus and the frontal cortex - with the Kd for [ 3 ~ ] - ~ ~ ~  

binding indicating no significant change at any time point (table 6.6). These results 

indicate ,that neither acute- nor TDS stress (stress-restress) caused molecular changes 

in receptor expression. 

As in section 6.3.1, this increase in mAChRs suggests that rats may adapt to a depleted 

ACh concentration in the frontal cortex by increasing the total number of muscarinic 

receptors rather than altering binding affinity (Scheler, 2004). 

Further discussions regarding mAChRs will include correlating these neurochen-~ical 

changes with the behavioural changes discussed in section 6.2. 

7.4 Correlation of neurochemical- and behavioural results 

Several reports have shown that cholinergic neurons in the brain are involved in 

learning and memory performance in humans (Everitt & Robbins, 1997) and animals 

(van der Zee & Luiten, 1999) as well as in locomotor activity (Day et a/., 1 991 ), arousal 

(Acquas et a/., 1996) and attention (Passetti et al., 2000). Supplementary to this, 



experiments have proven that both a decrease in ACh extracelll,llar levels (Pepue & 

Giovannini, 2006), as well as an increase in ACh levels (Acquas et a/., 1996; lnglis & 

Fibiger, 1995), are accomparlied by specific behavioural deficits. 

Having discussed the neurochemical and behavio~lral results separately, it is now 

important to link these two data sets in an attempt to further explain the results found in 

this study, and to relate these changes to PTSD. 

7.4.1 Acoustic startle response (ASR) and mAChR binding 

The differential effect of stress, specifically in a stress-restress design, was illustrated by 

the phenomenon that only a fraction (22.5 %) of the animals exposed to the stressor 

developed an abnormal response to acoustic stimuli (table 6.2b). 

In order to correlate the occurrence of an exaggerated startle response with the central 

cholinergic system, brain tissue (frontal cortices) of specific rats showing maladaptive 

behaviour in the ASR (section 6.2.1.1.2; c 35 % increase in startle amplitude from pre- 

to post-test) were used to perform muscarinic receptor binding assays. These results 

were compared to data of well-adapted animals (> 35 % decrease in startle amplitude 

from pre- to post-test) from the control group. Unfortunately, the hippocampi of these 

animals were damaged during preparation of the tissue and could not be used for 

analysis. 

From ,figure 6.2 it is clear ,that a significant increase in startle response accompanied 

prior exposure to TDS stress, indicating a state of increased arousal in these animals. 

The corresponding receptor binding results (figure 6.6) indicated a significant elevation 

in mAChR densities in the frontal cortex of the TDS animals compared to the well 

adapted control animals. There is .thus a clear correlatio~i between mAChR changes 

and behaviour when brain tissue (frontal cortices) of maladaptive animals were 

analyzed and compared to behavioural data. When results from these selected 

subjects are compared to the ASR (figure 6.1) and mAChR results (figure 6.5) of the 

total populations it is possible to conclude that neuro-chemical charlges are a 

consequence of the stressful experience, but is not necessarily displayed in behavioural 

assessments. 
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According to literature in section 3.5.2.2.2 the activity of hippocampal and cortical 

cholinergic system is enhanced during an exaggerated physiological response to 

anxiogenic stimuli (Millan, 2003). In addition, in section 7.3.1.2 it was also suggested 

that the increase in mAChRs in the hippocampus and frontal cortex found in the current 

study, c o ~ ~ l d  be caused by lowered ACh levels in the brain areas in question. Although 

ACh levels were not measured in the current study, an increase in the number of 

mAChRs have been correlated with lowered ACh concentration in various brain regions 

(Fatranska et a/., 1980, Tizabi et a/., 1989; Marks et a/., 1987). Moreover, prolonged 

over-expression of AChE in the CNS has been demonstrated as a result of stressful 

experience (Weeber et a/., 2000; Kaufer et a/., 1998). 

Raised levels of cortisol are a strong stimulant for raising levels of ACh (Mizuno & 

Kimura, 1997; Gilad, 1987). PTSD is often, but not invariably characterized by chronic 

lowered plasma cortisol levels (Baker et a/., 1999) and although corticosterone was not 

measured in this study, earlier work from our laboratory have confirmed that TDS stress 

induces a state of hypocortisolemia in rats (Harvey et a1,2003; 2006). It is thus 

suggested that following restress, ACh levels would follow a similar pattern with an 

immediate peak in response to a traumatic experience (ACh: Laplante et a/., 2004; 

corticosterone: Kanter et a/., 2001) followed by chronically lowered basal ACh 

concentrations thereafter, in line with the anticipated s~~ppression of circulating 

corticosterone (corticosterone: Kanter et a/., 2001 ; ACh: Fatranska et a/., 1989). 

Auditory stimuli as used in the ASR, induces an upsurge in ACh levels in both the 

hippocampus and frontal cortex (table 3.1) (Inglis & Fibiger, 1995). 'There is thus the 

possibility that the abundance in mAChRs in the cortex and hippocampus could cause a 

hyper-arousal effect when this sudden burst of ACh is reintroduced resulting from the 

intense auditory stimuli during the final ASR testing. Indeed, FSL rats, known for their 

cholinergic supersensitivity, demonstrate an increased responsiveness to stress 

(section 3.5.2.2.2) (Overstreet et a/., 1986). 

Another possibility involving the hippocampus, involves the ability of an overall 

enhancement of choli~iergic transmission in this brain region to give rise to an anxiolytic 

response (Degroot & Treit, 2002). This anxiolytic action could be a secondary action of 

the cholinergic system by inhibiting the excitability of the hippocampus. A depleted ACh 

concentration, as a consequelice of increased AChE, could thus lead to a failed 
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inhibition which would lead to hyper-excitability from the hippocampus and a lack of 

control in behavioural reaction to stimuli. 

Considering the binding data, an increase in mAChRs is suggested to be a 

consequence of prior exposure to TDS stress. This resulting increase in mAChRs co~lld 

originate froni various alterations in the cholinergic cascade of events and a lack of 

studies regarding the exact role of the cholinergic system in PTSD related behaviour 

substantially increases the value of this project. 

7.4.2 Conditioned taste aversion (CTA) and mAChR binding 

The effects of different stress designs on the central cholinergic system and memory 

were determined by decapitating the animals immediately after final CTA testing either 

on day 3 or day 7 post-conditioning. The hippocampi and frontal cortices of each 

animal were removed as described in section 5.5.3.3 and muscarinic receptor binding 

assays were performed (section 5.5.3.5). 

Unlike the limitation in knowledge concerning the potential role of multiple classes of 

muscarinic receptors in the response to, and the control of, anxious states (3.5.3.5.3), 

the role of mAChRs regarding cognitive functions are well documented (3.5.3.5.2) 

(Miranda et a/., 2003; Bymaster et a/., 1993). 

Tlie behavioural results from the CTA experinielits can be summarized in that prior 

exposure to acute stress demonstrated similar results as the control group regarding 

aversive memory in both time intervals (figures 6.14 & 6.15) as well as mAChR 

characteristics (figures 6.18 - 6.21). The stress-restress procedure on the other hand 

caused a significant decrease in aversive memory tested on 7 days post-conditioning 

(figure 6.15) with an additional increase in mAChRs in the frontal cortex (figures 6.20 & 

6.21) both 3- and 7 days post-conditioning. However, the mAChR density tested on the 

sanie days in the hippocampus was similar to that of the corltrol group (figures 5.18 & 

5.1 9). 

In section 7.3.1.2 the possibility was argued that an increase in mAChRs could be due 

to a depleted ACh concentration. The elevated mAChR densities found in the frontal 

cortex in the CTA studies c o ~ ~ l d  thus be due to low ACh levels in this brain area. 
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It is generally believed that low ACh levels in the hippocampus and frontal cortex are 

involved in memory impairment (Kasa et a/., 1997). Memory impairment as a 

consequence of a deficiency in ACh conce~~tration in the hippocampus and frontal 

cortex has been illustrated as tested in water-maze acquisition (Leanza et a/., 1995), 

delayed matching (Leanza etal., 1995) and nonmatching to position tasks (McDonald et 

a/., 1997) as well as object discrimination (Vnek et a/., 1996) and various other spatial 

working memory tasks (Shen etal., 1996). CTA memory however represents a different 

type of memory related to aversion (associational memory) (Fornari et a/., 2000). 

Cholinergic activity in the gustatory neocortex (a region in the frontal cortex) is 

significantly implicated in CTA memory (Yamamoto et a/., 1994) and muscarinic 

inhibition in this brain area consistently disrupts aversive memory in the CTA model 

(Naor & Dudai, 1996). The role of the hippocampus in CTA learning is a matter of 

dispute at present as a variety of evidence indicates that the hippocampus does not 

play a role in CTA memory (Purves et a/., 1995; Yamamoto et a/., 1995). More recent 

evidence however, shows that hippocampal inactivation improves taste learning in the 

CTA paradigm (Stone et a/., 2005). 

Microdialysis experiments conducted by Muir (1996) deterrrlined that cortical ACh 

increases when demands on attentional processing are high. Since the increased 

mAChR density in the frontal cortex may be due to lowered ACh levels, it is in 

accordance with further literature stating that cholinergic activity is important for 

attentional processing ,that is central to the memory-related aspects of ,threat-related 

stimuli and associations (Berntson et a/., 1998). 

In summary, mAChR concentration was elevated at the time that CTA merrlory was 

impaired following TDS stress (stress-restress) and inadequate ACh stimulation would 

thus explain the impaired memory the animals illustrated on CTA testing. 

Disruption of hippocampal ACh activity involves the irrlpairment of choice accuracy in 

short-term memory tests (Flicker et a/., 1983) and deficits in a T-maze performance 

(Rawlins & Olton, 1982) which is in contradiction with the findings regarding 

hippocam pal inactivation and CTA learning (Stone et al., 2005). 

In the current study, mAChRs are unchanged at both test days after acute stress as well 

as the stress-restress procedure (figures 6.18 & 6.19), which eliminates the 
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hippocampus from being responsible for the corresponding impairment in CTA memory. 

'The findings in the current study suggest that the role of the hippocampus might be 

lil'l-~ited to short-term working- and spatial-memory tasks and is not involved in memory 

associated with CTA. This finding is supplemented by Naor & Dudai (1 996) who 

studied the effects of microinjected cholinergic ligands into the hippocampus on CTA 

memory. This research showed that although cholinergic transmission in the 

hippocampus is involved in odor aversion and potentiation of odor aversion by taste 

aversion, it has no significant role in CTA. In the same study cholinergic lesioning in the 

frontal cortex casused a marked decrease in CTA learning (Lopez-Garcia et a/., 1993). 

Another study showed that lesioning in the hippocampus had essentially no effect on 

the acquisition of CTAs, whereas maze learning was significantly impaired by these 

lesions (Yamamoto et a/., 1 995). These results are additional evidence suggesting that 

hippocampal neurons do not play an irr~portant role in the acquisition of CTAs or 

association of CS with US, but are concerned more with relating previous contextual 

experiences to the taste aversion, such as its novelty or familiarity, and whether it is 

safe or dangerous. The influences from other neurotransmitter systems implicated in 

hippocampal functions should however not be excluded as possible modulators of CTA 

memory. 

The receptor binding results from the ASR and CTA experiments differed in that the 

hippocampus showed a significant elevation in mAChRs after ASR testing (figures 6.4), 

while hippocampal mAChR underwent no alteration when assessed after the CTA 

experiment. The defining factor would therefore have to be the conditioning (CS-US) 

experience which is a component in the CTA paradigm. 

This possibility is aided by table 3.1 which confirms that cholinergic activity in the 

hippocarr~pus is involved in various processes including working and spatial memory, 

cross mazes, various stressors (restraint, chronic), attention and contextual fear 

conditioning. CTA memory is however based on the encoding of a novel taste as CS 

and the hippocampus is not implicated in this type of learning (table 3.1). Rather the 

frontal cortex, especially the insular gustatory cortex, is believed to be responsible for 

CTA memory (section 4.3.1.2.3). This could explain the difference in mAChR changes 

between the two brain regions. 
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In summary, cholinergic activity in the hippocampus is not involved in CTA learning, but 

is still influenced by the stressful experience, as has been proven in the ASR 

experiment, while the hippocampus is known to be susceptible to stress (Wolf et a/., 

2002). Secondly, it is still possible that the hippocarrlpus is in-~plicated in the acquisition 

of CTA memory, but this involvement rrlay not necessarily include the cholinergic 

system. 

Although the cholinergic system is involved in CTA memory and is indeed implicated in 

the stress response, this study confirms ,the complexity of merrlory and how it is affected 

by different stressors with a distinct role for regional ACh pathways in the hippocarrlpus 

and frontal cortex. 



Anxiety is a key concept in psychopharmacology and as anxiety disorders grow in 

worldwide prevalence, it is becoming increasingly important to determine the 

neurobiology of these disorders in order to advance understanding and improving 

treatment. PTSD in particular is one such anxiety disorder that is characterized by poor 

treatment-outcomes as a consequence of a "trial and error" approach to 

pharmacotherapy. This poor response to medication can be attributed to the high 

comorbidity with other psychopathologies (depression, alcohol abuse etc) and the 

implication of psychotropic medications working on a wide variety of neurotransmitters 

in the disease. While many clinical and pre-clinical studies have brought a lot of focus 

onto the traditional mediators of the behavioural stress response, especially the 

monoamines such as NA, 5HT and DA, while also emphasizing the important role of the 

HPA-axis, precious little is known of the role or importance of the cholinergic system in 

the disorder. 

Animal models have become central to our understanding of the neurobiology of 

neuropsychiatric illnesses. Earlier work in our laboratory has established a putative 

animal model of PTSD that emphasizes trauma and re-experience as being important 

criteria in studying the impact of an acute severe emotional trauma on the brain. 

Using the TDS model, this study has provided new behavioural evidence of the face 

validity of this model, demonstrating 'that TDS stress can be used to induce changes in 

ASR that resembles the pattern of long-term stress-induced changes in arousal 

associated with PTSD, as well as inducing cognitive impairment regarding learning 

experience outside the realm of the memory of the initial traumatic experience, such as 

in PTSD. The study has furthermore confirmed a role for the central cholinergic system 

in the stress response as well as its involvement in the abovementioned behaviours that 

are cohesive with our current understanding of the syrr~ptomatic presentation of PTSD. 
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The following primary and secondary conclusions have been developed as a 

result of this study: 

I )  TDS stress causes changes in the cholinergic cascade leading to an 

increase in muscarinic acetylcholine receptors (mAChRs) in the 

hippocampus and frontal cortex and these neuro-chemical changes are 

displayed as increased arousal in a susceptible population of animals. 

la) A differential response to trauma, a close parallel to that observed in PTSD, was 

confirmed by the fraction of the exposed population of animals that retained long- 

term (14 days) behavioural changes in ASR following exposure to TDS stress. 

2) Impaired aversive memory (CTA) is a consequence of prior exposure to 

TDS stress, but not acute stress, and is mediated by an altered central 

cholinergic transmission displayed as an increase in mAChRs in the frontal 

cortex, suggesting that the constant reminding of the initial trauma is a key 

factor in the progression of PTSD. 

2a) TDS stress may substitute for an US in the CTA test for aversive memory, such 

that pairing of TDS with a CS is associated with the phenomenon of 

triggering (CS) a flashback (US) in the clinical setting of PTSD. 

26) The cholinergic-hippocampal system does not appear to play a role in the 

aversive memory impairment associated with TDS stress. 

When considering the vast amount of evidence supporting as well as opposing various 

theories regarding cholinergic involvement in the stress response and PTSD, one fact is 

unwavering: the central cholinergic system has a distinct role in the field of 

neuropharmacology, especially in cognitive and affective features often associated with 

various mental ailments. 

This work further presents a solid foundation from which further research could be 

conducted to move one step closer in unraveling the complexities of the human brain 

and to understand the disorders that afflict it. 
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Benefits and suggestions for future work 

Benefits of the current study 

Selection of animals 

From the perspective of future studies using animal models of PTSD, the present 

project supports the concept of developing methods to distinguish between animals 

prone to developing maladaptive responses to stressors from animals that are well- 

adapted, and to investigate the biological basis for this susceptibility. 

Further research is needed to establish criteria for selecting maladapted animals from a 

population exposed to a stressor in an animal model of PTSD. 

TDS stress as US in a CTA paradigm 

The concept of a trigger as a reminder of previous traumatic experience, as in the 

human disorder, should be investigated using TDS stress as an US with the CS as 

reminderltrigger of previo~~s traumatic event. This will provide new information on the 

longitudinal course of PTSD and its development. 

Drug intervention involving manipulation of cholinergic mechanisms is ,further suggested 

as a novel attempt at attenuating trauma-related memory brought on by subsequent 

triggers. 

Limitations and suggestions for future studies 

Habituation of the ASR 

The number of trials used to establish habituation in this study proved to be inadequate 

to display significant changes in habituation to acoustic startle. In order to contribute to 

the face validity of the -rDS model, a specially designed habituation experiment is 

suggested using the ASR response as assessment. Here one would use an ASR 
t 

session extending over 100 trials and re-expose the subject to the startle session over 



the course of a few days. As PTSD is characterized by non-habituation to startle 

stimuli, this COI-lld be used to add to the face validity of the PTSD model as a predictor of 

non-habituation. 

The role of restress in the CTA paradigm (TDS stress as US) 

In the present study, TDS as US effectively induced CTA by its pairing with the CS. 

However, the restress procedure, acting as a reminder of the aversive experience, had 

no significant impact on strengthening of aversive memory. Further studies should 

include a similar experiment in the absence of a restress procedure in order to confirm 

the role of the reminder on aversive memory. 

Taking the above concept further, subsequent second, third and fourth re-stressors and 

their effect on CTA should be considered, as these will provide an indication on whether 

subtle cues representing associative rerr~inders of the initial trauma will perpetuate the 

behavioural and biochemical changes noted in the model. 

Acetylcholine assay 

An important objective in this project was to correlate the regional mAChR binding data 

to extracellular ACh levels. However, a reliable and reproducible consistent LCMS 

assay method could not be developed in time. Further studies including the 

measurement of ACh levels after several time intervals post acute stress in relevant 

brain areas would be a valuable extension to this work, providing additional detail that 

would contribute to our understanding of the neuronal circuits underlying the diverse 

physiological actions of ACh in psychological trauma. 

Pharmacological intervention 

Cholinergic active drugs have long been known to have marked effects on brain 

function, including depressogenic as well as hallucinogenic actions. Pharmacological 

investigations were ear-marked for this s,tudy, but again time did not allow this. 

Nevertheless, to further confirm the causal role of ACh in PTSD, the effects of 

cholinergic-active drugs on the behaviours and biochemical parameters assessed in this 

study should be performed. To this end, physostigrnine may be used as an inhibitor of 

ACh metabolism to mimic the effects of elevated ACh levels, while a blocker of 
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muscarinic receptors, such as scopolamine, could be used to diminish the effect of ACh 

in the brain. 

Similarly, tlie effect of drugs used clinically to treat PTSD, such as the SSRlls and their 

effects on the above-mentioned cholinergic markers, should be studied, i.e on regiona.1 

mAChR and ACh levels. This will add to the predictive validity of the observations, and 

indeed of the TDS model as a whole. 
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