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|ABSTRACT| 

Post-traumatic stress disorder (PTSD) is a severe anxiety disorder affecting cognitive 

function. 1 in 4 individuals exposed to a life-threatening event may develop PTSD, 

which is characterised by symptoms of hyperarousal, avoidance and intrusions. 

Although treatment is effective in most cases, the response is far from satisfactory. It 

is now clear that novel drug treatment and a better understanding of the neurobiology 

of PTSD are necessary if we are to realise a better response and treatment outcome 

in these patients. Glutamatergic pathways play an important role in cognition, while 

recent studies have emphasized a causal role for glutamate in PTSD, and of the 

potential value of glutamate receptor modulators in treating the disorder. Stress-

related elevation in glutamate exerts detrimental effects on cognition, especially via 

activation of the N-methyl-D-aspartate (NMDA) receptor, and has been implicated in 

PTSD associated cognitive deficits. Recently, the cr-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)-type glutamate receptor has been found to exert a 

modulatory action on NMDA receptor function. Ampakines are positive allosteric 

modulators of the AMPA receptor, and have demonstrated beneficial effects in 

animal models of learning as well as antidepressant action, and to improve short-

term memory in humans. The aims of this study were firstly to study the effects of the 

ampakine, Org 26576, on spatial memory performance in healthy male Sprague-

Dawley rats. Secondly, since PTSD is associated with pronounced deficits in 

cognition, we studied the ability of Org 26576 to modify stress-evoked spatial 

memory deficits in rats subjected to single prolonged stress (SPS), a putative animal 

model of PTSD. In both cases, neuroreceptor studies were performed to determine 

any relationship between hippocampal and cortical NMDA receptor binding 

characteristics and effects on spatial memory performance. 
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After exposure of the animals to either normal handling or SPS conditions, spatial 

memory performance was assessed using a 5 day memory acquisition and 

consolidation protocol in a modified version of the Morris water maze (MWM). 

Experimental and control groups both received either saline (1 ml/kg i.p.) or Org 

26576 at incremental doses of 1, 3 or 10 mg/kg intraperitoneally twice daily for 12 

days. Separate groups of animals were used for the neuroreceptor studies, except 

that behavioural testing was not performed. 24hrs after drug treatment 

discontinuation, the animals were sacrificed and frontal cortex and hippocampus 

removed for NMDA receptor binding analysis. 

In normal rats, Org 26576 3 mg/kg and 10 mg/kg exerted a short-lasting reduction in 

escape latency on day 1, but which lost prominence over the subsequent training 

days. Org 26576 1, 3 and 10 mg/kg, however, significantly improved spatial memory 

retrieval on day 5. No changes in frontal cortical or hippocampal NMDA receptors 

were observed. Contrary to expected, rats subjected to SPS failed to express 

noteworthy deficits in spatial memory as previously described. Treatment of SPS-

exposed animals with Org 26576 did not significantly alter spatial learning evident in 

SPS animals on day 1 of acquisition training, as well as on subsequent training days. 

Org 26576 1 mg/kg increased spatial memory retrieval compared to the unstressed 

saline control, but not compared to the SPS group. Org 26576 only at a dose of 1 

mg/kg decreased cortical, but not hippocampal NMDA receptor density (Bmax) in SPS 

animals versus unstressed but not saline treated SPS animals. No changes in 

receptor affinity (Kd) were noted. 

Org 26576 therefore improves early initial spatial learning in healthy rats, but exerts a 

lesser effect on memory consolidation over the remainder of the training period. 

However, Org 26576 significantly improves retrieval of spatial memory without 

simultaneous changes in frontal cortical and hippocampal NMDA receptor binding. 

Org 26576 thus may benefit both short-term and long-term memory processes in 

normal animals without effects on limbic NMDA receptor binding, and provides a 

rationale for testing in conditions that present with cognitive disturbances. However, 

the SPS model failed to engender marked deficits in spatial memory performance; 
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this result ultimately complicated the interpretation of the combined stress-drug 

treatment studies. Studies in healthy animals therefore conclude that Org 26576 is an 

effective agent to enhance long-term memory processes and should be investigated 

further for its possible application in disorders of cognition. Although the value of Org 

26576 in an animal model of PTSD were inconclusive, further studies in SPS and 

other PTSD models, as well as models of relevance for schizophrenia, Alzheimer's 

disease and depression, are encouraged. 

Keywords: AMPAkine, AMPA receptor, frontal cortex, hippocampus, learning, 

memory, Morris water maze, NMDA receptor, Org 26576, PTSD, SPS 
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OPSOMMINC^ 

Posttraumatiese stresversteuring (PTSV) is 'n erge angsversteuring wat kognitiewe 

werking be'i'nvloed. 1 uit 4 individue wat 'n lewensbedreigende ervaring gehad het, 

kan PTSV ontwikkel met simptome soos hiperopgewektheid, ontwyking en intrusies. 

Hoewel behandeling in die meeste gevalle effektief is, is die respons glad nie 

bevredigend nie. Nuwe middels en 'n beter begrip van die neurobiologie van PTSV is 

nodig as ons 'n beter respons en uitkoms op die behandeling van hierdie pasiente wil 

bereik. Glutaminergiese wee speel 'n belangrike rol in kognisie, terwyi onlangse 

studies die oorsakende rol van glutamaat in PTSV en die moontlike waarde van 

moduleerders van die glutamaatreseptor vir die behandeling van die versteuring 

beklemtoon het. Toename in die vlakke van glutamaat vanwee stres oefen veral deur 

aktivering van die N-metiel-D-aspartaat (NMDA)-reseptor 'n nadeling effek op 

kognisie uit. Onlangs is gevind dat die <7-amino-3-hidroksi-5-metiel-4-

isoskasoolpropionsuur (AMPA)-tipe glutamaatreseptor 'n modulerende effek op die 

NMDA-reseptor uitoefen. Ampakiene is positiewe allosteriese modulatore van die 

AMPA-reseptor en toon in diermodelle goeie effekte op leer asook op depressie en 

verbeter korttermyngeheue in mense. Die doel van hierdie studie was eerstens om 

die effekte van die ampakien, Org 26576, op ruimtelike geheue van gesonde manlike 

Sprague-Dawley-rotte te bepaal. Omdat PTSV met uitgesproke gebreke in kognisie 

gepaardgaan, het ons tweedens die vermoe bestudeer van Org 26576 om 

gebrekkige ruimtelike geheue by rotte, wat ontstaan het as gevolg van blootstelling 

aan eenmalige langdurige stress (ELS) te verbeter. ELS is 'n voorgestelde diermodel 

vir PTSV. In albei gevalle is neuroreseptorstudies gedoen om 'n verwantskap tussen 

NMDA-reseptorbinding in die hippokampus en korteks en effekte op ruimtelike 

geheue te bepaal. 

Na blootstelling van die diere aan of normale hantering of ELS-toestande is ruimtelike 

geheue beoordeel deur 'n protokol van leer en konsolidasie oor 5 dae deur 'n 
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gemodifiseerde weergawe van die Morriswaterdoolhof (MWD) te gebruik. 

Eksperimentele en kontrolegroepe het albei of soutoplossing (1 ml/kg ip) of Org 

26576 teen inkrementele dosisse van 1, 3 of 10 mg/kg ip twee keer per dag vir 12 

dae gekry. Afsonderlike groepe diere, waarop gedragstoetse nie gedoen is nie, is vir 

die neuroreseptorstudies gebruik. 24 uur na staking wan die middels is die diere 

gedood en die frontale korteks en hippokampus vir ontleding van NMDA-

reseptorbinding verwyder. 

In normale rotte het Org 26576 teen 3 en 10 mg/kg op dag 1 'n kortstondige afname 

in ontsnapvermoe veroorsaak, maar hierdie effek het in die daaropvolgende dae 

verminder. Org 26576 teen 1, 3 en 10 mg/kg het ruimtelike geheue op dag 5 egter 

beduidend verbeter. Geen veranderings in NMDA-reseptore in die korteks of 

hippokampus is waargeneem nie. Anders as verwag, het rotte wat aan ELS 

blootgestel was, geen noemenswaardige gebreke in ruimtelike geheue vertoon soos 

voorheen beskryf is nie. Behandeling van diere met Org 26576 na ELS het ruimtelike 

leer wat op dag 1 en daaropvolgende dae van opleiding sigbaar was, nie beduidend 

be'i'nvloed nie. Org 26576 teen 1 mg/kg het ruimtelike geheue verbeter vergeleke met 

soutoplossing sonder ELS, maar nie vergeleke met die ELS-groep nie. Org 26576 

het slegs teen 'n dosis van 1 mg/kg NMDA-reseptordigtheid (Bmaks) in die korteks 

verlaag, maar nie in die hippokampus nie van ELS-diere teenoor ongestresde diere, 

maar nie die wat soutoplossing gekry het nie. Geen verandering in reseptoraffiniteit 

(Kd) is waargeneem nie. 

Org 26576 verbeter vroee ruimtelike leer dus in gesonde rotte, maar het 'n swakker 

effek op geheue in die res van die opleidingsperiode. Org 26576 verbeter ruimtelike 

geheue egter beduidend sonder gelyktydige veranderings in NMDA-reseptorbinding 

in die frontale korteks en hippokampus. Org 26576 kan korttermyn- en 

langtermyngeheue in normale diere dus verbeter sonder effekte op limbiese NMDA-

reseptorbinding en verskaf 'n toetsmodel vir toestande van kognitiewe versteurings. 

Die ELS-model kon egter geen merkbare gebreke in ruimtelike geheue veroorsaak 

nie; dit het die interpretasie in die studie van stres saam met behandeling 

gekompliseer. Studies met gesonde diere het dus aangetoon dat Org 26576 'n 
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effektiewe middel is om langtermyngeheue te verbeter en kan verder vir moontlike 

gebruik vir versteurings in kognisie ondersoek word. Hoewel die waarde van Org 

26576 in 'n diermodel van PTSV twyfelagtig is, word verdere studies met ELS en 

ander PTSV-modelle, asook modelle van beiang vir skisofrenie, Alzheimer se siekte 

en depressie aangemoedig. 

Sleutelwoorde: AMPAkien, AMPA-reseptor, frontale korteks, hippokampus, leer, 

geheue, Morhswaterdoolhof, NMDA-reseptor, Org 26576, PTSV, ELS 
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CHAPTER"!] 

pNra.ODUCIION| 

1. Problem Statement 

Post-traumatic stress disorder (PTSD) is a disorder that may follow a life-threatening 

event and is categorized as an anxiety disorder according to the Diagnostic and 

Statistical Manual of Mental Disorders - 4th Edition Text Revision (DSM-IV-TR), 

published by the American Psychiatry Association (APA, 2000). Natural disasters 

(Liu, 2008), war (Cardozo et al., 2004, Turner et al., 2003), motor vehicle accidents 

(Kessler et al, 1995) or any kind of sexual, physical or emotional abuse (Kaminer et 

al., 2008) can lead to PTSD. Traumatic events can have long-term physiological 

and/or psychological sequelae (Ray, 2008) that persist long after the passing of the 

emotional stressor. PTSD, together with phobias are the most common psychiatric 

illnesses (Becker et al., 2007; Michael, et al., 2007; Yehuda, 2002) and the lifetime 

prevalence for PTSD is between 1.3% and 7.8% (Davidson, et al., 1991; Kessler, et 

al., 1995). Studies have shown Vietnam veterans and female rape victims have 

higher lifetime prevalence for PTSD of around 30% (Kulka et al., 1990; Resnick et al., 

1993). It is important to note that not everybody exposed to a traumatic event will 

develop the chronic symptoms of PTSD (Breslau et al., 1998). Indeed, between 20-

30% (Green, 1994) of traumatised patients go on to develop PTSD, such that the 

mechanisms of resilience versus susceptibility have become the focus of many 

studies on the neurobiology of PTSD. Apart from the broad symptoms of anxiety and 

avoidance, PTSD is also associated with diverse cognitive impairments (Bremner, 

2005; Vasterling et al., 2002), including increased fear memory related to the trauma 
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(Michael et al., 2005; Rothbaum & Davis, 2003) but diminished explicit memory 

function (Weber et al., 2005; Elzinga & Bremner, 2002). 

Despite evidence for a possible causal role of monoamines and altered hypothalamic 

pituitary stress axis function in PTSD, the illness remains highly treatment resistant. 

Consequently, there is a need for improved drug treatments coupled with deeper 

knowledge of the neurobiology of PTSD. 

Pre-clinical and clinical studies have highlighted the important role for glucocorticoids 

in the stress response and indeed in the development of PTSD (Baker et al., 1999; 

Liberzon, et al., 1999a; Yehuda et al., 2000). However, PTSD has been associated 

with raised (Liberzon et al., 1999b), unchanged (Baker et al., 1999) as well as low 

cortisol (Yehuda et al., 2000) which has complicated the acceptance of a simple 

glucocorticoid hyperfunction hypothesis. What is very clear is that glucocorticoids 

exert a profound effect on cognitive performance (Het et al., 2005). Yehuda found 

PTSD patients to have low cortisol levels in the presence of high catecholamines 

(Yehuda, 1997), giving rise to the idea that low cortisol levels mediates the lack of 

control on monoamine and other responses in PTSD patients, leading to symptoms 

of hyperarousal and cognitive changes. 

Glucocorticoids are involved in the stress-related activation of noradrenaline in the 

hippocampus, prefrontal cortex and amygdala (Ferry et al., 1999). The noradrenergic 

system, on the other hand, acts as the arousal and alerting system of the body and 

plays an important role in the amygdala where it is involved in conditioned fear 

responses and facilitation of fear memory retrieval (Nemeroff et al., 2006; Debeic & 

LeDoux, 2004). The natural response of the body to acute stress is the release of 

noradrenaline in the corticolimbic regions (Cecchi et al., 2002). Regions of the brain 

involved in integrating the response to anxiety, i.e. hippocampus, amygdala, cortex, 

periaquaductal gray (PAG), hypothalamus and all corticolimbic regions are highly 

innervated with noradrenergic pathways (Tanaka et al., 2000; Schatzberg & 

Schildkraut, 1995). However, noradrenaline and adrenaline play a central role in the 

stress-induced activation of the HPA-axis (Herman et al., 2003; Ziegler & Herman, 
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2002), suggestive of a positive loop between the two. The brainstem noradrenergic 

system, particularly the locus coeruleus (LC), is the main innervating pathway to the 

paraventricular nucleus (PVN), which in turn produces corticotrophin-releasing factor 

(CRF) responsible for the release of adrenocorticotrophic hormone (ACTH). The LC 

is activated by stressors and is responsible for the modulation of the hypothalamic-

pituitary-adrenal (HPA) axis response to stimuli (Douglas, 2005). Hyperarousal 

symptoms are presumably the cause of sensitization of noradrenaline (Southwick et 

al., 1997). Maladaptive noradrenergic responses to stress may contribute to the 

aetiology of stress-related psychiatric disorders such as PTSD, depression and other 

anxiety disorders (Sullivan et al., 1999; Schatzberg & Schildkraut, 1995). Evidence 

for the crucial role for noradrenaline in the development of PTSD is the evidence that 

administering beta-adrenoceptor blockers, such as propranolol shortly or immediately 

after the traumatic event may significantly reduce the development of the illness 

(Pitman etal., 2002). 

Dopamine (DA) has a central role in the encoding of memories for arousing, stressful 

and fearful memories (Southwick et al., 1999).The high density of DA D1 receptors 

and high dopaminergic innervations in the prefrontal cortex (PFC) is crucial for 

working memory function (Lidow et al., 1991). Optimal DA levels are crucial for 

functional working memory performance with hypo- or hyperdopamine levels 

resulting in cognitive and working memory impairments (Mattay et al., 2000). The 

dopaminergic pathways in the mesolimbic region play an important role in fear and 

anxiety states (Millan, 2003), with elevated dopaminergic levels associated with 

PTSD symptoms such as emotional numbing and hypervigilance (Bremner, 1999). 

There is also evidence that decreased dopaminergic activity in the frontal cortex 

plays a role in how the person develops effective coping strategies to dealing with 

trauma (Harvey et al., 2006; Pezze & Feldon, 2004; Pani et al., 2000), contributing to 

hyper-vigilance and greater susceptibility to trauma. Furthermore, dopamine 

transporter single nucleotide polymorphisms have been documented in PTSD 

(Segman et al., 2002), further contributing towards a causal role in the illness. DA 

has also been associated with anxiety and depression (Mathews et al., 1980; McCrae 
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& Costa, 1989; McCraken et al., 1992), which are very often co-morbid with PTSD 

and as such complicate its adequate treatment and outcome. 

The role of serotonin in anxiety and stress-related disorders is well-established, 

especially given the wide-spread clinical use of serotonergic agents in illnesses like 

general anxiety, panic, depression, PTSD and obsessive compulsive disorder (Graeff 

et al., 1997). The development and function of the serotonergic regulatory system 

and the HPA-axis are interconnected (Laplante et al., 2002), being extremely 

sensitive to any early adverse lifetime experience (Weinstock, 2001). Clinical studies 

have revealed that offspring of anxious or depressed mothers have a higher risk for 

developmental of neurobehavioral (Field et al., 2004a) and physiological 

disturbances (Field et al., 2004b). The serotonergic system is involved in anxiety 

regulation (Klaassen, 2002) and therefore considered in the pathophysiology of 

cognitive impairments associated with PTSD. Animals exposed to restraint stress or 

electric shocks have shown increased serotonin (5-HT) turnover in the prefrontal 

cortex, nucleus accumbens, amygdala and lateral hypothalamus (Inoue et al., 1994). 

Activation of 5-HT2A receptors in the hippocampus and amygdala generate the 

anxiogenic effect of 5-HT, while the expression of aversive events is subdued by 

activation of hippocampal 5-HT1A receptors (Graeff et al., 1993). 5-HT1A and 5-HT2A 

receptor expression are under direct control of stress and glucocorticoids (Lopez et 

al., 1998). Chronic stress has been found to mediate a decrease in 5-HT-IA and 5-

HT2A receptors in the hippocampus and cerebral cortex respectively (Watanabe et 

al., 1993), while serotonin release seems to be differently released following acute 

stress and re-stress, being enhanced in the hippocampus immediately post trauma, 

but suppressed following exposure to a reminder of the prior stressor (Harvey et al., 

2006). Importantly, serotonin released in the hippocampus following stress (Hajos-

Korcsok et al., 2003) has been linked to the further release of the excitatory 

transmitter, glutamate, which has been causally related to hippocampal atrophy in 

PTSD (Sapolsky, 2000b). 
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PTSD patients are more vulnerable to experience atrophy of the hippocampus as a 

combined result of heightened release of glutamate (Yehuda, 1998) and increased 

hippocampal glucocorticoid receptor sensitivity (Sapolsky, 2000b). Glucocorticoids 

selectively increase glutamate levels in this brain region causing hippocampal 

damage and further elevation of glutamate levels (Sapolsky, 2000a). The 

hippocampus is important for its regulation of glucocorticoid release through its 

inhibition of the HPA-axis (Bremner et al., 1999). Damage to the hippocampus will 

therefore disrupt the negative feedback onto the HPA-axis and increases the 

exposure of the hippocampus to further toxic levels of glucocorticoids (Sapolsky, 

2000a, b). Deficits in declarative memory and reduced hippocampal volume, as 

shown by magnetic resonance imaging (MRI), have been related to excessive 

release of cortisol over a long period of time (Starkman et al., 1992). Consequently, 

stress and the ensuing release of glucocorticoids and glutamate may lead to 

excitotoxic effects on hippocampal neurons (Sapolsky, 2000a), eventually leading to 

damage and shrinkage of the hippocampus. Recent work has now begun to consider 

the value of using HPA-axis and glucocorticoid modulators in the treatment and 

prevention of PTSD, including glucocorticoid antagonists (Yan et al., 2002; Wolff et 

al., 1993) as well as cortisol itself (Aerni et al., 2004; Schelling et al., 2004). 

Glutamates, and particularly the N-methyl-D-aspartate (NMDA) receptor, have in 

recent years been found to play a significant role in the aetiology of PTSD (Chambers 

et al., 1999). The NMDA receptor plays an important role in the memory process, 

with over-stimulation of the NMDA receptor leading to the formation of deeply rooted 

emotional memories (McCaslin & Oh, 1995). However, deficiency of glutamate-

NMDA signalling that may follow incapacitation of the hippocampus with long

standing PTSD is also associated with compromised memory performance, 

especially of explicit memory functions relating to short-term and spatial memory 

capabilities. The NMDA receptor also plays a role in fear extinction (Ledgerwood et 

al., 2003, 2004, 2005), also compromised in PTSD leading to ongoing fear-driven 

memories. 
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The NMDA receptor is a member of the ionotropic family of glutamate receptors, 

such that sustained activation leads to excessive Ca2+ release that directly 

contributes to cell toxicity and cell death (Tymianski et al., 1993; Olney et al., 1977). 

However, glutamate receptors comprise three other families, viz. cr-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA), kainic acid (KA; Hollmann & Heinemann, 

1994) and metabotropic (mGlu) receptors (Du et al., 2004; Zarate et al., 2003). The 

physiological and clinical importance of these receptors has in recent years received 

a great deal of interest. One important result of this work has been the realization that 

the AMPA and NMDA receptors enjoy a closely knit relationship (Michaelis, 1998), 

especially with AMPA receptors involved in recruiting voltage-gated NMDA receptor 

ion channels (Tanaka et al., 2000), while repetitive NMDA receptor activation results 

in increased AMPA receptor trafficking within the membrane (Shi et al., 1999; Song 

and Huganir, 2002). This mutual interaction represents an important component in 

long-term potentiation (LTP) and the laying down of memory (Granger et al., 1993; 

Staubli et al., 1994). The benefits of this mutual interaction provide a possible means 

of addressing a long-standing problem in psychotropic drug development, namely 

how to rationally utilize glutamate signalling as a drug target. Targeting NMDA 

receptors as a pharmacological approach to treating neuropsychiatric illnesses that 

involve excessive glutamatergic activity has met with many problems due to the 

severity of side effects that full antagonism of these receptors is associated with 

(Wong et al., 1986; Anis et al., 1983). This has prompted the idea that targeting 

AMPA receptors may be an alternate approach to bolster/maintain normal functioning 

of the NMDA receptor without evoking excessive glutamatergic activity or under 

activity. 

Animal models are useful in studies of neuropsychiatric illnesses. The animal models 

are designed to simulate human disorders under controlled circumstances, observing 

symptoms associated with the disorder as they develop and to use these as a means 

to study novel drug treatments (Yehuda & Antelman, 1993) Different animal models 

have been designed to reflect the core symptoms of a human disorder. A robust 

animal model of PTSD should therefore be able to reflect long-term biological and 
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behavioural changes following a relatively short stressor (Yehuda & Antelman, 1993). 

However, conditioned responses by animals towards stimuli related to the trauma 

should not be the only response created by the model. Animals should be sensitized 

by the trauma so that subsequent stimuli unrelated to the original trauma will provoke 

an excessive behavioural or physiological response (Charney et al., 1993; Pitman et 

al., 1993). Animal models are categorized in order to meet this criteria, but also to 

address issues of validity, specifically face (similarity of behavioural response to that 

seen in the human disorder), predictive (similar response, or not, to typical drug 

treatments used in the human disorder) and construct (close association between the 

underlying neurobiology between the animal model and the human disorder) validity. 

Brief exposure to electric shocks, encountering a predator or odour of a predator and 

combinations of different stressors in a single session such as single prolonged 

stress (SPS) and time-dependent sensitization (TDS) are examples of models used. 

In this project, the SPS model will be used and is described below. 

2. Project Aims 

Since PTSD presents with diverse cognitive changes, as has been alluded to earlier, 

but especially a decrement in explicit memory performance (e.g. spatial memory), 

this study will evaluate the role of AMPA-NMDA receptor interactions during cognitive 

processing of a spatial memory task, firstly in unstressed healthy animals and then in 

animals that have undergone prior exposure to SPS. SPS will be applied as 

previously described by Takahashi et al (2006) and Kohda et al (2007). 

Given the exciting prospects for AMPA receptor directed therapy in stress-related 

disorders such as anxiety (Da Cunha et al., 2008) and depression (Mackowiak et al., 

2002), we have initiated the first pre-clinical study evaluating the possible benefits of 

AMPA receptor modulation in an animal model of PTSD. Ampakines are molecular 

compounds that bind to AMPA receptors, without agonist or antagonist effects, 

potentiating AMPA receptor transmission. In the present study, the effects of Org 
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26576 (generic name withheld for proprietary reasons, refer to section 4 - General 

points for full explanation) on spatial memory performance in healthy and stressed 

animals will be studied using a dose response analysis. 

Considering the important role of NMDA and AMPA receptors in cognition, and 

particularly that these two receptors are mutually interactive with regards glutamate 

signalling, stress evoked changes in NMDA receptor binding in the frontal cortex and 

hippocampus will be determined in normal healthy animals following treatment with 

various doses of Org 26576, viz. 0 (saline), 1, 3 and 10 mg/kg administered for 12 

days. This will be done in order to more closely relate drug dose to behavioural and 

neuroreceptor change. Thereafter, these same dosages will be applied in a similar 

dose response manner to animals exposed to SPS in order to determine whether 

changes in NMDA receptor binding are associated with any abilities of the ampakine 

to reverse stress-induced spatial memory deficits following exposure of the animals 

to SPS. The same spatial memory and neuroreceptor parameters will be assessed. 

3. Project Layout 

3.1. Animal models of PTSD 

Two existing animal models of PTSD, viz. TDS (Harvey et al., 2003) and SPS (Kohda 

et al., 2007), have been found to evoke a marked suppression of spatial memory 

performance in the Morris water maze. In earlier work, we had demonstrated that 

SPS and TDS evoke qualitatively different behavioural and neuroendocrine 

responses (Harvey et al., 2006). For this study, only SPS will be used as previously 

described (Kohda et al., 2007). Once a dose response is established in non-stressed 

animals, the SPS model will be used for all subsequent ampakine dose-response 

studies and associated effects on behaviour and regional brain neuroreceptor 

changes. 
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3.1.1. Single prolonged stress (SPS) 

In the SPS model, animals are exposed to a prolonged session of acute stress 

involving sequential exposure to restraint, underwater stress and exposure to ether 

vapours (see Khan & Liberzon, 2004; Liberzon et al., 1997; Takahashi et al., 2006; 

Harvey et al., 2006; Kohda et al., 2007). The animals are either left undisturbed for 

another 7 days (Liberzon et al., 1999a; Takahashi et al., 2006), with biobehavioural 

determination performed on day 14, or biobehavioural tests are performed on or after 

day 7 post SPS (Yamamoto et al., 2008; Imanaka et al., 2006; Kohda et al., 2007). 

For the purposes of this study, all biobehavioural tests will be carried out on day 7 

post stress. 

3.1.2. Morris water maze (MWM) and spatial memory 

The MWM is used to study pathological processes and the effect of drug treatment 

response in the laying down and expression of spatial learning and memory in 

rodents (Brandeis et al., 1989; McNamara & Skelton, 1993). In this paradigm, the 

animals are learned to navigate a swimming pool that contains a submerged platform 

by using spatial navigational cues surrounding the pool (Morris, 1981). After a series 

of training sessions over a period of days, the animals will show a reduced latency in 

locating the platform, unless spatial memory is compromised by a pathological 

process, such as stress, or a drug that has been administered. However, just as 

spatial memory can be adversely affected by pharmacological means; it can also be 

bolstered by appropriate drug treatment. Such an agent may have particular 

importance as a novel drug candidate for the treatment of disorders of cognition, 

such as Alzheimer's disease, depression and as emphasized in the present study, 

PTSD. This study will examine both possibilities, namely whether the ampakine can 

bolster normal Morris water performance in rats, and whether it can do so in animals 

prior exposed to a PTSD-like paradigm. 
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4. General points 

The study was performed at North-West University (NWU), School of Pharmacy, 

Pharmacology Department in collaboration with an international pharmaceutical 

company. The names of the company and the compound used for the study have 

been withheld for confidentiality reasons, a request made by the aforementioned 

company, until all the experimental data and discussion have undergone internal 

company review. Please note the following points from the legal agreement between 

the NWU and the undisclosed pharmaceutical company: 

Article 4 - Confidentiality 

4.1 NWU agrees to maintain the Confidential Information in the strictest 

confidence and will ensure that: 

(i) the Confidential Information will be used only for the purpose of the 

research undertaken on the Material; 

(ii) the Confidential Information will not be disclosed to any third party; and 

(iii) that researchers, employees and (sub)contractors (as applicable) will 

only be given access to the Confidential Information on a need to know 

basis. 

The publication of the data in any form, including a dissertation, thesis or congress 

presentation, is prohibited until it has been approved by the company. Such approval 

will be undertaken after examination of the dissertation, but prior to its publication. 

The company has given permission to submit the dissertation in article format to the 

three examiners, under the following conditions: 

• The name of the company or compound must not be mentioned. 

• No reference to either the company name or the compound name is made. 
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The dissertation will be written and submitted in the article format for 

thesis/dissertation submission, as approved by the North-West University. The article 

format consists of an introductory chapter, a literature overview chapter and one 

chapter (Chapter 3) containing a full length article for submission to a peer-review, 

accredited neuroscience or pharmacology journal, followed by subsequent chapters 

or addendums not intended for publication. The article chapter will be prepared in the 

house-style and instructions to the authors of the selected journal. The manuscript 

will begin with the title, contributing authors and affiliations on a separate page, 

followed by an Abstract and a list of keywords. Thereafter the main body of the 

manuscript will follow including Introduction, Methods, Results, Discussion, 

Acknowledgements, Bibliography and Legends to Figures. As per the journal 

submission format, all figures are provided at the end of the paper and annotated as 

Figure 1 onwards, with Tables annotated in roman numerals and similarly placed at 

the back of the manuscript. 

5. Hypothesis and expected results 

We hypothesize that SPS will result in NMDA receptor binding changes and that this 

will be associated with spatial memory deficits in rats. Chronic treatment with Org 

26576 may indeed have beneficial effects on spatial memory in unstressed animals, 

possibly involving regional hippocampal and cortical NMDA receptor changes. Org 

26576 should significantly attenuate stress-induced memory deficits in stressed 

animals, together with associated changes of NMDA receptors in the above-

mentioned brain regions. 
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1. Introduction 

Post-traumatic stress disorder (PTSD) is a severe anxiety disorder that may follow a 

traumatic event. Characteristics of PTSD include hyperarousal, avoidance, intrusions 

and cognitive dysfunction, while recent studies have noted that if not adequately 

treated, the disorder gets progressively worse over time (Johnsen et al., 2002). Brain 

imaging studies in patients with PTSD have indicated that the illness is associated 

with atrophy of the hippocampus, a brain region especially important in regulating the 

stress response and that also is critical in working/declarative memory function 

(Bremner, 1999; Elzinga & Bremner, 2002). Evidence has suggested that the severity 

of memory dysfunction in PTSD is correlated with the degree of hippocampal 

shrinkage (Bremner, 1999), while successful drug treatment is associated with 

improvements in both pneumonic function and return of hippocampal volume to 

control values (Vermetten et al., 2003). PTSD can be directly or indirectly related to a 

state of disorganized memory. Importantly, general declarative memory functions as 

well as explicit information about the trauma are compromised while at the same time 

non-declarative memory relating to involuntary recollection of the trauma is bolstered 

(Elzinga & Bremner, 2002). 

Pre-clinical and clinical studies have highlighted the important role for glucocorticoids 

in the stress response and indeed in the development of PTSD (Baker et al., 1999; 

Liberzon et al., 1999a; Yehuda et al., 2000). However, PTSD has been associated 
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with raised (Liberzon et al., 1999b), unchanged (Baker et al., 1999) as well as low 

cortisol (Yehuda et al., 2000) which has complicated the acceptance of a simple 

glucocorticoid hyperfunction hypothesis. While there remains uncertainty as to 

whether hippocampal shrinkage reflects a consequence of stress, or whether a 

smaller hippocampus predisposes to PTSD (Gilbertson et al., 2002), the undeniable 

evidence for regional brain shrinkage in PTSD has been instrumental in 

strengthening the glucocorticoid hypothesis of PTSD, this especially since stress-

evoked hypercortisolemia mediates the release of the excitotoxic transmitter, 

glutamate (Sapolsky, 2000b). This has raised a great deal of interest in the putative 

role of neurodegenerative mechanisms in PTSD, especially of cell-survival mediators 

linked to over-stimulation of the glutamate N-methyl-D-aspartate (NMDA) receptor. 

Earlier pre-clinical (Harvey et al., 2004a; Adamec et al., 1998) as well as clinical 

(Heresco-Levy et al, 2002; Chambers et al., 1999; Dawson & Dawson, 1995) studies 

have indicated not only the involvement of the NMDA receptor in PTSD, but also of 

the promise that the NMDA receptor may hold as a novel and useful pharmacological 

target in treating the disorder. However, the complex composition and regulation of 

the NMDA receptor (see Huggins & Grant, 2005 for review) has complicated the 

development of safe and effective drug candidates. The NMDA receptor complex is a 

tetramer with two NR1 and two NR2 subunits (Dingledine et al., 1999). Glycine or D-

serine bind to the NR1 subunit and glutamate binds to the NR2A/B subunit. NMDA 

receptor activation requires binding of glutamate and glycine/D-serine (Paoletti & 

Neyton, 2007). Simultaneous depolarization of the ion-channel by AMPA or kainate 

receptors, thereby relieving the Mg2+ block, will result in NMDA receptor ion channel 

opening and the influx of Na+ and Ca2+ and the efflux of K+. The NMDA receptor 

complex also has two binding sites within the ion channel, namely the sigma (a) site 

binding Mg2+ and the phencyclidine (PCP) site (Du et al., 2006). These multiple 

regulatory sites provide various options for pharmacological manipulation of NMDA 

receptor function. However, the manner of NMDA receptor regulation requires careful 

consideration. 
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Thus, for example, dizocilpine (MK-801; Wong et al., 1986) and PCP (Anis et al., 

1983), which fully block NMDA receptors through binding in the ion permeation 

channel (Mori et al., 1992; Kashiwagi et al., 2002), prevent further physiological 

functioning of the NMDA receptor gated ion channel, such that the cells are deprived 

of essential Ca2+ entry needed for normal neuronal functioning. The result is that 

these agents are troubled by serious side effects that preclude their general clinical 

use. Adverse effects include hallucinations, central nervous system (CNS) 

depression and coma; possibly even death (Lipton & Chen, 2004). Moreover, 

excessive NMDA blockade can also induce neurodegeneration of pyramidal neurons 

(Olney et al., 1999; Olney & Farber, 1995) through excessive release of glutamate 

(Moghaddam et al., 1997; Adams & Moghaddam, 1998), leading to cognitive and 

behavioural disturbances (Olney & Farber, 1995; Moghaddam et al., 1997; Adams & 

Moghaddam, 1998). Memantine, on the other hand, only blocks the channel under 

conditions of excessive NMDA-ion channel opening (Bormann, 1989; Blanpied et al., 

1997), such that physiological glutamatergic activity essential for normal neuronal 

functioning is allowed to continue. This property makes the drug much less toxic and 

thus more clinically usable (Lipton & Chen, 2004). Consequently, memantine has 

found use in neurological disorders characterized by excessive glutamate activity, 

such as Alzheimer's disease (AD; Cosman et al., 2007). Another promising approach 

to NMDA receptor modulation is through partial agonism. The antituberculosis drug, 

D-cycloserine, acts as a partial NMDA receptor agonist, cross-reacting with the 

glycine site in the NMDA ion channel (Hood et al., 1989). In this way, in the presence 

of low glycine levels, D-cycloserine facilitates NMDA receptor functioning with up to 

60% of the efficacy of glycine or D-serine, while NMDA receptor functioning might be 

reduced by between 40% and 50% when glycine binding is maximal (Emmett et al., 

1991; Hood et al., 1989; Watson et al., 1990). Indirect stimulation of the high affinity 

glycine binding site of the NMDA receptor complex therefore represents a less 

problematic way of enhancing NMDA glutamate receptor function (D'Souza et al., 

1995). 
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Recently, preclinical and clinical studies have suggested that modulation of the 

NMDA ion channel by targeting the zinc binding site within the channel has important 

psychotropic actions in animals and humans. Indeed, zinc has antidepressant actions 

in humans and similar actions in animals (Nowak, 2001; Nowak et al., 2005). This 

action may, along the same lines as the above-mentioned NMDA channel 

modulators, have potential in treating other neuropsychiatric illnesses involving 

excessive glutamate function. However, no studies to date have investigated the 

value of zinc in treating PTSD. Considering the above, it can be concluded that 

NMDA receptor modulation by targeting zinc, using open-channel blockers, or by 

indirect stimulation of the high affinity glycine binding site, are attractive mechanisms 

for targeting the NMDA receptor. 

However, glutamate receptors comprise three other families, namely a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainic acid (KA; Hollmann & 

Heinemann, 1994) and metabotropic (Du et al., 2004; Zarate et al., 2003) receptors 

{refer to figure 1), the physiological and clinical importance of which are now 

becoming clear. Of importance here is that AMPA and NMDA receptors enjoy a 

closely knit relationship (see Rao & Finkbeiner, 2007 for review; Michaelis, 1998), 

such that targeting AMPA receptors may be an alternate approach to bolster/maintain 

normal functioning of the NMDA receptor without evoking excessive glutamatergic 

activity. One such approach that has recently been developed are the ampakines, 

compounds that potentiate AMPA transmission without having agonist or antagonist 

effects at the AMPA binding site (Suppiramaniam et al., 2001; Lynch & Gall, 2006). 

Rather, these allosteric modulators act by enhancing AMPA-receptor-mediated 

neurotransmission by reducing desensitization of the ion channel (Lynch & Gall, 

2006) such that following the release of glutamate; they stabilize the receptor in its 

channel-open state. This prolongs current flow through the receptor complex leading 

to an enhanced and sustained synaptic response (Lynch & Gall, 2006) resulting in 

the strengthening of NMDA receptor activity (Tanaka et al., 2000; Tomita et al., 

2005). 
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Figure 1: Subtypes of giutamate receptors, indicating subunit composition and ligand binding 
sites (Meador-Woodruff & Kleinman, 2002). 

Using ampakines as a pharmacological treatment modality for PTSD, or any other 

neuropsychiatric disorder, implies that they will be used to increase giutamate activity 

in conditions where hypoglutamatergia prevails. However, depression, and possibly 

PTSD, has been more associated with increased giutamate activity, requiring that 

pharmacological treatment attenuates rather than bolsters function at glutamatergic 

synapses (Skolnick 1999; Berman et al., 2000; Zarate et al., 2003). Considering that 

ampakines essentially bolster NMDA receptor activity, the use of positive AMPA 

receptor allosteric modulators to treat PTSD would seem to be contradictory. 

Nevertheless, ampakines have demonstrated antidepressant-like effects in rodents 

using the forced swim test and tail suspension test (Bai et al., 2001; Li et al., 2003), 

while they too have shown synergistic effects with clinically effective antipsychotics in 

the treatment of schizophrenia (Johnson et al., 1999). Importantly, ampakines are 

able to stimulate memory-dependent processes in animals (Rivadulla et al., 2001). 

Since cognitive disturbances are an important component of depression, this action 

may contribute to their antidepressant effects. Although not yet established, this 

same action may offer benefit in treating the cognitive disturbances evident in PTSD. 
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The AMPA receptor is also involved in anxiety, with antagonists of this receptor found 

to possess anxiogenic-like effects (Karcz & Liljequist, 1995). More importantly, 

ampakines have been shown to increase the levels of brain-derived neurotrophic 

factor (BDNF) in vitro (Legutko et al., 2001) and in vivo (Mackowiak et al., 2002; 

Dicou et al., 2003). Stress, and indeed depression, has been associated with a 

reduction in BDNF possibly via the actions of dysregulated cortisol, while 

antidepressant treatments are known to reverse these effects (Nibuya et al., 1995; 

Chen et al., 2001). Increases in BDNF are now more and more being realized as a 

critically important molecular mechanism of action of antidepressants (Alt et al., 

2006). 

Attempts to reconcile the antidepressant effects resulting from NMDA receptor 

blockade and/or AMPA receptor potentiation have led to the hypothesis that perhaps 

the effects of NMDA receptor block may at least partly be mediated by indirect 

enhancement of glutamatergic tone at AMPA receptors, which exerts a subsequent 

"toning down" of NMDA receptor function. Indeed it has been shown that pre-

treatment with NBQX [2,3-dihydroxy-6-nitro-7sulfamoyl-benzo(F)quinoxaline], an 

AMPA receptor antagonist, attenuates both NMDA receptor antagonism-induced 

antidepressant-like behaviour and regulation of GluR1 AMPA receptor 

phosphorylation (Maeng et al., 2008). These same authors conclude that NMDA 

antagonists might exert rapid antidepressant-like effects by enhancing AMPA relative 

to NMDA throughput in critical neuronal circuits. This evidence strongly suggests that 

ampakines may represent a novel approach to treating depression, but also other 

mental illnesses characterised by deficits in cognition. The remainder of this chapter 

will discuss the growing importance of glutamate in stress-related disorders, with 

special interest in the development, clinical presentation, neurobiology and treatment 

of PTSD. 
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2. Characteristics of PTSD 

PTSD is an anxiety disorder affecting cognitive function, with intrusive memories 

considered as the hallmark symptom (Holmes, Grey, & Young, 2005). The main 

characteristics of PTSD are discussed below. 

2.1. Intrusions 

Individuals with PTSD experience symptoms like flashbacks, nightmares or feelings 

of distress when they encounter reminders of the traumatic event (APA, 2000). 

Flashbacks occur when memories of the trauma recur causing distress to the patient. 

The re-experiencing symptoms often result in patients seeking psychological help 

(Steil & Ehlers, 2000). In PTSD, traumatic re-experiencing is reconsolidated into 

memory, such that intrusive recollections of the trauma persist long after the initial 

trauma (Brewin, 2001; Michael et al., 2005 a, b). These intrusions are also often 

sensory cues related to the original trauma, e.g. petrol fumes, smoke, alarm whistles, 

metallic taste etc. These sensory cues take the form of visual, auditory, olfactory and 

gustatory "flashbacks" that enhance fear memory consolidation (Brand et al., 2008). 

2.2. Hyperarousal 

High levels of anxiety cause specific symptoms of PTSD, including irritability, 

outbursts of anger, concentration problems, disrupted sleeping patterns and 

increased startle (APA, 2000). The sympathetic nervous system (SNS) is activated 

during stress and its arousal results in increased heart rate and respiration, raised 

blood pressure, dilated pupils and cold, pale skin. 
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2.3. Avoidance 

PTSD patients avoid thinking about the traumatic event and reminders of the event 

are avoided. Decreased concentration and amnesia are also experienced (APA, 

2000). 

2.4. Cognitive impairment 

PTSD is characterized by cognitive impairment and in particular working memory 

dysfunction (Weber et al., 2005). Working memory is defined as short-term or recent 

memory. This system stores and manages information required to carry out complex 

cognitive tasks such as learning, reasoning and comprehension (Baddeley, 1998). 

Persistent interference by traumatic memories may be the reason for the poor 

performance of PTSD patients in working memory tests (Vasterling et al., 1998, 

2002). 

3. Diagnostic criteria for PTSD 

Individuals exposed to a life-threatening event and that go on to develop symptoms 

of intrusions, hyperarousal and avoidance are candidates for the diagnosis of PTSD. 

The American Psychiatry Association has revised the diagnostic criteria for PTSD in 

the fourth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-

IV-TR). The diagnostic criteria, as described below, have been reproduced from the 

DSM-IV-TR (APA, 2000): 
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DSM-IV-TR Criteria forPTSD 

A. The person has been exposed to a traumatic event in which both of the following were 

present: 

• the person experienced, witnessed, or was confronted with an event or events that involved 

actual or threatened death or serious injury, or a threat to the physical integrity of self or 

others. 

• the person's response involved intense fear, helplessness, or horror. 

B. The traumatic event is persistently re-experienced in one (or more) of the following ways: 

• recurrent and intrusive distressing recollections of the event, including images, thoughts, or 

perceptions 

• recurrent distressing dreams of the event 

• acting or feeling as if the traumatic event were recurring (includes a sense of reliving the 

experience, illusions, hallucinations, and dissociative flashback episodes, including those that 

occur on awakening or when intoxicated) 

• intense psychological distress at exposure to internal or external cues that symbolize or 

resemble an aspect of the traumatic event 

• physiological reactivity on exposure to internal or external cues that symbolize or resemble an 

aspect of the traumatic event 

C. Persistent avoidance of stimuli associated with the trauma and numbing of general 
responsiveness (not present before the trauma), as indicated by three (or more) of the 
following: 

efforts to avoid thoughts, feelings, or conversations associated with the trauma 

efforts to avoid activities, places, or people that arouse recollections of the trauma 

inability to recall an important aspect of the trauma 

markedly diminished interest or participation in significant activities 

feeling of detachment or estrangement from others 

restricted range of affect (e.g., unable to have loving feelings) 

sense of a foreshortened future (e.g., does not expect to have a career, marriage, children, or 

a normal life span) 
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D. Persistent symptoms of increased arousal (not present before the trauma), as indicated by 

two (or more) of the following: 

• difficulty falling or staying asleep 

• irritability or outbursts of anger 

• difficulty concentrating 

• hypervigilance 

• exaggerated startle response 

E. Duration of the disturbance (symptoms in Criteria B, C, and D) is more than 1 month. 

F. The disturbance causes clinically significant distress or impairment in social, occupational, 

or other important areas of functioning. 

4. Aetiology of PTSD 

Aetiology is the study of the causes or origin, as well as the factors which produce or 

predispose toward a disorder or disease. 

The primary causal factor for PTSD is the exposure to a life-threatening traumatic 

event. However, evidence for neurobiological deficits may be present in individuals at 

risk of PTSD (Gurvits et al., 2000). It has for example been suggested that a smaller 

hippocampus, rather than stress-induced hippocampal shrinkage, may play a more 

prominent role in developing PTSD (Gilbertson et al., 2002). Similarly, a causal role 

for glucocorticoids and a malfunctioning hypothalamic-pituitary-adrenal (HPA)-axis in 

PTSD are widely accepted, although its exact contribution remains an area of intense 

research (Baker et al., 1999; Liberzon et al., 1999a; Yehuda et al., 2000). Aversive 

memories are also believed to play an important role in the pathology and 

symptomatology of PTSD (Brewin, 2001; Michael et al., 2005a, b), contributing to 

repeated re-experiencing of the event. 
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5. Quality of life in PTSD 

The impact of an anxiety disorder influences not only the general well-being of the 

patient, but also the patient's social activities (Cuthbert, 2002; Yehuda, 2002). A 

study by Leserman and colleagues found that patients seeking medical help, 

specifically for pelvic pain, often have a history of a lifetime trauma (Leserman et al., 

2006). Indeed, a definite correlation exists between physical health problems of the 

patient and symptoms of hyperarousal and avoidance (Woods & Wineman, 2004). 

Comorbidity, or the presence of one or more disorder/disease in addition to the 

primary disorder, is common amongst individuals with PTSD. Irritable bowel 

syndrome (IBS) is a very common gastro-intestinal problem, with about one-third of 

PTSD patients diagnosed with the syndrome (Dobie et al., 2004; Irwin et al., 1996). 

Sleep disorders too are highly prevalent in PTSD. In fact 50% to 70% of PTSD 

patients experience disturbed sleeping patterns (Leskin et al., 2002), with 40% to 

50% of PTSD patients experience insomnia (Ohayon et al., 2000). Affective 

disorders, anxiety disorders, depression, alcohol (Brady et al., 2000b), and substance 

abuse are frequently associated with PTSD patients (Kessler et al., 1995; Breslau et 

al., 1998; Creamer et al., 2001). Major depression is comorbid in 30% to 50% of 

patients suffering from PTSD (Shalev, 2001). 

6. Pathophysiology of PTSD 

Pathophysiology is the study of functional changes associated with or resulting from 

a condition, for instance PTSD. 

Structural brain changes, especially of the hippocampus, is one of the main functional 

changes caused by increased levels of glucocorticoids and repeated stressful 

situations (McEwan, 2000; Sapolsky, 1992). Imaging studies have established 

functional relationships between the hippocampus, amygdala and frontal cortex of 

individuals with PTSD (Shin et al., 2006; Bremner, 2005). Magnetic resonance 
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imaging (MRI) studies in PTSD patients following different forms of trauma have 

shown significant decreases in hippocampal volume (Villarreal et al., 2002; Stein et 

al., 1997; Bremner et al., 1997). Damage to the hippocampus will have a profound 

negative effect on the homeostasis of the stress response, particularly through 

disruption of negative feedback onto the HPA-axis resulting in increased exposure of 

the hippocampus to toxic levels of glucocorticoids (Sapolsky 2000a, b). The 

functional inability of an abnormal hippocampus may result in a maladaptive reaction 

to a stress response and development of PTSD over time. However, while some 

studies have described decreased hippocampal volumes (Bremner et al., 1995b; 

Stein et al., 1997), other studies did not (Pederson et al., 2004; Schuff et al., 2001). 

In fact, separate studies have concluded that a smaller hippocampus may predispose 

to the development of chronic PTSD (Gilbertson et al., 2002; Bonne et al., 2001). 

Thus, hippocampal shrinkage may be a cause and not an effect of PTSD. 

However, other structural brain changes have been found in PTSD, including 

significantly smaller anterior cingulate cortex and amygdala volumes (Karl et al., 

2006). Functional neuroimaging studies in PTSD patients have revealed increased 

activity in the prefrontal cortex (PFC), amygdala and hippocampus (Francati et al., 

2007; Nemeroff et al., 2006; Hull, 2002). The increased activity of the amygdala has 

been associated with retrieval of aversive memories (Bremner, 2007) and enhanced 

activation of the sympathetic nervous system (McGaugh & Roozendaal, 2002). Thus, 

PTSD can be viewed as an illness of the limbic system, involving the hippocampus, 

hypothalamus, the amygdala and the PFC. Their neuroanatomy will be discussed 

below. 
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Neuroanatomy of PTSD 
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Figure 2: Anatomy of the human brain (top) and rat brain (bottom). (Genetic Science 
Learning Center, 2008). 

7.1. Limbic system 

The limbic system regulates survival behaviour and emotional responses, and 

includes various subcortical brain structures, but particularly the hypothalamus, 

hippocampus and amygdala. The endocrine system and autonomic nervous system 
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(ANS) are in close relationship with the limbic system, a diffuse area of the brain also 

known as the emotional brain due to its important contributions towards emotion, 

behaviour and long-term memory. Because of this association, disorders of the limbic 

system most often presents with anxiety, moodiness, irritability and clinical 

depression (Amen & Routh, 2003). The limbic brain structures are closely connected 

to the PFC, such that the limbic-cortical loop provides an important regulatory 

component over the expression of behavioural responses to environmental events 

(Grace, 2000). 

7.1.1. Hypothalamus 

The hypothalamus is responsible for integrating endocrine functioning, autonomic 

responses and behaviour (Saper, 1997; Swaab, 1997) via the hypophysis (pituitary 

gland). It secretes various releasing or inhibiting hormones to control anterior and 

posterior pituitary gland hormone secretion. These include corticotropin-releasing 

hormone (CRH), thyrotropin-releasing hormone (TRH), gonadotropin-releasing 

hormone (GnRH), growth hormone releasing hormone (GHRH), somatostatin and 

dopamine that together modulate various anterior lobe function, such as secretion of 

growth hormone (GH), adrenocorticotropin (ACTH), thyroid stimulating hormone 

(TSH), prolactin (PRL), luteinizing hormone (LH) and follicle stimulating hormone 

(FSH). On the other hand, antidiuretic hormone (ADH or vasopressin) and oxytocin 

(OXT) are secreted by the posterior pituitary after being synthesized by neurons in 

the supraoptic nuclei (SON) and paraventricular nuclei (PVN; Campbell, 2008). OXT 

inhibits the release of ACTH (Legros, 2001). 

The hypothalamus controls various central effects such as stress-related behaviour 

and mood, appetite, respiration and cardiovascular regulation (Lehnert et al., 1998). 

The hypothalamus is situated below the thalamus and above the brain stem 

(midbrain, pons, medulla oblongata and spinal cord) (refer to figure 2) where 

hypothalamic-releasing hormones are synthesized and secreted (Bartness et al., 
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2001; Buijs & Kalsbeek, 2001). CRH is one such hormone, and functions to regulate 

the anterior lobe of the pituitary gland. CRH stimulates the secretion of ACTH from 

the pituitary gland which acts on the adrenal cortices to produce glucocorticoid 

hormones, the most important being cortisol. The production of CRH and ACTH are 

inhibited by negative feedback actions of the glucocorticoids on the hypothalamus 

and the pituitary (Reul & de Kloet, 1985). Arginine vasopressin (AVP), expressed by 

a part of the CRH neurons in the hypothalamic paraventricular nucleus (PVN), 

strongly potentiates the release of ACTH (Gillies et al., 1982; Rivier & Vale., 1983). 

The increase of ACTH during acute stress is caused by CRH, while AVP is 

responsible for increased ACTH release in chronic stress (Scott & Dinan, 1998). 
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Figure 3: HPA-axis response to stress, indicating the negative feedback system mediated by 

peripheral cortisol on hypothalamic and pituitary function. (Adapted from Schimmer & Parker, 

2008). 

The HPA-axis controls the reactions to stress and regulates mood and emotion. The 

medial parvocellular region of the PVN controls the HPA-axis (Antoni, 1986; Whitnall, 

1993). Studies have shown PTSD patients have increased CRH levels in 

cerebrospinal fluid (CSF; Baker et al., 1999; Bremner et al., 1997b) while diurnal 

plasma cortisol levels are decreased (Bremner et al, 2003) indicating the presence of 

enhanced HPA-axis negative feedback. Chronic stress in animals results in the 
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inability of animals to terminate the glucocorticoid response to stress (Sapolsky et al., 

1984a, b) and a maladaptive feedback response of the HPA-axis by glucocorticoids 

(Young et al., 1990) {refer to figure 3). 

Stressful events have effects on several of the hypothalamic hormones contributing 

to the symptoms observed in PTSD. Song and co-workers revealed significantly 

higher serum GH and cortical levels amongst PTSD patients (Song et al., 2008). 

PTSD patients also have elevated plasma levels of AVP (De Kloet et al., 2008), 

which are correlated with avoidance symptoms in these patients. The secretion of 

PRL and OXT is also altered during stress (Freeman et al., 2000; Wotjak et al., 

2001), while the reproductive system too is suppressed; CRH prevents the release of 

hypothalamic luteinizing hormone-releasing hormones (LHRH) and LH-induced 

ovulation and sperm release is inhibited by cortisol and other glucocorticoid 

hormones. The testes and ovaries are directly inhibited by glucocorticoids, interfering 

with the production of male and female sex hormones (Swaab, 2003). 

7.1.2. Hippocampus 

The hippocampus is one of the most important brain structures for learning and 

memory (Burgess et al., 2002; Eichenbaum & Cohen, 2001) and is part of the 

forebrain, located in the medial temporal lobe (refer to figure 4a). The hippocampus 

is formed by two folded layers of neurons, the cornu ammonis (CA) and the dentate 

gyms (DG). The cornu ammonis is further divided into the CA1 and CA2/3 regions 

(see Yushkevich et al., 2008 for review). The hippocampus is important for memory 

functions such as encoding of declarative memory (specifically episodic memory) 

(Eichenbaum & Cohen, 2001). The hippocampus also plays a key role in both 

encoding and retrieval of long-term memory (Squire et al., 2004; Frankland & 

Bontempi, 2005). The hippocampus plays a time-limited role in the consolidation of 

new memories into stable long-term memory (Wittenberg & Tsien, 2002). Thus, in for 

example animals that have undergone training of a memory task, lesions of the 
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hippocampus made a day after training causes significant retrieval impairment, but 

when made weeks after learning, lesioning has no effect (Takehara et al., 2003). 

Figure 4: a) Location of the medial temporal lobe and b) the hippocampus and amygdala. 
(Medical Care Corporation, 2008; Posit Science Corporation, 2008). 

As has been alluded to earlier, PTSD is associated with atrophy of the hippocampus 

with consequent memory deficits, such as fragmentation of memories and trauma 

related amnesia (Elzinga & Bremner, 2002). The hippocampus contains a high 

concentration of glucocorticoid receptors (GR) and mineralocorticoid receptors (MR) 

regulating the HPA-axis by glucocorticoid negative feedback (Herman et al., 2005; 

Jacobson & Sapolsky, 1991). Hippocampal damage is associated with disruption of 

this negative feedback system and an increased exposure of the hippocampus to 

toxic levels of glucocorticoids (Sapolsky 2000a, b). Lupien and colleagues (1998) 

revealed that hippocampal atrophy was associated with higher basal cortisol levels 

and a greater increase of cortisol levels over time (Lupien et al., 1998). 

Cortisol levels are at its lowest between 20:00 and 02:00, increasing as time 

progresses until the highest level is reached shortly after awakening. Cortisol levels 

decrease during the day in the absence of external stressors (Pruessner et al., 1997). 

GR's are involved in the recovery after stress and enables the system to respond to 

future encounters; any deviation from this natural rhythm will mean excessive GR 

receptor exposure during periods normally associated with lower circulating cortisol 
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levels (De Kloet & Derijk, 2004). The MR/GR dual receptor system is crucial for 

maintaining homeostasis during stress responses through the regulation of the HPA-

axis negative feedback system (De Kloet, 2000). Dysfunctioning of these receptors 

during stress will result in disruption of the homeostasis and may result in psychiatric 

disorders such as depression (Sapolsky, 2000b; Yehuda, 2001). MR's are activated 

at low levels of glucocorticoids and are associated with stress-induced hippocampal 

changes and impairment of neurogenesis (Gass et al., 2000). The sensitivity of GR's 

are increased in the presence of low cortisol levels, resulting in enhanced negative 

feedback and further lowering of cortisol levels (Yehuda, 2003) (refer to figure 3). 

Cognitive performance is remarkably compromised by excessive glucocorticoids (Het 

et al, 2005; Sauro et al, 2003), and mediated by their atrophic effects on the 

hippocampus (Lupien et al., 1998). For example in patients with Cushing's disease, 

where plasma cortisol levels are very high, there is a significant degree of cognitive 

impairment as well as reduction in hippocampal volume (see Harvey et al, 2003 for 

review; Starkman et al., 1992). 

7.1.3. Amygdala 

The amygdalae are two almond shaped structures located on either side of the 

thalamus at the lower end of the hippocampus (refer to Figure 4b). The amygdala 

controls emotional memories (Phelps & LeDoux, 2005) and coordinates the response 

of the human body to fear (Ohman, 2005). The amygdala responds to emotional 

stimuli and sends impulses to the hypothalamus, activating the SNS (McGaugh & 

Roozendaal, 2002). 

The role of the amygdala in the formation and retrieval of aversive memories 

highlights its importance in the development of PTSD symptoms (Bremner, 2007; 

Shin et al, 2006). The amygdala modulates memory-related processing in the 

hippocampus and frontal cortex (Kilpatrick & Cahill, 2003; Richter-Levin & Akirav, 

2000), modulating consolidation of hippocampal-dependent memories through 
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activation of adrenergic receptors in the basolateral amygdala (McGaugh & 

Roozendaal, 2002). Studies of traumatic reminder exposure as measured with 

positron-emission tomography (PET) or single photon-emission computed 

tomography (SPECT) have revealed increased functioning of the amygdala in PTSD 

(Liberzon et al., 1999b; Shin et al., 2004; Rauch et al., 1996). A correlation between 

increased amygdala functioning and decreased medial prefrontal cortex (mPFC) 

functioning with traumatic reminders, indicates failure by the mPFC to inhibit the 

amygdala (Shin et al., 2004), possibly explaining the escalation in classical PTSD 

symptoms. 

7.1.4. Prefrontal cortex (PFC) 

The PFC is vital for working memory functions (Curtis & D'Esposito, 2003; Kane & 

Engle, 2002). The mPFC also plays an important role in inhibiting the amygdala, such 

that any impairment of the mPFC will lead to enhanced activation and functioning of 

the amygdala (Shin et al., 2004). Indeed, neuroimaging studies have shown 

abnormal working memory systems in PTSD patients (Shaw et al., 2002; Clark et al., 

2003) as well as impaired PFC functioning together with an overactive amygdala 

(Bremner, 2002). Exposure to stress increases catecholamines in the PFC (Goldstein 

et al., 1996), with NA-mediated stimulation of a1 receptors in the PFC resulting in 

impaired PFC functioning (Birnbaum et al., 1999). In agreement with this, the cr1 

adrenoreceptor inhibitor prazosin strengthens the inhibitory actions of the PFC on the 

amygdala and is effective in reducing PTSD symptoms, such as intrusive thoughts 

and flashbacks (Raskind et al., 2000, 2003; Taylor & Raskind, 2002; Taylor et al., 

2006). On the other hand, cr2A adrenoreceptor stimulation plays a role in cognitive 

enhancement (see Arnsten et al., 1996 for review). However, it is not only adrenergic 

signaling that plays a role in PFC functioning, but also glutamate, glycine, dopamine 

(DA), serotonin (5-HT) and acetylcholine (ACh), which all need careful consideration 

when studying the neurobiological basis of PFC function (see Arnsten & Robbins, 

2002 for review). 
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8. Stress response 

The limbic system functions in a close relationship with the SNS and parasympathetic 

nervous system (PNS). Indeed, patients with PTSD present with various anomalies of 

the autonomic nervous system, including increased skin conduction (measuring 

conductivity of sweat released upon emotional stimuli), increased heart rate, raised 

blood pressure and anxiety (Yehuda & Harvey, 1997). The limbic system responds to 

a traumatic threat by releasing various hormones including activation of the SNS, 

which serve to prepare the body for the fight or flight reaction (Rothschild, 1996). 

Acute stress activates the HPA-axis, resulting in the release of adrenaline and 

glucocorticoids from the adrenal gland (Jacobson & Sapolsky, 1991). These stress 

hormones not only are important in the immediate preparation of the body for dealing 

with the perceived threat, but also in the facilitation and consolidation of strong 

emotional memories in the hippocampus and amygdala (Reul & de Kloet, 1985). 

Figure 5: The pathways of fear (Dubuc, 2008). Refer to the text for a detailed description. 
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Stimuli received by the brain during a fearful event are directed to the thalamus {refer 

to figure 5). Information can now be sent via either the thalamo-amygdala pathway 

(short route; LeDoux, 1990) or the thalamo-cortico-amygdala pathway (long route; 

Adolphs, 2002; LeDoux, 1998). The thalamo-amygdala pathway is a sub-cortical 

pathway that provides a fast and rough impression of the situation without 

involvement of cognition. In this way, the amygdala is activated generating an 

emotional response before a full perception of the stimuli is performed (Armony & 

LeDoux, 2000). Information following the thalamo-cortico-amygdala pathway involves 

cortical cognitive processing of the event, and is aimed at distinguishing whether it is 

a real threat, before it reaches the amygdala (Adolphs, 2002). These two stimuli are 

then compared within the context of explicit memory stored in the hippocampus. The 

hippocampus encodes the context associated with prior aversive experiences 

(Dubuc, 2008). 

Abnormalities in any of these interactive brain structures may produce fear-related 

symptoms associated with psychotic and anxiety disorders (Rauch et al., 2000; 

Williams et al., 2004). Impaired PFC functioning, an overactive amygdala (Bremner, 

2002; Rauch et al., 2000) as well as deficits in the declarative memory process 

(Shaw et al., 2002; Clark et al., 2003) provide a unique neuro-anatomical basis for 

the bio-behavioural changes that are seen in PTSD patients. 

Chronic stress and prolonged exposure to elevated glucocorticoid levels and 

dysfunction of the HPA-axis are known to be contributing pathologies for major 

depressive disorder and PTSD (Reagan & McEwen, 1997). However, the manner of 

HPA-axis involvement is different, with depression characterised by a 

hypercortisolemia (De Winter et al., 2003), while PTSD appears ambiguous in this 

regard with raised (Liberzon et al., 1999b), unchanged (Baker et al., 1999) as well as 

low cortisol (Yehuda et al., 2000) levels documented. The manner in which animals 

deal with stress are determined by the HPA-axis and the monoaminergic-sympathetic 

nervous system (Heuser & Lammers, 2003). However, it is the nature and duration of 

the stressor that ultimately determines the neuropsychiatric illness that eventually 

develops (De Kloet, 2003; De Kloet et al., 2005; McEwen, 2002, 2004). 
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Psychiatric illnesses are the result of maladaptive responses to stress, where 

individual vulnerability to stress plays a pre-emptive role in determining the impact of 

the stressor on body and mind, and the later development of an anxiety or mood 

disorder (Kendler et al., 2001). Central to this is dysregulation of stress hormones 

and failed termination of the activated HPA-axis response following cessation of the 

stressor (De Kloet et al, 2005; McEwen, 2004). McEwen (McEwen & Wingfield, 2003) 

has proposed a process of allostasis and allostatic load that determines how an 

individual deals with a stressful condition and whether the person will succumb to the 

stressor and go on to develop psychopathology. 

This process is described in figure 6a-b 
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(b) 

Stress response 

Not turned on / not turned off / over-used 

Kindling / sensitization 

Nucleus 

Maladaptive processes 

Allostatic load 

Resulting in structural and functional brain changes determined by the severity and duration of 
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Figure 6: The stress response with normal recovery in healthy individuals (a) and in 
susceptible individuals that later develop a maladaptive response (b) [McEwen, 2004]. Refer 
to the text for detailed description. 

Following exposure to a severe aversive event, the body initiates a series of adaptive 

mechanisms that allow the individual to cope. This is a natural response and is 

referred to as allostasis. Allostasis describes the biological and psychological 

processes involved in acquiring a learned adaptive response necessary for survival in 

the face of adversity. This involves mounting an adequate response to stress and 

thereafter initiating such a natural shut-off once the stressor has passed. However, 

individual susceptibility to stress, which may be ascribed to a variable combination of 

gene-environmental considerations, will prevent such as natural beneficial response. 

The result is that the stress response is either not turned on, or not turned off or in 

fact over-used, and is termed allostatic load. This excessive "loading" over time 

eventually leads to maladaptive responses and a lack of coping that ultimately 

culminates in stress-related illnesses such as PTSD. A great deal of research is now 

being focussed on the biological underpinnings of resilience, the ability of a person to 
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absorb stress, and susceptibility, the state of being vulnerable to stress and liable to 

develope a stress-related disorder (McEwen & Wingfield, 2007). 

As suggested in figure 6, successful handling of an environmental stressor requires 

the appropriate shutting off of the stress response following cessation of the aversive 

event via negative feedback inhibition of cortisol on the HPA axis (Heuser & 

Lammers, 2003; De Kloet et al., 2005). Failure to do this, for example if the HPA-axis 

response to stress is not turned on, is not switched off or is over-used, will lead to an 

ongoing stress response that is inappropriate, culminating in a maladaptive response 

and eventually psychopathology. In PTSD this is typically seen as hyperarousal 

behaviours, such as irritability, outbursts of anger, concentration problems, disrupted 

sleeping patterns and increased startle (APA, 2000). Apart from the maladaptive 

behaviours that develop, maladaptive neuroendocrine responses are also observed, 

including hyper- and hypocortisolemia (Liberzon et al., 1999b; Yehuda et al., 2000) 

as well as altered levels of monoamines and other neurotransmitters (Goldstein et al., 

1996). Clearly, stress and stress-related disorders are characterised by unique 

neurochemical profiles. The neurochemistry of PTSD will now be described. 

9. Neurochemistry of PTSD 

Stressful responses involve a cascade of neurotransmitter-receptor interactions. 

However, it should be recognised that PTSD is not simply an anxiety disorder that 

develops after exposure to an acute severe stressor, but rather is a bio-behavioural 

syndrome that follows an initial severe trauma but that is perpetuated through 

continued re-experiencing via flashbacks as well as sensory and other contextual 

reminders of the original trauma. These cues essentially drive a maladaptive 

response in the absence of the original trauma (Charney et al., 1995). Extensive 

research has studied the effects of acute stress on glutamate, gamma aminobutyric 

acid (GABA), NA, DA and 5-HT release in the hippocampus and other brain regions 

involved in the stress response (Harvey et al, 2006). However, recent evidence 
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suggests that re-exposure to a stressful situation, which represents a hallmark 

characteristic of PTSD, elicites a different neuroendocrine response that may 

underlie the development of unique behavioural pathology (Harvey et al, 2006). 

Stress and restress also has important effects on the glutamate-GABA systems 

(Harvey et al, 2004b). Together, acute stress-evoked changes on select monoamines 

and glutamate, and subsequently modified with re-experience as in PTSD, will 

together mediate the behavioural pathology as well as other diverse changes typical 

of the disorder, such as gradual degenerative effects on the hippocampus. It is thus 

necessary to review the effects of acute stress in the presence and absence of 

reminders on brain neurochemistry, as this may tell a tale that is unique to PTSD. 

9.1. Amino acids 

Glutamate and GABA are synthesized in the brain from cr-ketoglutarate, with 

glutamine as the common precursor for the synthesis of both glutamate and GABA 

(refer to figure 7). 
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Figure 7: Synthesis of glutamate and GABA (Palmada & Centelles, 1998). 
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9.1.1. Glutamate and glutamate receptors 

Glutamate is the main excitatory amino acid in the brain (Nieuwenhuys, 1994) and 

plays an important role in memory and learning (Riedel et al., 2003). However, 

regulation of glutamate levels between a narrow physiological window is critical, 

since too low levels of glutamate negatively affect many important brain processes 

mediating neurotransmission and memory formation, while too high levels are 

severely excitotoxic (McEwen, 1999; Patel & Li, 2003). Stress and glucocorticoids 

increase the concentration of glutamate in the hippocampus (Sapolsky, 2000a) 

becoming excitotoxic, Damage to the hippocampus after trauma, caused by elevated 

glucocorticoid levels, will result in a further elevation of glutamate levels (Sapolsky, 

2000a) thereby potentiating neurotoxic effects. It is therefore important to note that 

both hypocortisolemia and hypercortisolemia are associated with deficits in memory 

function (De Kloet, 2003). Excessive glutamate has been suggested to play a causal 

role in a number of neurodegenerative disorders such as AD (Cosman et al., 2007), 

amyotrophic lateral sclerosis (ALS) (Van den Bosch et al., 2006) and Parkinson's 

disease (PD; Przedborski et al., 2005). However, glutamate is also involved in fear 

responding (Davis & Myers, 2002; Walker et al., 2002) and anxiety (Kessler et al., 

1995; Moghaddam, 1993). Indeed, pre-clinical studies have revealed an important 

role for glutamate in the stress response in analogous animal models of PTSD. Thus, 

single prolonged stress (SPS) in rats induces a significant increase in acoustic startle 

response that is blocked by topiramate, an antiglutamate drug used for the treatment 

of epilepsy (Khan & Liberzon, 2004). In animals subjected to SPS plus re-stress, a 

marked suppression of hippocampal GABA levels was noted, together with a 

significantly reduced NMDA receptor density (Bmax) (Harvey et al, 2004b). 

Interestingly, however, is that studies performed on mice have found that a fully 

functional glutamate NMDA receptor is necessary in the stress response (Miyamoto 

et al, 2002), suggesting that glutamate is indeed necessary for the normal 

physiological response to stress, but that if left unchecked, excessive release of 

glutamate can be detrimental. 
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Glutamate receptors are divided into the ionotropic receptor family, including the N-

methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) and kainic acid (KA) receptors (Dingledine et al., 1999; Bleakman & Lodge, 

1998; Hollmann & Heinemann, 1994), and metabotropic receptors (Du et al., 2004; 

Zarate et al., 2003). While ionotropic receptors are ligand-linked ion channels, 

metabotropic receptors are G-protein coupled (Javitt, 2004). Clinical studies 

(Heresco-Levy et al., 2002; Yun et al., 1997) have provided evidence for the possible 

involvement of NMDA receptors in PTSD (Chambers et al., 1999). Little however, is 

known regarding the possible role of the AMPA receptor in PTSD, or of its value as a 

potential therapeutic target. 

9.1.1.1. NMDA Receptors 

The NMDA receptor ion channel contains four subunit proteins, namely two NR1 and 

two NR2 subunits (Dingledine et al., 1999). The NMDA receptor channel pore can 

only open if glutamate and glycine bind to the receptor, thereby allowing the passage 

of monovalent (Na+ and K+) and divalent cations (Ca2+) through the NMDA receptor 

ion channel (Paoletti & Neyton, 2007). The channel pore consists of a binding site 

within for Mg2+, which after binding at resting membrane potential will block the ion 

flow through the channel (refer to figure 8). Depolarization of the membrane results 

in the release of Mg2+ and consequently promoting ion permeability through the 

channel. Maximum current flow through the NMDA receptor ion channel is only 

possible if both actions, depolarization of the postsynaptic neuron and presynaptic 

release of glutamate, take place (Wolosker, 2006). NMDA receptors present with two 

glycine-binding subunits and two glutamate-binding subunits (Hollmann & 

Heinemann, 1994), with both glycine (or D-serine) and glutamate binding being 

needed to facilitate full functional opening of the ion channel. The NR2 subunits 

contain sites of action for polyamines, zinc and protons (Perin-Dureau et al., 2002; 

Rachline et al., 2005). The sigma site (holding Mg2+) and the phencyclidine (PCP) site 
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are additional sites inside the NMDA receptor gated ion channel (Du et al., 2006) 

{refer to figure 8). 

Glycine site Ca2+ Na+ 

Glu Glutamate site 

Channel pore 

Extracellular 

Polyamine site 

Zinc site 

Proton site 

Intracellular 

Figure 8: The NMDA receptor protein complex indicating the relevant binding sites within 
and outside the ion channel (redrawn from Kalia et al., 2008). 

An important down-stream messenger following activation of the NMDA receptor is 

the activation of nitric oxide (NO) synthase (NOS). High concentrations of NOS are 

found in the brain regions involved in the modulation of anxiety and defensive 

behaviour (Vincent & Kimura, 1992), while raised NOS activation has been 

demonstrated in an animal model of PTSD (Harvey et al, 2004b; 2005). Like 

glutamate, NO has important physiological functions in the brain, including memory 

and neuromodulation, while it also has neuroprotective actions (Contestabile et al., 

2003). However, excessively raised NO has also been linked to neurotoxicity (Yun et 

al., 1997; Contestabile et al., 2003). Evidence for the activation of NO producing 

neurons in the amygdala and hypothalamus by stressful stimuli is important (Krukoff 

& Khalili, 1997); since these regions are preferentially activated in PTSD patients 

after exposure to trauma reminders (see Stam, 2007 for review). Although more 
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definitive studies are needed in chronic PTSD, clinical studies have described altered 

NO in patients with acute stress disorder (Yeh et al, 2002). 

9.1.1.2. AMPA Receptors 

AMPA receptors mediate fast excitatory postsynaptic currents (EPSC's) in most of 

the brain synapses (Malenka & Nicoll, 1999) and play a critical role in the 

development and expression of memory-related long-term potentiation (LTP; see 

section 11.3.2 for further discussion). AMPA receptors are tetrameric structures 

containing four subunits (GluR1-GluR4). A single subunit has two domains forming a 

V structure and a dimer is formed by two adjacent subunits {refer to figure 9). Thus, 

a tetrameric receptor consists of two dimers. Transmitters binding to a subunit cause 

a domain of a subunit to move towards the other domain, trapping the transmitter. 

Tension is created in the transmembrane zone of the subunit and the ion channel is 

opened (Lynch, 2004). The process of deactivation refers to the reopening of the two 

domains (V structure) resulting in the release of the transmitter and closing of the 

channel (Lynch, 2004). Desensitization is a physiological condition where the 

transmitter is trapped by the domains that remain closed (V structure) and the 

channel closes (Sun et al., 2002; Jin et al., 2005). 
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Figure 9: The structure of the AMPA receptor and its functioning (Lynch, 2004). Refer to text 
for detailed discussion. 

The GluR2 subunit determines Ca2+ permeability of the AMPA receptors, with 

receptors lacking the GluR2 subunit being permeable to Ca2+ (Seeburg et al., 2001). 

The regulation of AMPA receptors is a key factor during synaptic functioning. Both 

LTP and long-term depression (LTD) are dependent upon either increased or 

decreased AMPA receptor functioning (Collingridge et al., 2004; Malenka & Bear, 

2004). The sensitivity of AMPA receptors is determined by the activity of 

Ca27calmodulin-dependent protein kinase II (CaMKII), which is influenced by protein 

kinase A (PKA) and protein kinase C (PKC; Shobe, 2002). 
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9.1.1.3. NMD A-A MPA Receptor interaction 

AMPA receptors are involved in recruiting voltage-gated NMDA receptor ion channels 

(Tanaka et al., 2000), while repetitive NMDA receptor activation results in increased 

AMPA receptor trafficking within the membrane (figure 10, Shi et al., 1999; Song & 

Huganir, 2002). This mutual interaction represents an important component in LTP 

and the laying down of memory (Granger et al., 1993; Staubli et al., 1994a). NMDA 

receptor activation and the resulting increase in calcium release activate CaMKII 

which phosphorylates the GluR1 subunit of the AMPA receptor, and as such 

enhances channel conductance of AMPA receptors to promote LTP (refer to figure 

12). 

Figure 10: NMDA-AMPA receptor cross-talk. (Tomita et al., 2005). Refer to text for detailed 
description. 

Stargazin, a protein associated with AMPA receptors, is the CaMKII substrate that 

promotes AMPA receptor trafficking into the postsynaptic density (PSD; Tomita et al., 

2005). AMPA receptor activation provides the necessary depolarization for reversing 
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the magnesium-dependent block of NMDA receptors (Nowak et al., 1984), thereby 

allowing Ca2+to enter the cell (Burnashev et al., 1995; lino et al., 1997) with the exit 

of K+ via the open NMDA receptor channels. 

AMPA receptor stimulation, like that observed following activation of the NMDA 

receptor (see Section 9.1.1.1.), also leads to activation of NOS (Zhou et al, 2006). 

However, NMDA and AMPA/kainic acid receptors appear to exert differential effects 

on NO production, with AMPA antagonists blocking kainic acid-induced nitrite 

accumulation (Radenovic & Selakovic 2005). Importantly, the increase in NO-cGMP 

response to AMPA receptor activation is prevented by NMDA receptor blockade but 

bolstered by augmentation of endogenous glutamatergic tone (Ryder et al., 2006). 

Similarly, a complex association between NMDA receptor activation and the 

phosphorylation of NOS determines the functioning of the AMPA receptor (Rameau 

et al., 2007). These data clearly illustrate the complex yet important interaction that 

exists between these two signalling pathways. 

9.1.2. GABA 

Gamma aminobutyric acid (GABA) is the principle inhibitory neurotransmitter in the 

brain (McCormick, 1989) and occupies a central role in regulating the stress 

response (Shiah & Yathman, 1998). GABA receptors are divided into ionotropic 

GABAA and metabotropic GABAB receptors (Sivilotti & Nistri, 1991). NMDA receptor 

stimulation through glutamate stimulates GABA interneurons to release GABA (Nutt, 

2000), maintaining homeostasis with the simultaneous release of the 

neurotransmitters. GABA is also an important negative regulator of glutamate 

(Yamada et al., 1999). The homeostatic response with a fine balance between 

glutamate and GABA needs to be maintained to prevent excessive glutamate levels, 

resulting in excitotoxicity (Nutt, 2000). 

The hippocampus, amygdala, lateral septum and periaqueductal gray (PAG) are 

corticolimbic structures highly innervated with GABAergic neurones (Cherubini & 
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Conti, 2001; Mody, 2001). The parvocellular region of the paraventricular nucleus 

(mpPVN) is highly innervated with GABA receptors, with GABA being the main 

inhibitory neurotransmitter in the regulatory control of CRH neurons (Herman et al., 

2003). GABAergic neurones inhibit the release of neurotransmitters involved in 

anxiogenic actions, such as corticolimbic NA and 5-HT (Mohler et al., 2002; Shekhar 

et al., 2002). Activation of GABAB receptors by GABA results in inhibition of 

glutamate release, preventing excessive NMDA receptor activation (Kisch, 2002). 

Vaiva and colleagues (Vaiva et al., 2004) found GABA plasma levels to be low after a 

traumatic event, correlating with abnormally low GABA levels found in people with 

panic disorders (Goddard et al., 2004). In an animal model of PTSD, Harvey and 

colleagues (2004b) found a significant reduction in hippocampal GABA levels after 

stress and re-stress. That reduced inhibitory GABA was found together with altered 

NMDA receptor density and elevated NOS activity emphasises that stress may 

disinhibit excitatory activity in the brain by comprising inhibitory GABA pathways. 

GABA has an important role in regulating normal affective state, being significantly 

reduced in depression (Shiah & Yathman, 1998). With PTSD being associated with 

reduced GABA levels, it comes as no surprise that depression is often comorbid with 

PTSD. Inhibition of GABA-reuptake with tiagabine (Taylor, 2003) and agonism of the 

GABAB receptor with baclofen (Drake et al., 2003) reduces the characteristic 

symptoms of PTSD, specifically hyperarousal and avoidance symptoms (Drake et al., 

2003). 

9.2. Monoamines 

Elevated levels of 5-HT and NA play an important role in the genesis of anxiety as 

observed in chronically stressed animals (Kirby et al., 1997; Kirby & Lucki, 1997; 

Rosario & Abercrombie, 1999). It is now well recognised that PTSD is associated 

with elevated noradrenergic tone (Geracioti et al., 2001) through the stimulation of 

post-synaptic alpha- and beta-adrenoceptors resulting in increased cardiovascular 
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and other autonomic responses (see Ramos & Arnsten, 2007 for review), as well as 

central effects, of which increased arousal and anxiogenesis are the most important 

within the context of anxiety disorders (Bremner et al., 1996). A role for presynaptic 

auto-inibitory alpha-2 adrenoceptors also has been suggested (Arnsten, 1998). 

Stressful events also result in increased synaptic 5-HT levels that may precipitate or 

worsen anxiety, by activation of 5-HTIA receptors in the hippocampus (Connor & 

Davidson, 1998). Clinical studies in patients with combat-related PTSD have 

revealed an association between decreased 5-HT levels and heightened anxiety 

(Spivak et al., 1999). Altered cortical 5-HT2A and hippocampal 5-HTIA receptor 

binding, together with deficits in spatial memory, are evident in an animal model of 

PTSD (Harvey et al, 2003), while it has been suggested that elevated levels of 5-HT 

contribute to the deleterious effects of stress on spatial memory and cognition 

(Harvey et al., 2004a). 

Again focussing on stress evoked by an analogous animal model of PTSD, studies 

have shown significantly raised 5-HT levels 7 days after a severe acute stress and 

reduction of 5-HT levels 1 hour after restress, suggesting that a severe stressor may 

evoke a maladaptive 5-HT'ergic response to later stressors and also to attenuate the 

HPA-axis response (Harvey et al., 2006). Since stress and re-stress' evoke 

qualitatively different monoamine responses, these authors have suggested that 

different approaches to treatment should be considered depending on when 

treatment is initiated, i.e. immediately after trauma or some time later, since the 

changing profile of monoaminergic responses over time and re-experience will 

determine successful treatment response. Similarly, diverse changes in NA and DA 

following stress and re-stress highlights that stress and re-experience exert differing 

time dependent changes on monoamine levels in the cortex and hippocampus 

(Harvey et al., 2006). 

Regarding the role of DA in stress and PTSD, overactivation of mesolimbic dopamine 

transmission exacerbates the fear response, while its inhibition reduces conditioned 

fear (Pezze & Feldon, 2004). Increased plasma DA levels have indeed been 

described in trauma victims (Spivak et al., 1999). Pre-clinical evidence suggests a 



Literature Overview 

causal role for frontal cortex DA dysfunction in anxiety-like behaviour evoked by 

stress and re-stress, and which also may contribute to the intrusive thoughts and 

diminished extinction of trauma-related memory that are characteristic features of 

PTSD (Harvey et al., 2006; Pezze & Feldon, 2004; Seamans & Yang, 2004). 

Elevated levels of DA in PTSD may explain the rationale for using neuroleptics in 

PTSD (Albucher & Liberzon, 2002), as will be discussed later. 

9.3. Acetylcholine (ACh) 

Acetylcholine (ACh) is an excitatory neurotransmitter implicated in arousal and 

cognitive processing in the brain (Picciotto et al., 2002). It is synthesized in nerve 

terminals from acetyl coenzyme A and choline by choline acetyltransferase and 

released following opening of a voltage dependent calcium channel (Meyer & 

Quenzer, 2004). ACh then binds to muscarinic receptors (G-protein facilitated) or 

nicotinic receptors (ionotropic). The muscarinic 1-receptor (M1) is the most abundant 

muscarinic receptor sub-type in the hippocampus and PFC (Levey et al., 1991). The 

cholinergic basal forebrain complex provides cholinergic innervation throughout the 

brain, penetrating the cortex and hippocampus (Vaucher et al., 1997; Sarter & Bruno, 

2000). Nicotine induces the release of DA in all the major DA systems, while the 

functioning of the nigrostriatal DA system is modulated by ACh through nicotinic 

acetylcholine receptors (Lichtensteiger et al., 1982). 

ACh has been shown to enhance LTP in many areas of the brain including the 

hippocampus (Huerta & Lisman, 1995) and cortical areas (Cheong et al., 2001). 

Acute stress facilitates long-lasting changes in cholinergic gene expression, while 

inhibitors of the acetylcholine-hydrolysing enzyme acetylcholinesterase may induce 

psychopathologies that are reminiscent of PTSD (Kaufer et al., 1998). In a rodent 

model of PTSD, Brand and colleagues (2008) have demonstrated distinct cortical and 

hippocampal muscarinic receptor involvement during stress-induced conditioned 

taste aversion learning in rats. These authors conclude that associative sensory-
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related memories linked to aversive events can perpetuate aversive responses in the 

absence of the initial stressor, a typical characteristic of PTSD (Brand et al, 2008). 

Moreover, this response involves both hippocampal and frontal cortical M1 receptors. 

10. Drug treatment in PTSD 

Research have shown that although the treatment of PTSD with behavioural 

psychotherapy (non-drug treatment) and selective serotonin reuptake inhibitors 

(SSRIs) are effective, response is still far from satisfactory (Bisson & Andrew, 2007; 

Bisson et al., 2007; Brunello et al., 2001; Davidson et al., 2004; Ipser et al., 2006). 

Patients not responding to SSRI treatment can be treated with tricyclic 

antidepressants (TCAs) or monoamine oxidase inhibitors (MAOIs) to help reduce 

intrusions. Nefazodone and venlafaxine have been used in patients refractory to 

SSRIs as an alternative to the TCAs and MAOIs. Monotherapy with atypical 

antipsychotics or as add-on therapy have been studied for treating patients with 

prominent flashbacks (Asnis et al., 2004). Please refer to table 1 for an overview of 

pharmacotherapeutic options in PTSD. 

Treatment guidelines for drug treatment in PTSD according to the National Institute 

for Health and Clinical Excellence (NICE) are as follows (NICE, 2005): 

■ Paroxetine and mirtazapine are first choice treatment in primary care. 

■ Amitriptyline and phenelzine are used in secondary care. 

■ If a patient failed to respond in first-line treatment, the dosage should be 
increased within the recommended range. 

■ If further drug treatment is considered, augmentation with olanzapine can be 
considered. 

■ Patients responding positively to drug treatment should continue treatment for 
at least 12 months. Medication should be withdrawn gradually. 
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The only drugs currently licensed in the United Kingdom for treatment of PTSD are 

paroxetine and sertraline (NICE, 2005). It must be clearly stated that these are the 

only registered drugs currently licensed for treating PTSD and that health 

professionals use guidelines {refer to table 1) and their own discretion when 

prescribing medication for PTSD, making it difficult to find clinical proof of the efficacy 

for most of the drugs used in the treatment of PTSD. 

Table 1: Prescribing in PTSD (Nash & Nutt, 2007). 

First-line treatment Second line treatment Other treatments 

Paroxetine Amitriptyline Carbamazepine 

(20-50 mg daily) (150-200 mg daily) Lamotrigine 

Venlafaxine 

Sertraline Phenelzine Augmenting agents 
(50-200 mg daily) (30-60 mg daily) 

Mirtazapine Olanzapine 

(30-45 mg daily) Risperidone 

10.1. Antidepressants 

10.1.1. Selective serotonin reuptake inhibitors (SSRIs) 

SSRIs prevent reuptake of serotonin in synapses, thereby increasing synaptic levels 

of 5-HT in the brain, which has been directly implicated in their antidepressant activity 

(Iversen, 2000; Schloss & Williams, 1998). SSRIs are the treatment of choice for 

PTSD, although for many patients treatment remains inadequate (Albucher & 

Liberzon, 2002; Hageman et al., 2001; Schoenfeld et al., 2004). Clearly changes in 

the 5-HT system are not solely responsible for the development or expression of 

PTSD (see Stam, 2007 for review), while drugs that target only 5-HT will inevitably 

have shortfalls in clinical efficacy. 
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Clinical studies have confirmed the efficacy of paroxetine (Stein et al., 2001) and 

sertraline (Brady et al., 2000a) in decreasing symptoms of PTSD. Connor and 

colleagues investigated the effects of fluoxetine in PTSD patients using doses of up 

to 60 mg per day over a period of 12 weeks (Connor et al., 1999).These authors 

found fluoxetine to be an effective treatment of PTSD, producing marked 

improvement in intrusive, hyperarousal and avoidance symptom subcategories 

(Connor et al., 1999; Martenyi et al., 2002a, b; Van der Kolk et al., 1994). 

10.1.2. Tricyclic antidepressants (TCAs) and monoamine oxidase inhibitors 

(MAOIs) 

TCAs and MAOIs are effective in reducing symptoms of PTSD (Davidson et al., 

1990; Davidson, 1997; Kosten et al., 1991). TCAs mode of action, and efficacy in 

treating PTSD, has been directly ascribed to the inhibition of the reuptake of NA and 

5-HT which potentiates their action in the brain. MAOIs inhibit the enzyme 

monoamine oxidase (MAO) which is responsible for the metabolism of various 

neurotransmitters. MAO type A metabolises Adr, NA and 5-HT, while DA is 

metabolised by MAO type B (Sweetman, 2008); consequently potentiating the effects 

of these neurotransmitters and relieving symptoms associated with PTSD. 

However, due to side effects and compliance issues, TCAs such as amitriptyline and 

imipramine are prescribed as second line treatment of PTSD (Nash & Nutt, 2007). 

Similarly, while the MAOI, phenelzine, reduces intrusive memories (nightmares and 

flashbacks; Frank et al., 1988), it is plagued by side effects and other risk factors that 

compromise treatment outcome. 

10.1.3. Atypical antidepressants 

Mirtazapine (Remeron), a NA'ergic and specific 5-HT'ergic antidepressant 

(Puzantian, 1998), and venlafaxine (Efexor), a 5-HT and NA reuptake inhibitor (SNRI; 
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Morton et al., 1995), enhance the effects of NA and 5-HT. Mirtazapine has been used 

in an open label trial and has been shown promise in the treatment of PTSD (Chung 

et al., 2004). Venlafaxine too has been used in clinical trials with positive results in 

the short-term management of PTSD symptoms (Davidson et al., 2006). 

10.1.4. Other medications 

Clinical studies have indicated that anticonvulsants and antiglutamatergic agents, 

such as carbamazepine, valproic acid and lamotrigine can be beneficial in PTSD 

(Upper et al., 1986; Fesler, 1991; Hertzberg et al., 1999). These latter studies have 

realised the great potential in targeting glutamatergic pathways as possible novel 

therapeutic targets in treating PTSD. Indeed, one such promising group of 

compounds are the ampakines, the subject of this dissertation. Ampakines are 

discussed in detail in section 14 of this chapter. Typical antipsychotics such as 

risperidone have also found use in the treatment of SSRI-resistant PTSD patients 

(Stein et al., 2000). Risperidone may be especially useful in suppressing vivid 

nightmares and flashbacks (Stein et al., 2000), while augmentation with risperidone 

appears to be particularly useful in treating patients not responding to sertraline alone 

(Rothbaum et al., 2008). 

Propranolol, a beta-adrenergic blocker, effectively opposes the effects of stress 

hormones on fear conditioning (McGaugh, 2004). Pitman and colleagues describe a 

reduction of trauma-related responses after receiving propranolol within 6 hours of a 

traumatic event (Pitman et al., 2002). However, noradrenergic mechanisms modulate 

the consolidation of conditioned learning only within a couple of hours of the initial 

trauma, thereafter attenuation of fear conditioning by propranolol will not be possible 

(Ji et al., 2003). The alpha-2 blocker clonidine may also be useful to suppress 

excessive noradrenergic activity in PTSD (Stein et al., 2000). 
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Other possible treatment options, albeit unsubstantiated in clinical studies, include 

opioid antagonists, certain benzodiazepines and serotonergic antagonists (see Stein 

etal., 2000 for review). 

10.2. Glucocorticoids 

Glucocorticoids are hormones released from the adrenal cortex during stress. Their 

purported effects on the consolidation of fear memory on the one hand, and their 

negative effects on explicit memory on the other, have attracted interest in recent 

years as possible strategies in the treatment and prevention of PTSD. Studies in both 

humans and animals have shown enhanced consolidation of new memories after a 

single administration of glucocorticoids (Kuhlmann & Wolf, 2006; Roozendaal, 2000) 

Contradictory to these studies, De Quervain and colleagues found impaired memory 

retrieval after glucocorticoid administration (De Quervain et al., 1998). Glucocorticoid 

administration may indeed be beneficial for the treatment of patients with PTSD 

(Aerni et al., 2004; Soravia et al., 2006), the key objective being to reduce the 

excessive retrieval of aversive memories in these patients (Aerni et al., 2004). In 

agreement with this suggestion, low-dose cortisol (10 mg/day) administration in 

PTSD patients for one month, during a 3 month observation period, has been found 

to reduce excessive aversive memory retrieval (Aerni et al., 2004). Similarly, 

Schelling and colleagues reported a lower incidence of PTSD symptoms in patients 

receiving hydrocortisone during the perioperative phase of cardiac surgery (Schelling 

et al., 2004). Thus, while cortisol may indeed play a causal role in the post stressor 

sequelae in trauma victims, glucocorticoid treatment may be beneficial in patients 

with PTSD. This provides direct support for the theory that PTSD represents a 

hypocortisolemic state arising from hypersensitivity of the inhibitory elements of the 

HPA-axis (Yehuda et al., 2000), resulting in an inability to shut off the stress 

response. 

While hypocortisolemia may be an important pathological construct of PTSD, it is 

noteworthy that preclinical studies using the glucocorticoid synthesis blocker, 

ketoconazole (KCZ), effectively blocks stress-evoked NOS activation (Harvey et al., 
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2004b). This observation thus implies that stress induced elevatation of 

glucocorticoids and the subsequent release of neurotoxic molecules such as 

glutamate and NO (Sapolsky, 2000a; McEwen, 1996, 1999) may play an early role in 

the response to stress, and possibly in establishing hippocampal atrophy. KCZ 

inhibits both adrenal steroid synthesis (Yan et al., 2002) and prevents the formation 

of NO (Wolff et al., 1993). Finally, CRF antagonists have anxiolytic-like effects 

(Okuyama et al., 1999) and may be beneficial in the treatment of PTSD through its 

actions on the HPA-axis. 

11. Learning and memory 

The formation of learning and memory can be attributed to activity-dependent 

changes in the efficacy of synapses. Hebb formulated a learning rule and proposed 

that strengthening of synaptic connections is the result of presynaptic activity 

triggering action potentials in the postsynaptic neuron (Hebb, 1949). Memory is 

defined as the ability to store information and the subsequent recalling of the 

information. Learning consists of three general phases i.e. the initial learning 

(acquisition), molecular stabilization of long-term memory (consolidation) and the 

recall of the original learning (retrieval; Bruel-Jungerman et al., 2007; Izquierdo et al., 

2004). The learning process and consolidation of trauma-related memories are 

facilitated by the increased secretion of glucocorticoids acting on hippocampal 

glucocorticoid receptors (Reul and de Kloet, 1985) and glutamate activating 

hippocampal NMDA receptors (see Riedel et al., 2003 for review). Memory 

consolidation is a slow process where a memory trace is converted into a more 

permanent form by connections between the medial temporal lobes and neocortical 

areas (McGaugh, 2000) and uses NMDA, AMPA and dopaminergic D1 receptors 

(Bernabeu et al., 1997) in effecting this response. 

Both NMDA and AMPA receptors are required for spatial learning (Malinow & 

Malenka, 2002). AMPA receptors are necessary for both immediate memory and 
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consolidation of long-term memories (Izquierdo et al., 2007). NMDA receptors are 

linked to consolidation of memories, while the retrieval of spatial memories is the 

function of AMPA receptors (see Riedel et al., 2003 for review). PTSD can be directly 

or indirectly related to a state of disorganized memory. At the same time, both 

memory and the neuropathology of PTSD (as reviewed above) involve important 

changes in glutamatergic function. Importantly, general declarative memory functions 

as well as explicit information about the trauma are compromised in PTSD while at 

the same time non-declarative memory relating to involuntary recollection of the 

trauma is bolstered (Elzinga & Bremner, 2002). In order to better understand the 

complex cognitive disturbance that is PTSD, it is necessary to review and discuss the 

concept of learning and memory. 

11.1. Types of memory 

Memories can be divided into different categories: spatial memory, non-spatial 

memory, representational memory, configural memory, declarative memory, 

procedural memory and episodic memory (Eichenbaum, 2001; Eichenbaum et al., 

1993; Zola et al., 2000). Memory processes are divided according to contents and 

time, with working memory and short-term memory dissociated from long-term 

memory (Baddeley, 1990; Shallice & Warrington, 1970). Temporal persistence is the 

main criterion to classify memories, with short-term memory lasting for seconds to 

minutes, while long-term memory can last for years (Corkin, 1984; Squire, 1987). The 

functioning of memory can be divided into explicit (declarative) and implicit (non-

declarative) memory processes (Squire & Zola-Morgan, 1991), and will be described 

in more detail below. 

11.1.1. Explicit and implicit memory 

The process of memory involved to consciously remember and regenerate events 

and facts is referred to as declarative or explicit memory (Eichenbaum, 2001; James, 
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1890). Considering PTSD, explicit information of the traumatic event involving the 

senses, emotions and any physiological reactions experienced during the trauma are 

related to explicit memory (Elzinga & Bremner, 2002). Declarative memory can be 

divided further into episodic memory and semantic memory (Tulving, 1972). Episodic 

memory has a specific spatial context and stores information of one's own 

experience on what, where and when a specific situation occurred, with semantic 

memory being memory of general knowledge, facts and concepts about the world 

(Tulving, 2001; 2005). Retrieval of semantic memory occurs automatically, while 

episodic memory requires conscious recollection (Tulving, 1972). 

Spatial memory is defined as memory based on spatial information and is dependant 

on the hippocampus (O'Keefe & Nadel, 1978). Object-location memory is essential 

for daily activities and operates together with spatial memory as a system (Hasher & 

Zacks, 1979). Object-location memory consists of three processes: object 

processing, spatial-location processing and binding of objects to location (Postma et 

al., 2004). 

Implicit memory refers to memory of an event resulting from or influenced by 

emotions or behaviour, without any conscious memory (Graf & Schacter, 1985). The 

implicit memory process in individuals with PTSD may trigger information of the 

traumatic event unconsciously and be responsible for re-experiencing. 

11.2. Brain regions involved in memory: Relevance for PTSD 

As has been mentioned earlier (refer to Section 7 - Neuroanatomy of PTSD), the 

brain regions most implicated in PTSD are the hippocampus, amygdala and frontal 

cortex (refer to figure 11). All these regions play either a direct or indirect role in the 

consolidation and recollection of fear and/or explicit memory. 
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Figure 11: Brain regions implicated in PTSD. 

The hippocampus plays a critical role in remembering spatial (Burgess et al., 2002; 

Morris et al., 1982) and non-spatial events (Agster et al., 2002; Fortin et al., 2002), 

and as has been previously highlighted, this brain region and indeed spatial memory, 

is severely compromised in patients with PTSD. The high concentrations of NMDA 

and AMPA receptors, while playing an important role in hippocampal-mediated 

learning and memory (Izquierdo & Medina, 1997), at the same time make the 

hippocampus vulnerable to excitotoxicity (De Groot et al., 2001). As a direct result of 

elevated levels of glucocorticoids released during stress; damage to the 

hippocampus is inevitable if left unchecked (McEwen et al., 1992), resulting in short-

term memory deficits (see Bremner et al., 1995a for review). 

Damage to medial temporal structures such as the hippocampus; but also the 

parahippocampal gyms, perirhinal cortex and entorhinal cortex, or the diencephalon, 

results in impaired episodic memory function and amnesic syndrome. The syndrome 

is characterized by forgetfulness for new information (anterograde amnesia) and 

some previously acquired information (retrograde amnesia), while general knowledge 

retrieval is not affected (Parkin & Leng, 1993). Episodic information is stored in the 

neocortex (Sakai & Miyashita, 1993) and the frontal cortex is activated during 

retrieval of episodic memory (Buckner & Tulving, 1995). 
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Impaired PFC functioning is characteristic of PTSD and is also associated with 

working memory dysfunction. The PFC, specifically the dorsolateral (Bailey & Mair, 

2004) and ventromedial regions (Akirav & Maroun, 2006) are associated with working 

memory processing. Accessing of semantic knowledge is dependant on interactions 

between several cortical areas, with the left temporal regions storing semantic 

knowledge (De Renzi et al., 1987; Hart & Gordon, 1990) and the left frontal cortex 

retrieving the semantic knowledge (Janowsky et al., 1989; Milner, 1982; Wiggs et al., 

1999). The right-sided occipitoparietal and prefrontal areas are involved in spatial 

working memory (Smith & Milner, 1981, 1984), while the left parietal and temporal 

areas are activated by object working memory (Smith et al., 1995). Neuro-imaging 

studies have indicated that the amygdala is overactive in PTSD patients and the 

basolateral amygdala (BLA) plays a central role in emotion and memory (Davis & 

Whalen, 2001; Charney, 2003). The amygdala is sensitive to fear provoking stimuli 

(Phelps & LeDoux, 2005) and an overreactive amygdala may be the reason for the 

enhanced retrieval of fear memories and associated intrusive memories experienced 

by PTSD patients. 

Finally, the nucleus accumbens is innervated by several limbic structures such as the 

ventral hippocampus, basolateral amygdala and the mPFC (Groenewegen et al., 

1999), and integrates these limbic and cortical inputs. Traumatic experiences are 

processed and stored consciously as explicit memories by the hippocampus and 

PFC, while the amygdala unconsciously stores implicit memories which are 

emotionally driven. Reminders of the traumatic experience will unconsciously activate 

the amygdala and consequently result in the activation of the SNS. Refer to section 

8 - Stress response for a detailed description of the pathways of fear. 
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11.3. Neurobiology of memory 

Excitatory glutamate receptors are situated in the principal brain regions involved in 

memory consolidation and retrieval. It is especially the pre-and postsynaptic 

ionotropic and metabotropic groups of receptors, whose functions include neuronal 

communication and signal processing (Storm-Mathisen et al., 1983, 1995), that are 

involved. These receptors interact with cAMP dependent protein kinase A (PKA) and 

the mitogen-activated protein kinase (MAPK), two inter-related signal transduction 

pathways that play a key role in learning and memory (Houslay, 2006; Stork & 

Schmitt, 2002). 

AMPA 
receptor (£j) 

NMDA 
receptor 

AdC 

CREB 
Nucleus 

PKM^ 
mRNA 
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Figure 12: Signaling pathways during LTP (Mayford, 2007) Refer to description in the text. 
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ERK (extracellular signal-regulated kinase) is abundant in brain regions involved in 

learning and memory such as the neocortex, hippocampus, amygdala, striatum and 

cerebellum (Flood et al., 1998; Ortiz et al., 1995; Fiore et al., 1993). ERK 1 and ERK 

2 are part of the MAPK family that plays an important role in signal transduction 

pathways (refer to figure 12). Other kinases include c-Jun N-terminal kinase/stress-

activated protein kinases (JNK/SAPK), p38 MAPK, ERK 3 and ERK 5 (English et al., 

1999; Schaeffer & Weber, 1999; Seger & Krebs, 1995). ERK signaling pathways are 

important for neuronal functioning and the consecutive phosphorylation of three 

kinases forms the basis of the ERK cascade: Raf-1 being the first kinase, 

phosphorylating mitogen-activated ERK-activating kinase (MEK), which in turn 

activates ERK through phosphorylation of both a threonine and tyrosine residue 

(English et al., 1999; Seger & Krebs, 1995). 

PKA is a calcium sensitive second messenger activated by the influx of Ca2+ upon 

NMDA receptor activation (see Selcher et al., 2002 for review) (refer to figure 12). 

MAPK is one of the major down-stream effectors of PKA (Sananbenesi et al., 2003) 

and is the link between the activation of PKA and protein kinase C (PKC) and cyclic 

adenosine monophosphate (cAMP) response element binding protein (CREB); see 

Sweatt, 2001 for review). The activated PKA translocates to the nucleus and 

phosphorylates CREB and the phosphorylated CREB then binds to DNA and 

regulates gene transcription (Silva et al., 1998). 

CREB is a transcription factor which is distributed widely in the brain. Calcium, 

neurotrophin and cytokine signals induce CREB activation (Carlezon et al., 2005; 

Lonze & Ginty, 2002). Phosphorylation of CREB, induced by elevated cAMP or 

membrane depolarization, activates CREB-dependent transcription (Sheng et al., 

1991; Gonzalez & Montminy, 1989) which plays an essential role in long-lasting 

forms of synaptic plasticity and long-term memory (see Carlezon et al., 2005 for 

review; Yin et al., 1995). 
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11.3.1. Synaptic plasticity 

Synaptic plasticity is the variable efficacy of neurotransmission at synapses and a 

substrate of memory (Martin et al., 2000). Glutamate NMDA and AMPA receptors are 

necessary for the induction of several forms of synaptic plasticity, such as LTP and 

LTD (Malenka & Bear, 2004; Cooke & Bliss, 2006; Liu & Zukin, 2007). The AMPA 

receptors are responsible for most of the inward current during low-frequency 

synaptic transmission, while NMDA receptor channels are blocked by magnesium 

(Mg2+). The postsynaptic membrane needs to be sufficiently depolarized for the Mg2+ 

block to be relieved, resulting in Ca2+ and Na+ entering through NMDA channels 

(Popoli et al., 2000). Ca2+ influx through NMDA receptors is responsible for the 

activation of the above-mentioned signalling cascades, with the amount of 

postsynaptic calcium determining whether LTP or LTD is induced (Cummings et al., 

1996; Yang et al., 1999). Protein kinases and protein phosphatases in the near 

vicinity of NMDA receptors enable synaptic plasticity to occur (Husi et al., 2000), 

while protein synthesis and gene transcription are required in certain forms of 

synaptic plasticity involved in memory storage, to stabilize synaptic changes over a 

period of time (Adams & Dudek, 2005). 

11.3.2. Long-term potentiation (LTP) 

Long-term potentiation is a process in how memories are laid down (Malenka & 

Nicoll, 1999) and is a form of synaptic plasticity describing an increase in chemical 

strength of a synapse, lasting from minutes to several days. The induction of LTP is 

boosted by increasing excitatory transmission (Staubli et al., 1994a). Enhanced 

depolarization in unblocking NMDA receptors results in the formation of LTP. The 

influx of Ca2+ through NMDA receptor channels resulting in LTP has been studied 

extensively (Lisman et al., 2003) and is considered as the key event for the triggering 

of LTP (Popoli et al., 2000) (refer to figure 12). The primary initiating signal in LTP is 

thought to be Ca27calmodulin-dependent protein kinase II (CaMKII). The kinase is 
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activated by the NMDA-receptor based Ca2+ signal (Ouyang et al., 1999). LTP is 

divided into an early phase (without protein synthesis) of approximately 1-2 hours 

and a late phase requiring protein synthesis (Popoli et al., 2000). CaMKII and PKC 

are accountable for different phases of LTP. The AMPA-type glutamate receptor 

GluR1 has been identified as a key target substrate for CaMKII (see figure 12). The 

action of AMPA receptors are potentiated by direct phosphorylation by CaMKII while 

the insertion of new AMPA receptors into the membrane is indirectly mediated by 

CaMKII (see figures 10 & 12; Hayashi et al., 2000). The PKA and ERK pathways are 

activated by the Ca2+ signal causing the production of cAMP through Ca2+-dependent 

adenylyl cyclase (AdC) (Kandel, 2001). Transcriptional changes are stimulated 

through phosphorylation of CREB required for LTP and memory formation (Frank & 

Greenberg, 1994; Yin et al., 1994). Ampakines promote the formation of LTP by 

preventing or slowing down deactivation and desensitization of AMPA receptors 

(Lynch, 2002; see Section 14), thus making them suitable as memory-enhancing 

drugs (Lynch, 1998; Staubli et al., 1994a, b). 

12. Animal models of relevance for PTSD 

12.1. Introduction 

Animal models of PTSD have utilized intense stressors, aversive challenges, and 

situational reminders of a traumatic event in an attempt to model long-term effects on 

behavioural, autonomic, and hormonal responses seen in humans with PTSD (Uys et 

al., 2003). Different types of stressors i.e. acute, chronic, controllable, escapable, 

physiological or psychological are used to induce biobehavioural changes in animals 

(Yehuda & Antelman, 1993). However, no animal model is an exact replica of the 

human disorder and for an animal model to be taken seriously; it needs to fulfil 

certain validation criteria that describes the accuracy and robustness with which it 

simulates the human condition at levels of behaviour, neurobiological underpinnings 

and treatment response. Often it is necessary to combine two models to achieve the 
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best outcome. During consideration of relevant animal models, it is important to 

differentiate between factors influencing the manifestation of the disorder and those 

essential for induction of the disorder (Yehuda & Antelman, 1993). 

The criteria for the evaluation of PTSD as identified by Yehuda and Antelman (1993) 

are reproduced below: 

■ The stressor should be capable of producing PTSD-like symptoms in a dose-

dependent manner. 

■ The stressor should produce biological alterations that persist over time or 

become more pronounced with the passage of time. 

■ The stressor should induce biobehavioural alterations that have the potential 

for bidirectional expression. 

■ Inter-individual variability in response to a stressor should be present either as 

a function of experience, genetics or an interaction of the two. 

12.2. Validity of animal models 

Animal models should be developed in such a way that behavioural and 

neurobiological features can be studied. The intended purpose of the model is a 

critical consideration during the development of the animal model and determines the 

criteria that the model must satisfy to establish its validity. Validation of animal 

models is very important and determines whether the model can be taken seriously. 

Animal models are assessed on three levels of validity: face validity, construct validity 

and predictive validity (Geyer & Markou, 1995), which are discussed in more detail 

below. 



Literature. Overview 

12.2.1. Face validity 

The face validity of an animal model refers to its similarity with the clinical condition, 

the ideal being that the condition or specific features of the human condition, such as 

behavioural symptoms, are closely reproduced in the animal model (Willner, 1986; 

Swerdlow & Sutherland, 2006). 

12.2.2. Construct validity 

Construct validity reflects the close association of the known pathology of a human 

disorder and the presence of similar pathology in the animal model. Consequently, 

there should be close resemblance in neurochemical and other pathological 

alterations between the animal model and the human clinical condition (Geyer & 

Markou, 1995). 

12.2.3. Predictive validity 

Predictive validity is the ability to predict changes in the human condition based upon 

the outcomes of the animal model (Geyer & Markou, 1995) and is of great 

importance in drug development to screen drugs for therapeutic potential in humans 

(Willner, 1986). Thus, drug treatment modalities that are selectively effective in the 

human condition should show equal selectivity in the model, and is regarded as an 

essential criterion for the validity of an animal model (Geyer & Markou, 1995). Animal 

models that can make predictions of the human condition based on the performance 

of the animal model have predictive validity. 
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13. Animal models of PTSD 

Animal models of PTSD include stressors such as inescapable footshock (Pynoos et 

al., 1996), underwater stress (Cohen et al., 2004), social confrontations (Stam et al., 

2000), exposure to predators (Cohen et al., 2003; Adamec et al., 1999), time-

dependant sensitization (TDS; Harvey et al., 2003), and single prolonged stress 

(SPS; see Liberzon et al., 1997; Khan & Liberzon, 2004; Takahashi et al., 2006; 

Harvey et al., 2006; Kohda et al., 2007). Since type and duration of the stressor will 

have significant implications for the expression of neuro-endocrine and behavioural 

changes in the animals; the applied stressors need to be relevant for the animal 

being used. Moreover, the stressor needs to simulate a severely stressful event in 

the life of the animal. Thus, for example the above models have varyingly used 

somatosensory stressors (such as restraint), inescapable or psychological stressors 

(such as underwater swimming or predator exposure) or complex stress-stimuli (such 

as that evoked by exposure to drugs or chemicals). For the purpose of this study, 

only the SPS and TDS models will be discussed in detail. 

13.1. Time-dependant sensitization (TDS) 

The concept of sensitization is important in the neuro-development of PTSD, and is 

emphasized by repeated trauma over time by stress and restress in the TDS model. 

TDS stress evokes distinct cognitive and aversive behaviours, as well as hormonal 

disturbances, resembling PTSD that present with significant validity with respect to its 

application in PTSD research, as outlined below: 

Face validity: TDS stress evokes spatial memory deficits, increased anxiety and 

decreased levels of plasma corticosterone, as seen in clinical studies of PTSD 

(Harvey et al, 2003; 2006). Recently, Brand and co-workers (2008) have 

demonstrated that TDS stress strengthens conditioned taste aversion learning in rats, 

thus indicating that associative sensory-related memories linked to aversive events 
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can perpetuate aversive responses in the absence of the initial stressor, a typical 

characteristic of PTSD. 

Construct validity: TDS stress evokes HPA-axis abnormalities, as in PTSD (Yehuda 

& Antelman, 1993), including increased sensitivity to negative glucocorticoid 

feedback (Liberzon et al., 1997; Liberzon et al., 1999a; Harvey et al., 2003). Given 

the general acceptance of the prominent role of the 5-HT'ergic system in the 

neurobiology of anxiety and stress disorders, including PTSD (Agrypolous et al., 

2000), it is of importance that regionally specific changes in 5-HT receptor binding in 

the hippocampus (5-HT1A) and prefrontal cortex (5-HT2A) have been found following 

TDS stress (Harvey et al., 2003). The hippocampus and prefrontal cortex are also 

involved in memory and stress responsiveness. With the well-established role for 

altered monoamines in PTSD, TDS has been found to evoke regional brain 

monoamine changes in rats exposed to this stress paradigm (Harvey et al, 2006). 

Considering the more recent revelation concerning the role of excitatory and 

inhibitory transmission in PTSD; that TDS stress induces marked changes in GABA 

levels and the binding properties of hippocampal glutamate NMDA receptors, is of 

significance (Harvey et al., 2004b). The glutamate NMDA pathways in the 

hippocampus are critical in memory function (Heresco-Levy & Javitt, 1998). The 

reduction of the NMDA receptor density after stress-restress (Harvey et al, 2004a) 

suggests that cognitive deficits observed in the TDS model (Harvey et al., 2003) may 

be associated with reduced NMDA receptor density, thus providing construct validity 

for the model. 

Predictive validity: Studies performed by Harvey and colleagues (Harvey et al 

2004a; Korff, 2007) have demonstrated that the SSRI, fluoxetine, attenuates TDS-

induced spatial memory deficits and hypocortisolemia. Moreover, the steroid 

synthesis inhibitor, ketoconazole, has similarly been found to reverse TDS effects on 

spatial memory (Brand et al., 2004), as well as TDS-induced activation of NOS 

(Harvey et al, 2004b). The reversal of SPS-associated memory changes with 

fluoxetine or ketoconazole, confirm the predictive validity of the model. 



Literature Overview 

13.2. Single prolonged stress (SPS) 

SPS evokes distinct cognitive and aversive behaviours, as well as hormonal 

disturbances, resembling PTSD that present with significant validity with respect to its 

application in PTSD research, as outlined below: 

Face validity: Takahashi et al (2006) found SPS produced enhanced HPA-axis 

negative feedback, leading to low levels of plasma cortisol, similar to the effect seen 

in PTSD patients. Enhanced negative feedback, a neuroendocrine abnormality of 

PTSD, and changes in glucocorticoid and mineralocorticoid receptors have also been 

found to be induced in animals exposed to SPS (Liberzon et al., 1999a). Another 

typical symptom of PTSD, exaggerated acoustic startle (Shalev et al., 1992; Orr & 

Lasko, 1995), is heightened by SPS in rats (Khan & Liberzon, 2004). SPS induces 

contextual freezing in rodents which is consistent with PTSD patients showing 

enhanced anxiety and fear in response to stimuli not related to previous trauma. 

Recently Kohda et al (2007) demonstrated that SPS induces pronounced spatial 

memory deficits in rodents, as well as increasing contextual fear conditioning. Both 

the latter behavioural changes represent core symptoms of PTSD and hence support 

the face validity of the model. Finally, SPS induces the development of impaired 

extinction of fearful memory (Yamamoto et al., 2008), a major symptom in PTSD 

(Bremner et al., 2005; Milad et al., 2006). 

Construct validity: Reversal of SPS-induced acoustic startle with topiramate, a 

blocker of voltage-dependent sodium channels (Taverna et al., 1999) and 

AMPA/kainate receptors (Gibbs et al., 2000), has particular importance for the 

putative role of AMPA receptors in PTSD. This evidence for construct validity is 

particularly important for the objectives of the current study. SPS stress is associated 

with various aspects of altered glutamatergic signalling, including increased 

hippocampal levels of glycine-transporter 1 (Gly-T1) and vesicle-associated 

membrane protein2 (VAMP2) (Iwamoto et al., 2007) and upregulation of NMDA 

receptors (Yamamoto et al., 2008). The higher levels of Gly-T1 may be the cause for 

the development of impaired extinction of fearful memory. Moreover, SPS-induced 
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impairment in fear extinction is prevented by D-cycloserine, a partial agonist of the 

glycine site in the NMDA ion channel (Yamamoto et al., 2008). 

Predictive validity: Chronic administration of paroxetine reduces the elevated fear 

response evoked by SPS (Takahashi et al., 2006), confirming predictive validity for 

the model, while increased acoustic startle induced by SPS is blocked by the 

anticonvulsant, topiramate (Khan & Liberzon, 2004). Anti-glutamate drugs have 

found use in the treatment of PTSD (see Section 10.1.4.) 

The above data indicate that SPS and SPS plus reminders (TDS stress) may be 

useful in studying the biobehavioural effects of novel drug treatments and their 

possible relevance in the treatment of PTSD. However, it is interesting that despite 

their similarities in validity, recent work that has attempted to examine the importance 

of either re-experience (TDS) or acute severe stress alone (SPS) as a contributor to 

the developement of PTSD, has noted that SPS and TDS stress evoke qualitatively 

different endocrine, behavioural and monoamine responses (Harvey et al, 2006). 

14. Ampakines 

Ampakines describe a group of compounds that potentiate AMPA receptor 

transmission through allosteric modulation and not through any agonist or antagonist 

effects of their own (Suppiramaniam et al., 2001; Lynch & Gall, 2006). Deactivation 

and desensitization of AMPA receptors are slowed by ampakines (Lynch, 2002). By 

reducing desensitization of the ion channel (Lynch & Gall, 2006), thereby stabilizing 

the receptor in its channel-open state following the release of glutamate, ampakines 

effectively prolong current flow through the receptor complex leading to an enhanced 

and sustained synaptic response (Lynch & Gall, 2006). However, ampakines from 

each category bind to different sites of the AMPA receptor and have diverse affects 

on the excitatory post-synaptic potential (EPSP; Arai et al., 2002), as well as different 

effects on LTP (Arai et al., 2004). 
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The first AMPA receptor potentiators were benzamide compounds, with the first 

ampakines derived from aniracetam. Currently several classes of AMPA receptor 

potentiators have been reported. The classes include pyrrolidones i.e. piracetam 

and aniracetam; benzothiazides i.e. cyclothiazide; benzoylpiperidines i.e. CX516 

(Ampalex) and CX546, and the more recent biarylpropylsulfonamides i.e. 

LY392098, LY404187 and LY503430 (O'Neill et al., 2004). The ampakines, 

Org26576 and Org24448 represent a structurally distinct chemical series derived 

from the first generation ampakine, CX516 (Ampalex; Jordan et al., 2005), and are 

chemically related to aniracetam {refer to figure 13). 

Studies have shown that ampakines have beneficial effects in animal models of 

learning (Lebrun et al., 2000) as well as animal models of depression (Li et al., 2003; 

O'Neill et al., 2004; Jordan et al., 2005). Ampakines also improve short-term memory 

in humans (Ingvar et al., 1997). 

Pharmaceutical companies have developed several ampakine compounds, starting 

with CX516, which was found to increase AMPA-mediated excitatory postsynaptic 

potential responses and decreases AMPA receptor deactivation and desensitization 

(Arai et al., 1996). The compound was researched under the brand name Ampalex 

as a possible treatment for AD and dementia (U.S. National Library of Medicine, 

2008), and successfully demonstrated an improvement in performance in some 

memory tasks (Lynch et al., 1996, 1997). Later, Knapp and colleagues (2002) 

investigated the effects of CX516 and second generation ampakines, CX691 and 

CX731, in an animal model of depression. Their results suggested that these 

ampakines may have antidepressant activity (Knapp et al., 2002). 

CX546 has been used in animal studies as a proposed treatment for schizophrenia 

(Lipina et al., 2007), while it has also demonstrated significant efficacy in reversing 

respiratory depression (Ren et al., 2006). Farampator, otherwise known as CX691 or 

Org24448, has been researched as a potential treatment for schizophrenia and AD. 

Clinical studies showed that the drug improved short-term memory, although episodic 

memory was impaired (Wezenberg et al., 2007). Mechanistically, ampakine CX614 
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slows deactivation of AMPA receptors, contributing to its cognitive enhancing 

properties (Arai & Lynch, 1998). However, CX614 also increases levels of BDNF 

(Lauterborn et al., 2003) and may thus have potential as a treatment for 

neurodegenerative disorders. Refer to figure 14 for structures of the ampakines 

CX516, CX546andCX614. 

The biarylpropylsulfonamide class (LY404187 and LY503430) reduces 

desensitization of the AMPA receptor ion channel, resulting in enhancement of AMPA 

receptor-mediated neurotransmission (refer to figure 15). These AMPA receptor 

modulators have potential as a treatment for AD, schizophrenia, depression and 

Parkinson's disease (O'Neill et al., 2004). The ampakine LY503430 also increased 

levels of BDNF in animal models of Parkinson's disease (O'Neill, 2005; Murray, 

2003). 

Ampakine compounds are designated as either low impact or high impact 

compounds. The ampakines, CX614 and CX929, are high impact ampakine 

compounds binding to the cyclothiazide binding site and activating the expression of 

BDNF. On the other hand, CX717, CX701, Org24448 and Org26576 bind to a 

different modulatory site on the AMPA receptor complex and are referred to as low 

impact ampakine compounds. The low impact ampakine compounds do not 

significantly enhance BDNF, but remain effective in strengthening synaptic 

connectivity (Cortex Pharmaceuticals, 2008). 
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Figure 13: Structure of the AMPA receptor potentiator aniracetam. (Wikipedia contributors, 

2008a). 
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Figure 14: Chemical structures of ampakines CX516, CX546 and CX614 (Lynch, 2006). 
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Figure 15: Structures of ampakines a) LY503430 and b) LY404187. 
(Wikipedia contributors, 2008b) and (Wikipedia contributors, 2008c). 

The ampakines, Org26576 and Org24448, increase local cerebral glucose 

metabolism in the mouse in various regions of the thalamus, cortex, dentate gyrus 

and hippocampus (Jordan et al, 2005), thus providing an anatomical basis for the use 

of these agents in disorders where the conservation and improvement of cognitive 

functioning are required, such as schizophrenia, AD and depression. In support of 

their possible use in depression, increased striatal AMPA receptor binding has been 

reported in suicide victims, while others have noted a decrease in AMPA-receptor-

directed MAPK signaling pathways in brain of depressed suicide victims (Alt et al., 

2006). The MAPK pathway plays an important regulatory role in the expression of 

BDNF, now being increasingly recognized as an important biomolecular target for 

antidepressant action (Alt et al., 2007). Furthermore, increased synaptic 5-HT levels 

that follow antidepressant treatments are known to mediate changes in 

phosphorylation of important signaling proteins, particularly dopamine and cAMP 

regulated phosphoprotein (DARPP) and the GLURI subunit of the AMPA receptor. 

Actions on the latter will favor increased channel conductance, with a resulting effect 

on mood (Alt et al, 2006). 
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While a possible role for AMPA receptors in depression is evident, its role in PTSD is 

less defined. However, a recent paper has provided evidence that emotional 

experiences enhances learning via NA-mediated phosphorylation of GluR1-

containing AMPA-receptors and as such enhances AMPA trafficking (Hu et al, 2007). 

Consequently, increased AMPA receptor activity and function provides a molecular 

mechanism for how emotion enhances learning and memory. 

Thus, ampakines may have clinical usefulness in the treatment of stress-related 

illnesses where excessive neurodegenerative mechanisms are involved by 

enhancing cognitive deficits and promoting cell proliferation. These effects may follow 

one or more of the following mechanisms: 

1) By attenuating deactivation and/or desensitisation of AMPA receptors. 

2) By expanding cortical networks by increasing transmission. 

3) By bolstering NMDA activity and facilitating LTP. 

4) By up-regulating BDNF (Witkin & Eiler, 2006; Lynch, 2004). 

15. Conclusion 

PTSD is characterized by hyperarousal, intrusions, avoidance and cognitive 

dysfunction; symptoms that have a great impact on the well-being of the patient and 

interfering substantially with daily life. Although current drug treatment is effective, the 

response is still far from satisfactory and improved drugs, and new drug targets, are 

urgently needed. 

Ampakine studies up to date have indicated their potential as novel drug candidates 

in the treatment of various neuropsychiatric disorders, but most notably in illnesses 

characterised by deficits in cognitive function. Indeed, animal studies have indicated 

treatment possibilities in major depression, PD, AD and schizophrenia. Clinical 
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studies have shown synergistic effects in combination with antipsychotics, and have 

demonstrated an ability to improve short-term memory. 

Animal models play an important role in new drug discovery and also in identifying 

specific drug treatments for certain behavioural and biochemical correlates of human 

illness. The term "PTSD model" has become fashionable to describe many different 

animal studies where behavioural alterations are induced by stress. However, only 

few of these truly reflect the human disorder. Novel investigation into the 

neurobiology and treatment of PTSD requires valid animal modelling with clearly 

defined criteria. These criteria seem to be addressed in the SPS model, which will be 

used in the current study. 

16. Project aims and objectives 

Aims: The AMPA receptor plays a critical role in memory, while clinical and pre-

clinical evidence supports the possible value of AMPA receptor modulators 

(ampakines) in the treatment of various neuropsychiatric disorders where deficits in 

cognition are evident. This study represents the first dose-dependent evaluation of 

whether an ampakine may improve spatial memory in rodents, and particularly 

whether it can reverse explicit memory deficits evoked in an animal model of PTSD. 

Moreover, with AMPA-NMDA receptor interactions playing a decisive role in LTP and 

hence memory formation, this study will explore whether any observed benefits in 

explicit memory induced by the ampakine are accompanied by changes in frontal 

cortical and hippocampal NMDA receptor binding. 

Finally, with the above effects established, the study will then explore whether the 

ampakine can reverse or attenuate stress-induced cognitive dysfunction and NMDA 

receptor changes induced by a pathological state, in this case the SPS model of 

PTSD. 
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Objection 1: To investigate the dose-dependent effects of a novel ampakine, Org 

26576, on explicit memory performance in normal rats, and whether any behavioural 

changes are accompanied by regional brain NMDA receptor binding changes 

(manuscript prepared for submission to Behavioural Pharmacology???; Chapter 3). 

Objective 2: To investigate the dose-dependent effects of a novel ampakine, Org 

26576, on stress-evoked changes in explicit memory performance following exposure 

of rats to SPS, a putative animal model of PTSD, and whether any behavioural 

changes following drug treatment are accompanied by regional brain NMDA receptor 

binding changes (Chapter 4). 
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Abstract 

Ampakines have demonstrated beneficial effects on cognition in select animal 

models of learning, and which may be ascribed to recruitment of voltage-gated 

NMDA receptor ion channels. However, their ability to modify long-term spatial 

memory tasks has not been studied. This will lend credence to their possible value in 

treating disorders of cognition. We evaluated the actions of chronic Org 26576 

administration on spatial memory performance in the Morris water maze in male 

Sprague-Dawley rats at doses of 0 (saline control), 1, 3 and 10 mg/kg b.d. over 12 

days via intraperitoneal injection. We also investigated the effects of treatment on 

hippocampal and frontal cortical NMDA receptor radioligand binding. Org 26576 

exerted a dose and time-dependent bolstering of spatial learning, with dosages of 3 

and 10 mg/kg Org 26576 significantly enhancing learning on day 1. Globally, escape 

latency decreased significantly as the training days progressed in the saline and Org 

26576 treated groups, indicating that significant learning had taken place in all the 

treatment groups. At the end of the learning period, all doses of Org 26576 

significantly improved spatial memory retrieval without confounding effects in the 

cued version of the task. Interestingly, none of the drug treatments induced a 

noteworthy change in NMDA receptor binding density or affinity in the brain regions 

studied. Org 26576 therefore enhances spatial memory acquisition in rats without 

concomitant changes in limbic NMDA receptor binding, and may have clinical utility in 

treating disorders characterized by deficits in cognitive performance. 

Keywords: Org 26576, AMP A receptor, NMDA receptor, learning, spatial memory, 

Morris water maze 
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1. Introduction 

AMPA receptors, one of a group of four subtypes of glutamate receptors in the brain, 

including N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid (AMPA), kainic acid and metabotropic receptors, play a critical role in 

mediating fast excitatory postsynaptic currents (Malenka and Nicoll, 1999). AMPA 

receptors also are involved in recruiting voltage-gated NMDA receptor ion channels 

(Tanaka et al., 2000). NMDA receptor activation in turn results in the calcium-

dependent activation of calmodulin kinase II which phosphorylates the GluR1 subunit 

of the AMPA receptor, thereby enhancing AMPA channel conductance (Merril et al., 

2005; Liu et al., 2004; Lee et al., 2000). The latter provides the necessary 

depolarization for reversing the magnesium-dependent block of NMDA receptors 

(Nowak et al., 1984). Together, the NMDA and AMPA receptors play a pivotal role in 

memory-related long-term potentiation (LTP, Granger et al., 1993; Staubli et al., 

1994a). 

Considering these actions, pharmacologic manipulation of NMDA and AMPA 

receptors has realised increasing interest in novel drug development for treating 

illnesses characterised by disturbed cognition (O'Neill et al., 2004). However, the 

complex composition and regulation of the NMDA receptor, involving multiple 

regulatory sites for glutamate, glycine and zinc, amongst others (see Kalia et al., 

2008 for review), has complicated the development of safe and effective drug 

candidates for the treatment of these disorders. Moreover, full NMDA blockers, such 

as dizocilpine (MK-801; Wong et al., 1986) and phencyclidine (PCP; Anis et al., 

1983) that fully abrogate physiological functioning of the NMDA receptor gated ion 

channel, are plagued by serious side effects including hallucinations, central nervous 

system depression and coma (Lipton and Chen, 2004) and neurodegenerative 

phenomena (Olney et al., 1999; Olney and Farber, 1995; Moghaddam et al., 1997; 

Adams and Moghaddam, 1998). However, agents that modulate the NMDA receptor 

but yet maintain normal physiological NMDA ion channel opening, such as the partial 

glycine site agonist, D-cycloserine (Hood et al., 1989) and the open channel blocker, 
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memantine (Bormann, 1989; Blanpied et al., 1997), have distinct clinical utility 

(Kushner et al., 2007; Hoffman et al., 2006). Since AMPA receptors play an important 

role in recruiting NMDA receptors, targeting AMPA receptors may be an alternate 

approach to bolster/maintain normal functioning of the NMDA receptor without non-

physiological disruption of glutamatergic activity. 

Ampakines are a group of positive allosteric modulators of the AMPA receptor that, 

without having any agonist or antagonist effects of their own, retard deactivation and 

desensitization of AMPA receptors (Lynch, 2002). In this way, they exert diverse 

effects on the excitatory postsynaptic potential (EPSP) (Arai et al., 2002), particularly 

an enhanced synaptic response by prolonging current flow through the AMPA 

receptor complex. In humans, ampakines have demonstrated an improvement in 

various memory tests (Ingvar et al., 1997; Lynch et al., 1996). Pre-clinical studies 

have found that AMPA receptor potentiators, such as LY404187, increase local 

cerebral activity as measured by glucose metabolism or MRI in select regions of the 

rodent brain involved in learning and memory, particularly the cortex and 

hippocampus (Fowler et al., 2004; Jones et al., 2005) , further supporting a rationale 

for their use in disorders of cognition. Thus, ampakines improve retention scores in 

the radial maze (Staubli et al., 1994b), improve olfactory-related memory (Larson et 

al., 1995) and facilitate memory in aged rats (Granger et al., 1996). The ampakines 

CX516 and S-18986-1 have been found to enhance short-term memory (Hampson et 

al., 1998) and episodic memory (Lebrun et al., 2000), respectively. However, no 

studies to date have evaluated the efficacy of ampakines to bolster learning of long-

term memory tasks such as spatial memory. 

In this study, we have investigated more fully the cognitive effects of the ampakine, 

Org 26576, in rats by assessing explicit memory performance in the Morris water 

maze. In order to confirm a dose-relationship, the behavioural studies will be 

performed over a dosage range of 1, 3 and 10 mg/kg administered twice daily over a 

period of 12 days. Moreover, since evidence now concurs that ampakines may act to 

bolster AMPA-NMDA receptor cross talk, we have also assessed whether effects on 
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spatial memory are possibly associated with long-term changes in frontal cortical 

and/or hippocampal NMDA receptor binding following chronic Org 26576 treatment. 

2. Materials and methods 

2.1. Animals 

Male Sprague-Dawley rats, weighing 220-250 g and provided by the Biomedical 

Resource Unit, University of Kwazulu Natal, were grouped five rats per cage and 

housed in identical cages at the Animal Research Centre, North-West University. The 

rooms were maintained at constant conditions of temperature (21±5°C), relative 

humidity (50±5%) with free access to food and water. Full spectrum cold white light 

(350-400 lux) was provided over a 12 hour light/dark cycle. Positive air pressure was 

maintained in the facility with air filtration 99.7 % effective for a particle size of 2 

micron and 99.9 % for a particle size of 5 micron. All animals were handled according 

to the code of ethics in research, training and testing of drugs as laid down by the 

Animal Ethics Committee of the North-West University (Ethics number: NWU-00016-

07-A6). 

2.2. Drug treatment 

Org 26576 was freshly prepared daily by dissolving in Sabax Saline 0.9%, and 

administered intraperitoneally (i.p.) twice daily at 08:00 and 17:00. Dosages were 

obtained from in-house propriety data courtesy of the Schering-Plough. 
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2.3. Experimental design 

For the behavioural analyses, four groups of animals (n=10 rats per group) received 

either saline (1 ml/kg i.p.) or Org 26576 in incremental dosages of 1, 3 or 10 mg/kg 

i.p. b.d., in the same injection volume as above, for 12 days. Drug treatment was 

initiated 7 days prior to Morris water maze training, continuing throughout the 5 day 

spatial memory learning and assessment period. During this period, the animals 

received the first injection approximately half an hour before the first trial started 

(08:00) and then again at 17:00. The dose response study was performed in two 

separate sessions spaced 2 weeks apart. 

The treatment protocol is outlined in figure 1. 

Insert Figure 1 

For the neuroreceptor studies, separate groups of animals were used, although 

essentially as described for the behavioural protocol above (see figure 1). In this 

group, no behavioural testing was carried out. The animals were sacrificed 24hrs 

after drug treatment discontinuation, with the appropriate brain tissues dissected out 

for the receptor binding assays. 

2.4. Behavioural testing 

2.4.1. Morris water maze 

In order to assess spatial memory performance, a form of explicit memory, a modified 

version of the Morris water maze was used (Morris, 1981). One day prior to training, 

animals were habituated for 60 s in the pool to avoid initial stress associated with the 

Morris water task. The animal was placed in a 1.8 m diameter pool (wall height 0.65 

m; water depth 0.275 m) and encouraged to escape the maze by locating an olive-

green coloured escape platform submerged 2 cm below the water surface. Learning 

was assisted with extra maze cues, with training taking place over 5 days. 
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Confirmation that the animal had learned the location of the platform was assessed 

by removing the platform from the pool and monitoring the search strategy of the 

animal as it searched to locate the platform where it was previously located. The 

pool, constructed from a dark olive green plastic to prevent visibility of the hidden 

platform, was divided into four quadrants and labelled N-E-S-W. A digital video 

camera was used to collect the swim activities in the four quadrants, which were 

subsequently analyzed using AccuTrack digital tracking software (AccuScan 

Instruments Inc., Columbus, OH 43228, USA). The protocol is discussed in detail 

below. 

After receiving either saline or Org 26576 injections for the designated period, the 

animals were placed into cages and moved to a room adjacent to the pool and 

allowed to acclimatize for 30 minutes. Acquisition training took place over a period of 

5 days. Each rat underwent 4 training trials each day with a 30 minute inter-trial 

interval on day 1 and a 15-20 minute inter-trial interval for days 2 to 5. Each animal 

was placed on the platform for 30 seconds to orientate before the first trial on day 1. 

The rat was placed, tail first with its head facing the wall, in a quadrant not containing 

the platform, with video-recording and timing started as soon as the rat entered the 

water. The animal was allowed to swim for 60 seconds. If the animal failed to locate 

the submerged platform in this time, it was assisted onto the platform and allowed to 

orientate for 30 seconds. The rat was removed and dried before being returned to 

the cage. The procedure was repeated in the other quadrants over subsequent days 

with each rat doing 20 training trials over the 5 days (memory consolidation period). 

The extent of memory retrieval was assessed in the probe trial, which was initiated 

120-150 minutes after the last trial on day 5. In this test, the platform was removed 

and the animal allowed to swim for 60 seconds. The time that the animal spent in the 

target quadrant and the target zone (immediate area where the platform was 

previously located) is an indication of the degree of memory retrieval that had taken 

place after learning. There was a 30 minute recovery time for the animal between 

the probe trial and cued trial. The cued trial involved attaching a 30 cm long white 

ruler to the platform in the original quadrant, with the animal then allowed to swim for 



Org 26576 BoCsters spatiat memory 

a maximum of 60 seconds. The cued trial controls for purely spatial memory deficits 

and that vision and locomotor impairment are not confounding variables. 

Swim parameters were analyzed using the AccuTrack Software system. The 

parameters used during acquisition training (day 1 to day 5) included escape latency, 

target zone entrance latency, time spent in target zone and ratio time in target zone. 

Percentage time in target zone and time in target quadrant were assessed during the 

probe trial (day 5). Escape latency time and swim speed were used for the visible 

platform (cued) trial. 

2.5. Neuroreceptor studies 

NMDA receptor binding characteristics were determined in the frontal cortex and 

hippocampus of rats following the various treatment doses of Org 26576. Rats 

received either saline or Org 26576 as described earlier and sacrificed by 

decapitation 24hrs after the last drug dose. Total hippocampus and frontal cortices, 

including dorsal, lateral, prefrontal and medial cortex, were dissected out on an ice-

cooled dissection slab, and the tissue snap frozen in liquid nitrogen and stored at -

86°C until neuroreceptor analysis. 

Tissues were pooled for the determination of NMDA receptor binding, with 2 cortices 

or 2 hippocampi pooled per assay and performed in triplicate. The tissue was 

homogenized in 30 volumes of cold HTS buffer (5 mM HEPES / 4.5 mM Tris buffer, 

pH 7.4) with an Ultra-Turrax (6 seconds) and the suspension centrifuged (48 000 xg 

for 15 minutes at 4°C). After the resulting supernatant was decanted, 25 ml of buffer 

was added. A glass-Teflon homogenizer was then used to resuspend the 

homogenate after which it was again centrifuged. The pellet was finally re-suspended 

in 60 volumes of HTS buffer (1 g tissue in 60 ml) and the homogenate kept on ice. 

The following was added to the test tubes to define the total binding: 300 pi 

homogenate, 50 pi 300 pM glycine, 50 pi 100pM /-glutamate, 50 pi buffer and 50 pi 
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[3H]-MK-801 in a concentration range of 0.7 - 25 nM. To determine non-specific 

binding, the following was added to the test tubes: 300 pi homogenate, 50 pi 300 pM 

glycine, 50 ul 100 uM /-glutamate, 50 pi 300 pM MK801 and 50 pi [3H]-MK-801 of the 

concentration range in each tube. Each tube was then vortexed and thereafter 

incubated in a shaking bath for 90 minutes at 25°C. The contents of each tube were 

transferred to a Whatman GF/B filter, pre-soaked with ice-cold buffer, on the Hoeffler 

apparatus and the labelled membranes were harvested by rapid vacuum filtration. 

The filters were rinsed with 4 ml ice-cold buffer and placed in scintillation vials 

containing 3 ml Filter Count® scintillation cocktail and radioactivity determined by 

scintillation counting using a Packard Tri-carb 4660 scintillation spectrometer. A 

standard curve was generated by adding 10 pi of each radioligand concentration to a 

clean filter and adding 3 ml scintillation cocktail to determine each standard of the 

radioligand concentration series. The radioactivity on the filters was then determined 

by scintillation counting. NMDA receptor density was expressed in fmol/mg protein, 

with protein routinely assayed using the Bradford assay. 

2.6. Statistical analysis 

GraphPad PRISM version 5 (GraphPad Software, San Diego, USA) was used for all 

graphical presentations and either PRISM or SAS System (SAS Institute Inc., Cary, 

NC, USA) was used for statistical analysis. The acquisition training data was 

analyzed using a two way analysis of variance (ANOVA) with repeated measures 

followed with Tukey multiple comparison tests. Memory consolidation data was 

analyzed using one way ANOVA with subsequent Dunnett's post hoc analysis. 

Neuroreceptor data were analyzed using a one way ANOVA, followed by post-hoc 

Dunnett's tests, if required. Statistical significance are defined as P<0.05. 
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3. Results 

3.1. Effect of Org 26576 on spatial memory performance 

3.1.1. Memory consolidation (acquisition training) 

Spatial learning revealed significant overall trial (F=10.41, P<0.001) and treatment 

effects (F=3.25, P=0.024) on the escape latencies in animals treated with saline or 

Org 26576 (1, 3 & 10 mg/kg) during the training sessions (figure 2). A two way 

repeated measure ANOVA revealed a significant overall treatment x time interaction 

for latency to escape the water maze (F=2.60, P=0.002). Two way ANOVA with 

repeated measures of day 1 to day 5, with treatment and trial as variable, revealed a 

significant effect (F= 253.75, P<0.001, figure 2) for escape latency during acquisition 

training in animals treated with either saline or one of the doses of Org 26576. There 

was also a significant global effect over the 5 days (F=109.35, P<0.001), confirming 

that learning took place over the acquisition training period (figure 2). 

Insert Figure 2 

That escape latency between the different groups from day 2 to day 5 were non-

significantly different indicates that all the groups learned the task (figure 2, P>0.05). 

Dunnett's post-hoc across group comparisons on each training day and using escape 

latency as parameter was then used to establish a day by day account of how the 

different treatments performed. On day 1, it is clear that animals receiving 3 mg/kg 

(PO.001, Dunnett's, figure 3a) and 10 mg/kg (PO.05, Dunnett's, figure 3a) 

dosages of Org 26576 showed significantly improved spatial memory acquisition, as 

evinced by a significant decrease in escape latency time compared to saline treated 

animals. The 1 mg/kg dose similarly was numerically lower than saline treated 

animals, but failed to reach significance. 

Insert Figure 3a to 3e 
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Post-hoc analysis of learning on day 2 using the Dunnett's multiple comparison tests 

revealed a very similar profile as that on day 1, but less emphatic. Thus, acquisition 

on day 2 showed no significant treatment effect, although as on day 1, the 3 mg/kg 

dosage demonstrated a strong tendency towards decreasing escape latency (figure 

3b) vs. saline. Learning on days 3 to 5 showed no noteworthy differences evident 

between the different treatment groups (figure 3c-e). 

3.1.2. Memory retrieval (Probe trial) 

In order to confirm the presence and extent of learning at the end of the learning 

period, animals treated with either saline or one of the doses of Org 26576 were 

subjected to a probe trial performed 120-150min after the last training session on day 

5. One way ANOVA revealed a significant effect of treatment across the groups 

[F(3,36)= 4.412, P=0.01, (figure 4a)] using percentage time spent in target zone as 

end point. Subsequent Dunnett's post-hoc analysis revealed that 1, 3 and 10 mg/kg 

Org 26576 significantly increased time spent in the target zone compared to the 

saline treated control group (P<0.05, Dunnett's, figure 4a). 

Insert Figures 4a and 4b 

Using an additional swim parameter as end point measure in the probe trial, viz. time 

in target quadrant, one way ANOVA revealed a significant effect of treatment across 

the groups (F= 3.838, P=0.018, figure 4b). Subsequent post-hoc analysis revealed 

that, while 1 mg/kg and 3 mg/kg Org 26576 evoked a numerical increase in time 

spent in the target quadrant but failing to separate from saline treated control animals 

(Dunnett's, Figure 4b), 10 mg/kg Org 26576 resulted in a significantly greater time 

spent in the target quadrant compared to saline treated control animals (P<0.05, 

Dunnett's, Figure 4b). 
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3.1.3. Cued trial 

In order to exclude deficits in visual acuity and locomotor function as possible 

confounding variables in interpreting how the animals learned to orientate, navigate 

and escape the water maze, animals treated with either saline or one of the doses of 

Org 26576 were subjected to a cued (visible platform) trial. This test was performed 

30 min after the probe trial on day 5 using swimming speed and escape latency time 

as primary end point parameters. 

One way ANOVA failed to reveal any significant effect of treatment (F= 1.197, 

P=0.326, figure 5a) in the cued visible platform assessment performed on day 5, 

using escape latency time as end point. Using swim speed as end point, one way 

ANOVA similarly failed to reveal any significant effect of treatment (F= 2.094, 

P=0.118, figure 5b). Subsequent post-hoc analysis of both parameters revealed no 

effect of the three doses of Org 26576 on swim speed or on escape latency 

compared to saline treated animals (Dunnett's, P >0.05, Figures 5a and 5b). 

Insert Figures 5a and 5b 

3.2. Effect of Org 26576 on NMDA receptor binding 

3.2.1 Frontal cortical NMDA receptor binding and response to drug treatment 

One way ANOVA revealed no significant differences in frontal cortical NMDA 

receptor densities [F(3,8)=0.7848, P=0.5352, (figure 6a)] or in the Kd values 

[F(3,8)=0.8451, P=0.5068, (figure 6b)] of animals treated with the various dosages of 

Org 26576 compared to saline treated animals. 

Insert Figure 6a and 6b 
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3.2.2. Hippocampal NMDA receptor binding and response to drug treatment 

Org 26576 at all dosages tested failed to reveal any significant changes in the 

hippocampal NMDA receptor densities [F(3,8)=2.021, P=0.1896, (figure 7a) or Kd 

values [F(3,8)=0.3939, P=0.7609, (figure 7b)], compared to that of saline-treated 

animals. 

Insert Figure 7a and 7b 

4. Discussion 

In the present study we have examined the behavioural effects of chronic Org 26576 

treatment, at various dosages, on spatial memory acquisition in male Sprague-

Dawley rats, as assessed with the Morris water maze. In addition, we determined 

whether effects on explicit learning involved long term changes in NMDA receptor 

binding in the rat frontal cortex and hippocampus. Org 26576 was found to bolster 

spatial learning in a unique manner, with dosages of 3 and 10 mg/kg, but not 1 

mg/kg, significantly enhancing learning on day 1 and to a lesser extent on day 2 of 

training (figure 3a-b). Thereafter its effects did not separate from vehicle over 

subsequent training days (figure 3c-e). Globally, however, escape latency decreased 

significantly in both the saline and Org 26576 treated groups as the training days 

progressed so that at the end of the 5 day training period, a significant but equal 

degree of learning had taken place in all drug and saline treated groups (figure 2). Of 

interest was that, despite the apparent dose-dependent bolstering of learning evident 

only in the early stages of training, all doses of Org 26576 significantly increased 

spatial memory retrieval in the probe trial on day 5 (figure 4a-b). Treatment with Org 

26576 therefore significantly improves spatial memory learning in normal rats. These 

effects were observed in the absence of undue effects in the visible platform version 

of the Morris water maze (figure 5a-b). Moreover, neuroreceptor analysis of frontal 

cortical (figure 6a-b) and hippocampal (figure 7a-b) NMDA receptor binding 
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revealed that receptor density (Bmax) and affinity (Kd) in both regions studied remained 

unchanged following all of the applied treatment dosages. 

Autoradiographic quantification of AMPA receptors has confirmed its heterogeneous 

distribution throughout the brain, including the hippocampus and cortex (Monaghan 

et al., 1984). Furthermore, ampakines evoke cerebral glucose metabolism changes in 

various brain regions associated with cognitive functioning, but in particular regions of 

the cortex and hippocampus (Fowler et al., 2004; Jones et al., 2005). Subsequent 

studies have found that ampakines improve performance in a variety of cognitive 

tasks (Black, 2005). Various studies have demonstrated an ability of ampakines to 

improve short-term memory in humans (Ingvar et al., 1997; Lynch et al., 1996), while 

in animals ampakines have demonstrated beneficial effects in a range of learning 

and memory tests (Staubli et al., 1994b; Larson et al., 1995; Granger et al., 1996; 

Hampson et al, 1998). Recently, Bloss and colleagues have demonstrated an 

improvement in spatial memory performance in aged rats using S18986 (Bloss et al., 

2008), an ampakine that has earlier been found to bolster cognitive functioning in 

healthy rats using a one-trial object recognition test (Lebrun et al., 2000). Our results 

with Org 26576 are thus consistent with these findings. However, the 

aforementioned studies used short-term memory tasks such as the Y-maze, while the 

Morris water maze as applied in the current study measures long-term memory. 

From a therapeutic perspective these data are potentially interesting for illnesses like 

schizophrenia, Alzheimer's disease and depression. Indeed, deficits in cognition 

represent a core symptom of depression (Castaneda et al., 2008), while animal 

studies have noted the antidepressant-like effects of ampakines (Li et al., 2003; 

Knapp et al., 2002). Studies in post-mortem brain of depressed patients have found 

an increase in AMPA receptor binding in the striatum of suicide victims (Freed et al., 

1993), as well as a decrease in AMPA-receptor-directed mitogen-activated protein 

kinase (MAPK) signalling (Alt et al., 2006), thus supporting a role for altered AMPA 

receptor function in depression. Moreover, emotion enhances learning via 

noradrenaline mediated phosphorylation of GluR1-containing AMPA-receptors and 

as such enhances AMPA receptor trafficking (Hu et al., 2007). This latter study 
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provides a molecular mechanism for how emotion enhances learning and memory 

via an AMPA receptor-mediated event. AMPA receptors are involved in recruiting 

voltage-gated NMDA receptor ion channels (Tanaka et al., 2000) and together play a 

pivotal role in memory-related long-term potentiation (LTP, Granger et al., 1993; 

Staublietal., 1994a). 

Depression, however, has been more associated with increased glutamate activity 

(see Paul and Skolnick, 2003 for review), requiring that pharmacological treatment 

should attenuate rather than bolster function at glutamatergic synapses (Skolnick, 

2008; Zarate et al., 2006; Berman et al., 2000), which are contrary to the 

glutamatergic actions of the ampakines. The effects of NMDA receptor block may at 

least partly be mediated by indirect enhancement of glutamatergic tone at AMPA 

receptors, due to "toning down" of NMDA receptor function. Indeed it has been 

shown that pre-treatment with the AMPA receptor antagonist, NBQX [2,3-dihydroxy-

6-riitro-7sulfamoyl-benzo(F)quinoxaline], attenuates both NMDA receptor 

antagonism-induced antidepressant-like behaviour and regulation of GluR1 AMPA 

receptor phosphorylation (Maeng et al., 2008). These same authors conclude that 

NMDA antagonists might exert rapid antidepressant-like effects by enhancing AMPA 

relative to NMDA throughput in critical neuronal circuits. This evidence suggests that 

ampakines may represent a promising novel approach to treating depression by 

targeting NMDA-AMPA balance involved in regulating cognition. 

Learning a spatial navigational task such as the Morris water maze displays three 

levels of learning, namely initial learning, consolidation and retrieval (Bruel-

Jungerman et al., 2007). Interestingly, our behavioural data suggests that, especially 

with the 3 mg/kg and 10 mg/kg doses, Org 26576 exerts an initial reduction in escape 

latency, suggesting potentiation of initial learning on day 1 but which loses 

prominence over the vehicle treated group over the subsequent training days (refer to 

figure 2 and figure 3a-e). This phenomenon may be more representative of a short-

term memory benefit, as was observed in earlier studies (Lebrun et al., 2000; Bloss 

et al., 2008). Thus, it may be argued that Org 26576 increases AMPA receptor 

functioning to initiate early phase LTP, an event that lasts between 1-2 hours. 
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Indeed, AMPA receptor mediated LTP in the hippocampus specifically targets short 

term memory processes (Shi et al., 1999; Takahashi et al., 2003). This response 

involves MAPK and cAMP-dependent protein kinase A (PKA) signalling (Wang et al., 

2004) culminating in postsynaptic membrane depolarisation and activation of NMDA 

receptor-initiated Ca2+ signalling. 

Org 26576 treatment at all doses failed to separate from the saline treated group on 

subsequent days, in fact with all doses found to perform equal to that of vehicle, 

eventually attaining the same degree of spatial memory acquisition on day 5 {refer to 

figure 2 and figure 3c-e). Org 26576 therefore does not significantly alter spatial 

memory consolidation in the Morris water maze task. This gradual loss of separation 

from saline treated animals over training days 1-5 may be attributable to changes in 

the postsynaptic NMDA:AMPA ratio. The ratio of relative activities of NMDA and 

AMPA receptors before LTP is 1:1 (Rao and Finkbeiner, 2007). Binding of Org 26576 

to the AMPA receptors and subsequent increasing of AMPA receptor activity; results 

in NMDA receptor activation that promotes the post-synaptic delivery of AMPA 

receptors, leading to early phase LTP. The NMDA:AMPA ratio is decreased as a 

result of the post-synaptic insertion of AMPA receptors (Rao and Finkbeiner, 2007). It 

is clear that learning is significantly enhanced during early phase LTP, as supported 

by our results showing that Org 26576 (3 and 10 mg/kg) significantly enhanced 

spatial performance during the initial learning phase. 

Persistent changes in synaptic transmission strength are important for long term 

memory formation (Martin et al., 2000). In the current study, results from day 3 to day 

5, a period in which memory consolidation takes place, indicate that the effects of 

Org 26576 declines over the subsequent training days {refer to figures 3c-e). A 

possible explanation for this declining effect may be due to synaptic scaling, a 

process where synaptic AMPA receptors are removed, and which takes place during 

late phase LTP resulting in synaptic NMDA receptor currents being potentiated (Watt 

et al., 2004). Consequently, learning will ensue. Indeed, the significant decrease in 

escape latency observed in all four Org 26576- and saline-treated groups over the 5 
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training days indicates that significant learning has indeed taken place in all the 

treatment groups (refer to figure 2). 

However, all three dosages of Org 26576 (1, 3 and 10 mg/kg) were significantly 

superior to saline treatment in the probe trial {figure 4a), with animals receiving Org 

26576 spending significantly more time in the target quadrant where the platform was 

located previously. These data confirm the drug's superior ability to bolster memory 

retrieval. These results indicate that Org 26576 initiates and maintains processes 

involved in retrieval of long-term memory, in this case spatial memory. While NMDA 

receptors are more associated with consolidation of memories, retrieval of spatial 

memories is the function of AMPA receptors (see Riedel et al., 2003 for review). 

AMPA receptors also regulate short term changes in synaptic strength, while NMDA 

receptors are responsible for the regulation of genes for long term maintenance of 

these synaptic changes. The fact that all the doses of Org 26576 demonstrated 

superior efficacy than the saline group during the probe trial suggests the activation 

or maintenance of memory processes throughout the 12 days of treatment. 

Advantages of the present study over earlier assessments of ampakine effects on 

pneumonic function is the employment of a long-term memory task, which has 

allowed us to identify differential abilities of Org 26576 to target specific behavioural 

components of spatial memory acquisition, namely on initial learning, on memory 

consolidation and on memory retrieval. Moreover, this question has been addressed 

using a three-tiered dose response analysis. Finally, the use of a sub-acute dosage 

regimen, and using a long-term memory-dependent task, has allowed a better 

extrapolation to the human condition where deficits in cognition are evident and 

subsequently treated over an extended period. 

Despite the noteworthy improvement in learning processes observed during early 

stages of acquisition, and more robustly on day 5 in the probe trial, these behavioural 

changes were not associated with significant changes in hippocampal or frontal 

cortical NMDA receptor binding. Interactions between the hippocampus and frontal 

cortex play a critical role in learning and memory. Short-term memory processes are 
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dependent on the hippocampus and these unstable short-term memories are 

consolidated into more stable long-term memories in the cortex (Squire et al., 2004; 

Wiltgen et al., 2004). Although Org 26576 at 10 mg/kg dosage engendered a 

decrease in cortical NMDA receptor density (figure 6a), this change failed to reach 

statistical significance. No associated changes in receptor affinity were noted (figure 
6b). In similar fashion, the 3 mg/kg dosage numerically decreased the NMDA 

receptor density in the hippocampus, although again narrowly missing significance 

(figure 7a). Here too there were no noteworthy effects on NMDA receptor affinity 

(figure 7b). Activation of AMPA receptors are reported to increase the recruitment of 

NMDA receptors (Tanaka et al., 2000). Thus, there is the expectancy that Org 26576 

should increase NMDA receptor density, possibly supporting (and explaining) its 

beneficial effects on pneumonic function. However, our binding data in the frontal 

cortex and hippocampus suggest a decrease (albeit not significantly) in NMDA 

receptor density with the 10 and 3 mg/kg dose, respectively. This response, however, 

may reflect a decrease in NMDA:AMPA ratio due to post-synaptic insertion of AMPA 

receptors (Derkach et al., 2007). This observation may underscore the effects on 

spatial memory performance on day 1 (refer to figure 3a), especially since short-term 

memory processes are dependent upon the hippocampus (Izquierdo et al., 2002). 

Org 26576 may therefore facilitate short-term and long-term memory processes by 

altering NMDA:AMPA receptor balance in the hippocampus and frontal cortex. It 

should however be borne in mind that the cognitive enhancing effects of ampakines 

are very likely not restricted to effects on one transmitter or signalling system in these 

brain regions. Indeed, ampakines have been found to affect cholinergic (Rosi et al., 

2004), and noradrenergic release (Lockhart et al., 2000), as well as neurotropin 

expression (Lockhart et al., 2007), all of which may contribute to the behavioural 

responses depicted in the current study. 
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5. Conclusions 

This study has for the first time assessed the efficacy of an ampakine to bolster 

acquisition of a long-term memory task, providing evidence for a unique action 

involving the various phases of learning, and by implication, the processes of LTP. 

Org 26576 significantly improves early initial learning in the Morris water maze, as 

well as significantly improves spatial memory retrieval. These behavioural effects 

were not associated with simultaneous effects on frontal cortical and hippocampal 

NMDA receptor binding. This study therefore provides evidence that Org 26576 may 

be an effective agent to enhance both short-term as well as long-term memory 

processes, attributes that warrant further investigation into its use in major 

depression, Alzheimer's disease and post-traumatic stress disorder. 
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Legends to Figures 

Figure 1: Outline of the Morris water maze study. Animals received either saline or Org 

26576 at doses of 1, 3 or 10 mg/kg administered intraperitoneally twice daily for a total of 12 

days. Morris water maze testing began on day 8, with the final training and memory retrieval 

tests performed on day 12. 

Figure 2: Effect of treatment with saline and Org 26576 (1, 3 and 10 mg/kg i.p. twice daily) in 

the acquisition phase of spatial learning in the Morris water maze. The escape latency over 

the five acquisition training days is expressed as mean ±S.E.M. of 10 animals. Data sets are 

the average of 4 separate learning sessions performed on each day of training. 

Figure 3: Effects of saline and Org 26576 (1,3 and 10 mg/kg i.p. twice daily) on spatial 

memory performance on days 1-5 (Figures 3 a-e) of acquisition training. Data represent the 

means ± S.E.M. of 10 animals (* P<0.05, Dunnett's test). 

Figure 4: (a) Percentage time in target zone and (b) time in target quadrant on day 5 during 

the probe trial to access memory retrieval in animals receiving saline or Org 26576 at 

dosages of 1, 3 and 10 mg/kg (i.p. twice daily). Data represent the means ± S.E.M. of 10 

animals (* P<0.05, Dunnett's test). 

Figure 5: (a) Escape latency and (b) swim speed during the cued trial of the Morris water 

maze in animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). Data 

represent the means ± S.E.M. of 10 animals. 

Figure 6: (a) NMDA receptor density (Bmax) and (b) NMDA receptor affinity (Kd) in the frontal 

cortex of animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). Data 

represent the means ± S.E.M. of 6 animals. 

Figure 7: (a) NMDA receptor density (Bmax) and (b) NMDA receptor affinity (Kd) in the 

hippocampus of animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). 

Data represent the means ± S.E.M. of 6 animals. 



Org 26576 BoCsters sj> at iaC memory 

Figures 

Animals receiving drug treatment 

MWM > 12 

7 days drug treatment pre-MWM 5 days MWM + drug treatment 

Animals receiving saline treatment 

J 
MWM > 12 

7 days saline pre-MWM 5 days MWM + saline treatment 

Figure 1 



Org 26576 BoCsters spatial'memory 

60 i 
55i 

'tn 50-
> 45H 
0 40i 
c <D 35: + J 

re 30: 
0) 25: 
Q. 
re 20: 
u 15^ 

LU 10^ 
5i 
0* 

O Saline 
-*- 1 mg/kg 
-0- 3mg/kg 
■*■ 10 mg/kg 

- r 
2 

- r 
3 

Training days 

Figure 2 



Org 26576 BoCsters spatiaCmemory 

a) 

60-

50' 

3JT 40 
> 
g 30 

« 20 

10H 

Day 1 
Escape latency 

<SP 
~r 

sr 
b) 

40 

30-
In 
>< 
£ 20̂  

I 
_l 

10-

. 0 ^ 

Day 2 
Escape latency 

• ST tf> 

c) 

25-i 

20-

15' 

Day 3 
Escape latency 

^ jr 
d) 

25-1 

20-

o 

I 10. 

.* 

Day 4 
Escape latency 

«^ r & 

25 

20 

u 
I 10 
TO 

Day 5 
Escape latency 

e) 
S jr * 

Figure 3 (a-e) 



Org 26576 bolsters spatialmemory 

a) 

30-
Percentage time in target zone 

• ^ <f s> 

25-
* * 

- I -

* * * 
- I -

5S 

S 15-c v 
S» 10-
o> 
a. 

5J 

0- — i 

c& SP ft # 
$> 

30 

25H 

^.20-

» 15-

p 10-

5-1 

0 

Time in target quadrant 

• 
b) 

JT $> & $> 

Figure 4 (a-b) 

157 



Org 26576 BoCsters spatial'memory 

Cued trial Cued trial 

15-1 
Escape latency 

20-1 

E 0 

v 0 
Q. 
«0 5-

Speed Escape latency 
20-1 

E 0 

v 0 
Q. 
«0 5-

_ ^ ~r 
2 Id T 

20-1 

E 0 

v 0 
Q. 
«0 5-

s' -,-

20-1 

E 0 

v 0 
Q. 
«0 5-

0) ,__ 

20-1 

E 0 

v 0 
Q. 
«0 5-

_ l 3 

20-1 

E 0 

v 0 
Q. 
«0 5-

U 1 • ■ 1 1 

-ft *ft -ft 
^ ^ ^ X / / 

J) b) 

Figure 5 (a-b) 

158 



Org 26576 BoCsters spatiaCmemory 

a) 

6O-1 

40-

I 
I 

20 

10 

jr 

Frontal Cortex 
NMD A receptors 

~r 

«P ft 

X 

Jf ft 

40 

30-

■=-20 
■a 

10 

Frontal Cortex 
NM DA receptors 

-

1 
1 1 

T 
1 

b) 

* & ft .ft a * 

Figure 6 (a-b) 

159 



Org 26576 BoCsters sjyatiaC memory 

c I 
E 
00 

a) 

100-1 
90 
80 
70H 
60 
50 
40 
30-
20-
10-
0 

Hippocampus 
NMD A receptors 

X 

-r 

a* #* ^ 
<r* <& <r* 

20-

15-

£ 1 0 
■a 

Hippocampus 
NMD A receptors 

Jfi • ^ a ^« «* d 
*« 

b) 

Figure 7 (a-b) 

160 



Investigating the roCe of AMTShkines in an animaCmodelofpost-traumatic stress 
disorder (TT'SV) 

Effects of Org 26576 treatment on spatial memory 
performance and on hippocampal - frontal cortical 

NMDA receptors in rats subjected to single 
prolonged stress 

1. Introduction 

Post-traumatic stress disorder (PTSD) is a severe anxiety disorder that may follow a 

traumatic event. Characteristics of PTSD include hyperarousal, avoidance, intrusions 

and cognitive dysfunction (refer to Chapter 2 - Section 2). Animal models of PTSD 

simulate a severely stressful event in the life of the animal. Thus, for example the 

single prolonged stress (SPS)-model has varyingly used somatosensory stressors 

(such as restraint), inescapable or psychological stressors (such as underwater 

swimming or predator exposure) or complex stress-stimuli (such as that evoked by 

exposure to drugs or chemicals). SPS evokes distinct cognitive (Kohda et al., 2007) 

and aversive behaviours (Yamamoto et al., 2008), as well as hormonal disturbances 

(Takahashi et al., 2006), that resemble PTSD; while SPS-induced fear response has 

also shown response to treatment with the SSRI, paroxetine (Takahashi et al., 2006). 

When viewing the validation criteria for an animal model of PTSD (see Chapter 2 -

Section 12), these data confirm that SPS presents with significant face, predictive 

and construct validity with respect to PTSD. 

AMPA receptors, one of a group of four subtypes of glutamate receptors in the brain, 

including N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid (AMPA), kainic acid and metabotropic receptors, play a critical role in 
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mediating fast excitatory postsynaptic currents (Malenka & Nicoll, 1999). AMPA 

receptors also are involved in recruiting voltage-gated NMDA receptor ion channels 

(Tanaka et al., 2000), which together play a pivotal role in memory-related long-term 

potentiation (LTP, Granger et al., 1993; Staubli et al., 1994a). NMDA receptor 

activation in turn results in an increase in calcium release, the activation of 

calmodulin kinase II which phosphorylates the GluR1 subunit of the AMPA receptor, 

which then enhances channel conductance of AMPA receptors to promote LTP 

(Merril et al., 2005; Liu et al., 2004; Lee et al., 2000). AMPA receptor activation 

provides the necessary depolarization for reversing the magnesium-dependent block 

of NMDA receptors (Nowak et al., 1984), thereby allowing calcium to enter the cell 

(Burnashev et al., 1995; lino et al., 1997) with the exit of potassium via the open 

NMDA receptor channels. Autoradiographic quantification of AMPA receptors has 

confirmed its heterogeneous distribution throughout the brain, including the 

hippocampus and cortex (Monaghan et al., 1984). Furthermore, ampakines evoke 

cerebral glucose metabolism changes in various brain regions associated with 

cognitive functioning, but in particular regions of the cortex and hippocampus (Jordan 

et al., 2005). Subsequent studies have found that ampakines improve performance in 

a variety of cognitive tasks (Black, 2005), thus providing impetus for the use of these 

agents in disorders where the conservation and improvement of cognitive functioning 

are required, such as schizophrenia, Alzheimer's disease and depression. 

Considering these actions, pharmacologic manipulation of NMDA and AMPA 

receptors has realised increasing interest for novel drug development for treating 

illnesses characterised by disturbed cognition (O'Neill et al., 2004). However, the 

complex composition and regulation of the NMDA receptor (see Kalia et al., 2008 for 

review and Chapter 2 - Section 9.1.1.1.), has complicated the development of safe 

and effective drug candidates for the treatment of these disorders. Moreover, full 

antagonism of the NMDA receptor is plagued by serious side effects that preclude 

their general clinical use (Lipton & Chen, 2004; Olney et al., 1999; Olney & Farber, 

1995; Moghaddam et al., 1997; Adams & Moghaddam, 1998). However, indirect 

modulation of the NMDA receptor that allows normal physiological NMDA ion channel 
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function, e.g. with D-cycloserine or memantine (Hood et al., 1989; Bormann, 1989; 

Blanpied et al., 1997) has distinct clinical utility (Kushner et al., 2007; Hoffman et al., 

2006). Since AMPA receptors play an important role in recruiting NMDA receptors, 

targeting AMPA receptors may be an alternate approach to bolster/maintain normal 

functioning of the NMDA receptor without evoking excessive glutamatergic activity. 

Ampakines are positive allosteric modulators of the AMPA receptor (see Chapter 2 -
Section 14; Lynch, 2002) that enhance synaptic response by prolonging current flow 

through the AMPA receptor complex. In humans, Ampakines have been found to 

improve various measures of memory (Ingvar et al., 1997; Lynch et al., 1996), while 

pre-clinical studies have shown that Ampakines improve retention scores in the radial 

maze (Staubli et al., 1994b), improve olfactory-related memory (Larson et al., 1995) 

and facilitate memory in aged rats (Granger et al., 1996). The Ampakines CX516 and 

S-18986-1 have been found to enhance short-term memory (Hampson et al., 1998) 

and episodic memory (Lebrun et al., 2000), respectively. In an earlier study, we have 

provided the first behavioural evidence confirming that Ampakines are effective in 

bolstering learning of a long-term spatial memory task in rodents (see Chapter 3). 

Post-traumatic stress disorder (PTSD) is a severe anxiety disorder that may follow a 

traumatic event. Characteristics of PTSD include hyperarousal, avoidance, intrusions 

and cognitive dysfunction, while recent studies have noted that if not adequately 

treated, the disorder gets progressively worse over time (Johnsen et al., 2002). Brain 

imaging studies in patients with PTSD have indicated that the illness is associated 

with atrophy of the hippocampus, a brain region especially important in regulating the 

stress response and that also is critical in working/declarative memory function 

(Bremner, 1999; Elzinga & Bremner, 2002). PTSD can be directly or indirectly related 

to a state of disorganized memory. Importantly, general declarative memory functions 

as well as explicit information about the trauma are compromised while at the same 

time non-declarative memory relating to involuntary recollection of the trauma is 

bolstered (Elzinga & Bremner, 2002). Earlier studies in animal models of PTSD have 

found that SPS (Kohda et al., 2007) as well as SPS plus re-experience (i.e. TDS 
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stress; Harvey et al., 2003) engender profound deficits in spatial memory 

performance in rats. Moreover, recent evidence in both SPS and TDS models have 

confirmed the evidence for disturbances in glutamatergic signalling in the brains of 

animals subjected to either SPS (Khan & Liberzon, 2004) and TDS stress (Harvey et 

al., 2004 b; 2005). Since AMPA receptors may modify NMDA receptor signalling (see 

Rao & Finkbeiner, 2007 for review; see Chapter 2 - Section 9.1.1.3.), the present 

study will investigate spatial memory performance of rats exposed to normal 

environmental conditions as well as after exposure to SPS, and whether chronic 

treatment with the Ampakine, Org 26576, is able to modify stress-induced changes in 

cognitive performance. As described in Chapter 3, Org 26576 will be administered 

over a dosage range of 1, 3 and 10 mg/kg administered twice daily over a period of 

12 days. Since AMPA receptor activation increases the recruitment of NMDA 

receptors, we will also assess whether effects on spatial memory are possibly 

associated with long-term changes in frontal cortical and/or hippocampal NMDA 

receptor binding following chronic Org 26576 treatment. 

2. Materials and methods 

2.1. Animals 

Male Sprague-Dawley rats, weighing 220-250 g and provided by the Biomedical 

Resource Unit, University of Kwazulu Natal, were grouped five rats per cage and 

housed in identical cages at the Animal Research Centre, North-West University. The 

rooms are kept at constant conditions of temperature (21 ±5 °C), relative humidity 

(50±5 %) with free access to food and water. Full spectrum cold white light (350-400 

lux) was provided over a 12 hour light/dark cycle. Positive air pressure was 

maintained in the facility with air filtration 99.7 % effective for a particle size of 2 

micron and 99.9 % for a particle size of 5 micron. All animals were handled according 

to the code of ethics in research, training and testing of drugs as laid down by the 

Animal Ethics Committee of the North-West University. The study has been approved 
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by the local institutional review board for the use of experimental animals at North

west University, Potchefstroom. Ethics number: NWU-00016-07-A6. 

2.2. Drug treatment 

The drugs were freshly prepared daily. Org 26576 was dissolved in Sabax® Saline 

0.9 % according to the weight of the animal (1 ml/kg) and was administered 

intra peritonea I ly (i.p.) twice daily for 12 days at dosages of 1, 3 or 10 mg/kg. Dosages 

were obtained from in-house propriety data courtesy of the manufacturer. 

2.3. Experimental design 

Single prolonged stress (SPS) model: We employed a well-validated animal model 

of PTSD, viz. the single prolonged stress model, or SPS. This model offers similar 

relevance with respect to PTSD as does the time-dependent sensitisation (TDS) 

model that has previously been used in our group (Harvey et al., 2003, 2004a; 

2004b; 2005; 2006; Brand et al., 2008), but is less tedious and less time consuming. 

Since the SPS model had demonstrated noteworthy face, construct and predictive 

validity for PTSD, it was selected as the model of choice for this project (refer to 

Chapter 2 - Section 13 for full description of SPS and TDS). SPS has previously 

been established in our laboratory (Harvey et al., 2006). Animals are exposed to a 

prolonged session of acute stress involving sequential exposure to restraint, 

underwater stress and exposure to ether vapours (see Khan & Liberzon, 2004; 

Liberzon et al., 1997; Takahashi et al., 2006; Harvey et al., 2006; Kohda et al., 2007). 

The animals are then left undisturbed for a week (Liberzon et al., 1999; Takahashi et 

al., 2006), with biobehavioural determinations performed on 7 days after SPS 

(Yamamoto et al., 2008; Imanaka et al., 2006; Kohda et al., 2007). Briefly, animals 

were exposed to single prolonged stress that consists of sequential exposure to a 

somatosensory stressor (restraint), an inescapable or psychological stressor (forced 
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swimming and underwater trauma), followed by a complex stress-stimuli evoked by 

exposure to diethyl ether (Harvey et al., 2006; Brand et al., 2008). All stress 

procedures started at 09:00. Rats were placed in a Perspex® restrainer for 2 hours 

with the tail-gate adjusted to keep the rat well contained without impairing circulation 

to the limbs. Immediately thereafter, the rats were individually placed in 18 cm of 

ambient water (25°C) in a cylindrical perspex® swim tank, and allowed to swim for 20 

min before being held under water with a metal net for 40 s. During forced swimming, 

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 was then immediately 

exposed to 0.8 ml of 100 % ether vapours in a 5 I sealed plastic container until loss of 

consciousness (± 4 min) and then immediately removed. The animal was returned to 

its home cage, dried and allowed to recover over a period of 7 days. 

For the behavioural analyses, four groups of animals (n=10 rats per group) received 

either saline (1 ml/kg) intraperitoneally (i.p.) or Org 26576 at incremental dosages of 

1, 3 or 10 mg/kg i.p. administered twice daily at 08:00 and 17:00 over a period of 12 

days starting on day 1 of the SPS procedure. Org 26576 injections were prepared in 

the same injection volume as saline. Treatment began 7 days prior to Morris water 

maze training and continuing throughout the training and assessment period, a total 

of 12 days. During the 5 days of Morris water maze testing, the animals received the 

first injection approximately half an hour before the first trial started (08:00) and then 

again at 17:00. The dose response study was performed in two separate sessions 

spaced 2 weeks apart. The treatment protocol is outlined in figure 16. 
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Figure 16: Outline of the Morris water maze study. Animals received either saline or Org 
26576 at doses of 1, 3 or 10 mg/kg administered intraperitoneally twice daily for a total of 12 
days. Morris water maze testing began on day 8, with the final training and memory retrieval 
tests performed on day 12. 

For the neuroreceptor studies, separate groups of four (n=10 rats per group) received 

either saline (1 ml/kg) intraperitoneally (i.p.) or Org 26576 as described above. The 

animals were sacrificed 24hrs after drug treatment discontinuation without 

behavioural testing, and brain tissue dissected for the receptor binding assays. 

2.4. Behavioural testing 

2.4.7. Morris water maze 

In order to assess spatial memory performance, a form of explicit memory, a modified 

version of the Morris water maze was used (Morris, 1981). One day prior to training, 

animals were habituated for 60 s in the pool to avoid initial stress associated with the 

Morris water task. The animal was placed in a 1.8 m diameter pool (wall height 0.65 

m; water depth 0.275 m) and encouraged to escape the maze by locating an olive-

green coloured escape platform submerged 2 cm below the water surface. Learning 

was assisted with extra maze cues, with training taking place over 5 days. 
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Confirmation that the animal had learned the location of the platform was assessed 

by removing the platform from the pool and monitoring the search strategy of the 

animal as it searched to locate the platform where it was previously located. The 

pool, constructed from a dark olive green plastic to prevent visibility of the hidden 

platform, was divided into four quadrants and labelled N-E-S-W. A digital video 

camera was used to collect the swim activities in the four quadrants, which were 

subsequently analyzed using AccuTrack digital tracking software (AccuScan 

Instruments Inc., Columbus, OH 43228, USA). The protocol is discussed in detail 

below. 

After receiving either saline or Org 26576 injections for the designated period, the 

animals were placed into cages and moved to a room adjacent to the pool and 

allowed to acclimatize for 30 minutes. Acquisition training took place over a period of 

5 days. Each rat underwent 4 training trials each day with a 30 minute inter-trial 

interval on day 1 and a 15-20 minute inter-trial interval for days 2 to 5. Each animal 

was placed on the platform for 30 seconds to orientate before the first trial on day 1. 

The rat was placed, tail first with its head facing the wall, in a quadrant not containing 

the platform, with video-recording and timing started as soon as the rat entered the 

water. The animal was allowed to swim for 60 seconds. If the animal failed to locate 

the submerged platform in this time, it was assisted onto the platform and allowed to 

orientate for 30 seconds. The rat was removed and dried before being returned to 

the cage. The procedure was repeated in the other quadrants over subsequent days 

with each rat doing 20 training trials over the 5 days (memory consolidation period). 

The extent of memory retrieval was assessed in the probe trial, which was initiated 

120-150 minutes after the last trial on day 5. In this test, the platform was removed 

and the animal allowed to swim for 60 seconds. The time that the animal spent in the 

target quadrant and the target zone (immediate area where the platform was 

previously located) is an indication of the degree of memory retrieval that had taken 

place after learning. There was a 30 minute recovery time for the animal between the 

probe trial and cued trial. The cued trial involved attaching a 30 cm long white ruler 
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to the platform in the original quadrant, with the animal then allowed to swim for a 

maximum of 60 seconds. The cued trial controls for purely spatial memory deficits 

and that vision and locomotor impairment are not confounding variables. 

Swim parameters were analyzed using the AccuTrack Software system. The 

parameters used during acquisition training (day 1 to day 5) included escape latency, 

target zone entrance latency, time spent in target zone and ratio time in target zone. 

Percentage time in target zone and time in target quadrant were assessed during the 

probe trial (day 5). Escape latency time and swim speed were used for the visible 

platform cued trial. 

2.5. Neuroreceptor studies 

NMDA receptor binding characteristics were determined in the frontal cortex and 

hippocampus of rats following the various treatment doses of Org 26576. Rats 

receiving either saline or Org 26576 (1, 3 or 10 mg/kg) treatment were sacrificed by 

decapitation 24hrs after the last dose. Total hippocampus and frontal cortices, 

including dorsal, lateral, prefrontal and medial cortex, were dissected out on an ice-

cooled dissection slab, and the tissue snap frozen in liquid nitrogen and stored at -

86°C until neuroreceptor analysis. Tissues were pooled for the determination of 

NMDA receptor binding, with 2 cortices or 2 hippocampi pooled per assay and 

performed in triplicate. The tissue was homogenized in 30 volumes of cold HTS 

buffer (5 mM HEPES / 4.5 mM Tris buffer, pH 7.4) with an Ultra-Turrax (6 seconds) 

and the suspension centrifuged (48 000 xg for 15 minutes at 4°C). After the resulting 

supernatant was decanted, 25 ml of buffer was added. A glass-Teflon homogenizer 

was then used to resuspend the homogenate after which it was again centrifuged. 

The pellet was finally re-suspended in 60 volumes of HTS buffer (1 g tissue in 60 ml) 

and the homogenate kept on ice. 
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The following was added to the test tubes to define the total binding: 300 ul 

homogenate, 50 ul 300 uM glycine, 50 ul 100 uM /-glutamate, 50 ul buffer and 50 ul 

[3H]-MK-801 in a concentration range of 0.7 - 25 nM. To determine non-specific 

binding, the following was added to the test tubes: 300 ul homogenate, 50 ul 300 uM 

glycine, 50 ul 100 uM /-glutamate, 50 ul 300 uM MK801 and 50 ul [3H]-MK-801 of the 

concentration range in each tube. Each tube was then vortexed and thereafter 

incubated in a shaking bath for 90 minutes at 25°C. The contents of each tube were 

transferred to a Whatman GF/B filter, pre-soaked with ice-cold buffer, on the Hoeffler 

apparatus and the labelled membranes were harvested by rapid vacuum filtration. 

The filters were rinsed with 4 ml ice-cold buffer and placed in scintillation vials 

containing 3 ml Filter Count® scintillation cocktail and radioactivity determined by 

scintillation counting using a Packard Tri-carb 4660 scintillation spectrometer. A 

standard curve was generated by adding 10 ul of each radioligand concentration to a 

clean filter and adding 3 ml scintillation cocktail to determine each standard of the 

radioligand concentration series. The radioactivity on the filters was then determined 

by scintillation counting. NMDA receptor density was expressed in fmol/mg protein, 

with protein routinely assayed using the Bradford assay. 

2.6. Statistical analysis 

GraphPad PRISM version 5 (GraphPad Software, San Diego, USA) was used for all 

graphical presentations and either PRISM or SAS System (SAS Institute Inc., Cary, 

NC, USA) was used for statistical analysis. The acquisition training data was 

analyzed using a two way analysis of variance (ANOVA) with repeated measures 

followed with Tukey multiple comparison test. Memory consolidation data and data 

from the probe trial were analyzed using one way ANOVA with subsequent Tukey 

post hoc analysis, while the cued trial was analysed with one way ANOVA with 

Dunnett's post hoc tests. Neuroreceptor data were analyzed using one way ANOVA 

followed by the Tukey test. Statistical significance are defined as P<0.05. 
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3. Results 

3.1. Effect of Org 26576 on spatial memory performance 

3.17. Memory consolidation (acquisition training) 

Spatial learning revealed significant overall trial (F=19.71, P<0.001) and treatment 

effects (F=3.23, P=0.014) on the escape latencies in animals subjected to SPS 

treatment with saline or Org 26576 (1, 3 and 10 mg/kg), compared to unstressed 

saline control, during the 5 day training sessions (figure 17). A two way repeated 

measure ANOVA revealed a significant overall treatment * time interaction for 

latency to escape the water maze (F=1.79, P=0.028). Two way ANOVA with 

repeated measures of day 1 to day 5, with treatment and trial as variable, revealed a 

significant effect (F= 387.13, P<0.001, figure 17) for escape latency during 

acquisition training in animals subjected to SPS treated with either saline or one of 

the doses of Org 26576. There was also a significant global effect over the 5 days, 

comparing each day with day 1 of training (F=148.25, P<0.001), confirming that 

learning took place for all the groups over the acquisition training period (figure 17). 

That escape latency between the different groups from day 2 to day 5 were non-

significantly different indicates that all the groups learned the task (P>0.05, figure 
17). 
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Figure 17: Effect of treatment with saline and Org 26576 (1, 3 and 10 mg/kg i.p. twice daily) 

in the acquisition phase of spatial learning in the Morris water maze. The escape latency 

over the five acquisition training days is expressed as mean ±S.E.M. of 10 animals. Data sets 

are the average of 4 separate learning sessions performed on each day of training. 

Tukey post-hoc across group comparisons on each training day, and using escape 

latency as parameter, was then used to establish a day by day account of how the 

different treatment groups performed following exposure to SPS compared to the 

saline-treated unstressed group, and how the drug-treated groups compared against 

animals subjected to SPS plus saline. On day 1, all the groups exposed to SPS, 

including saline and Org 26576 treated groups, had a numerically shorter escape 

latency time than unstressed saline-treated animals (P>0.05, Tukey, figure 18a), 

suggesting a tendency to locate the hidden platform quicker than saline-treated 

control animals. However, SPS-exposed animals receiving 3 mg/kg (P>0.05, Tukey, 

figure 18a) and 10 mg/kg (P>0.05, Tukey, figure 18a) of Org 26576 showed a 

similar degree of learning on day 1 as did the saline-treated SPS animals. 
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Saline 
■*■ 1 mg/kg 

3mg/kg 

10mg/kg 
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Figure 18: Effects of saline and Org 26576 (1, 3 and 10 mg/kg i.p. twice daily) on spatial 

memory performance on days 1-5 (Figures 18 a-e) of acquisition training. Data represent the 

means ± S.E.M. of 10 animals. 
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Post-hoc analysis of learning on days 2-5 failed to identify any significant treatment 

related effects (P>0.05; figure 18b-e), implying that SPS failed to modify learning 

during the training period compared to the unstressed saline treated group. 

Moreover, drug treatment in SPS animals also did not differ from the SPS plus saline 

group. Thus, none of the treatments were able to modify stress-induced changes in 

spatial learning on day 2 compared to unstressed saline treated animals or compared 

to SPS plus saline treated animals. 

3.1.2. Memory retrieval (Probe trial) 

In order to confirm the presence and extent of learning at the end of the learning 

period, stressed animals treated with either saline or one of the doses of Org 26576 

were subjected to a probe trial performed 120-150min after the last training session 

on day 5. One way ANOVA did not reveal a significant effect of treatment across the 

groups [F(4,55)= 2.381, P=0.063, (figure 19a)] using percentage time spent in target 

zone as end point. Subsequent Tukey post-hoc analysis however revealed that 1 

mg/kg Org 26576 significantly increased time spent in the target zone compared to 

the unstressed saline treated control group (P<0.05; Tukey, figure 19a) but missing 

significance compared to the SPS-saline treated group (P>0.05, Tukey, figure 19a). 

All other doses of Org 26576 did not separate significantly from unstressed control or 

SPS-saline treated groups (P>0.05; Tukey, figure 19a). 

Using an additional swim parameter as end point measure in the probe trial, viz. time 

in target quadrant, one way ANOVA failed to reveal a significant effect of treatment 

across the groups [F(4,55)= 0.6540, P=0.627, figure 19b)]. 
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Figure 19: (a) Percentage time in target zone and (b) time in target quadrant on day 5 

during the probe trial to access memory retrieval in animals receiving saline or Org 26576 at 

dosages of 1, 3 and 10 mg/kg (i.p. twice daily). Data represent the means ± S.E.M. of 10 

animals (* P<0.05, Tukey test). 

3.1.3. Cued trial 

In order to exclude deficits in visual acuity and locomotor function as possible 

confounding variables in interpreting how the animals learned to orientate, navigate 

and escape the water maze, animals treated with either saline or one of the doses of 

Org 26576 were subjected to a cued (visible platform) trial. This test was performed 

30 min after the probe trial on day 5 using swimming speed and escape latency time 

as primary end point parameters. 

One way ANOVA failed to reveal any significant effect of treatment (F= 0.849, 

P=0.501, figure 20a) in the cued visible platform assessment performed on day 5, 

using escape latency time as end point. Using swim speed as end point, one way 

ANOVA similarly failed to reveal any significant effect of treatment (F= 0.593, 

P=0.669, figure 20b). 
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Figure 20: (a) Escape latency and (b) swim speed during the cued trial of the Morris water 

maze in animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). Data 

represent the means ± S.E.M. of 10 animals. 

3.2. Effect of Org 26576 on NMDA receptor binding 

3.2.1. Frontal cortex NMDA receptor binding and response to drug treatment 

One way ANOVA revealed a significant effect of treatment in frontal cortical NMDA 

receptor density [F(4,10)=5.083, P=0.017, (figure 21a)]. Tukey post-hoc test 

performed across the various groups revealed that SPS induced a reduction in 

NMDA receptor density but not significantly (P>0.05, Tukey, figure 21a). A significant 

reduction in frontal cortical NMDA receptor density was observed in animals treated 

with 1 mg/kg Org 26576 (P<0.05; Tukey, figure 21a), but not in animals receiving 3 

and 10 mg/kg Org 26576 compared to unstressed animals (P>0.05; Tukey, figure 

21a). However, none of the Org 26576 treated SPS groups were markedly different 

from SPS-saline treated animals (P>0.05; Tukey, figure 21a). With regard to NMDA 

receptor affinity (Kd), no significant differences in the Kd values were evident across 

the groups [F(4,10)=0.439, P=0.778, (figure 21b)]. 
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Figure 21: (a) NMDA receptor density (Bmax) and (b) NMDA receptor affinity (Kd) in the 

frontal cortex of animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). 

Data represent the means ± S.E.M. of 6 animals. (* P<0.05, Tukey test). 

3.2.2. Hippocampal NMDA receptor binding and response to drug treatment 

No evidence for differences in hippocampal NMDA receptor density [F(4,10)=1.549, 

P=0.262, figure 22a] or Kd values [F(4,10)=0.317, P=0.861, {figure 22b)] were 

evident across the groups. 
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Figure 22: (a) NMDA receptor density (Bmax) and (b) NMDA receptor affinity (Kd) in the 
hippocampus of animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). 
Data represent the means ± S.E.M. of 6 animals. 

4. Discussion 

In the present study we have examined the behavioural effects of chronic Org 26576 

treatment, at various dosages, on spatial memory acquisition in male Sprague-

Dawley rats subjected to SPS, as assessed with the Morris water maze. In an earlier 

study (see Chapter 3), we described the effects of various doses of Org 26576 on 

spatial memory performance in healthy, unstressed rats. In that study, it became 

clear that Org 26576 exerts a bolstering of early phase learning of the task, but its 

strengthening of spatial memory retrieval was especially noteworthy (see Chapter 3 

for extended detail). In animals prior exposed to SPS (the present study), SPS was 

found to marginally but not significantly reduce escape latency time on day 1 of 

training, hinting that stress may have tended to enhance early phase learning of the 

task {figure 18a). Concomitant administration of Org 26576 at all three doses (1, 3 

and 10 mg/kg) maintained this tendency, but again failed to reach significance versus 

unstressed animals. More importantly, however, ampakine treatment was no different 

to that of SPS saline treated groups. These data together suggest that SPS tended to 

enhance spatial learning on day 1 of acquisition training, and was unchanged by Org 
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26576 treatment (figure 18a). Globally, escape latency decreased significantly in 

both the unstressed saline and SPS (Org 26576 and saline) treated groups as the 

training days progressed, so that at the end of the 5 day training period, a significant 

but equal degree of learning had taken place in all drug and saline treated groups 

(see figure 17). Interestingly, despite a lack of effect of Org 26576 to alter escape 

latency during acquisition training (figure 18a), the 1 mg/kg dose (but not the other 

doses) significantly increased spatial memory retrieval in the probe trial on day 5 

compared to unstressed animals (figure 19a). However, this change did not reach 

significance compared to SPS treated animals (figure 19a). These effects were 

observed in the absence of undue effects in the visible platform version of the Morris 

water maze (figure 20a-b). Although SPS did not significantly alter cortical or 

hippocampal NMDA receptor density or affinity (figures 21-22), Org 26576 treatment 

at a dose of 1 mg/kg, but not at other doses, significantly decreased cortical NMDA 

receptor density (Bmax) (figure 21a) compared to unstressed animals, without effects 

on receptor affinity (Kd) (figure 21b). However, this response was similar and not 

significantly different to that evoked by SPS-saline treated animals (figure 21a). 
Hippocampal NMDA receptor density and affinity remained unchanged following all of 

the applied treatment dosages. 

What is most unexpected from the above-described results is that SPS failed to 

evoke a significant effect on spatial memory performance. As previously described, 

SPS (Kohda et al., 2007) and SPS plus re-stress (TDS stress; Harvey et al., 2003) 

have both been found to engender a marked attenuation of spatial memory 

performance in rats, a response that is in line with the symptoms of cognitive 

dysfunction described in PTSD (Weber et al., 2005). Further, SPS did not evoke 

changes in cortical or hippocampal NMDA receptor binding, which is also contrary to 

earlier papers describing either SPS plus restress (TDS stress; Harvey et al., 2004a; 

Harvey et al., 2005) or SPS (Yamamoto et al., 2008) to evoke changes in NMDA 

receptor expression or NMDA-mediated signalling. This would suggest that the 

anticipated stress response evoked by SPS was not as robust as was expected. 
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Possible reasons for this are described elsewhere in this dissertation (see Chapter 4 

- Shortcomings of this study). This unfortunately does not allow for accurate 

interpretation of how Org 26576 performed in the model, although some interesting 

observations can be made. 

The ampakines, Org26576 and Org24448, have been found to increase local 

cerebral glucose metabolism in the mouse thalamus, cortex, dentate gyrus and 

hippocampus (Jordan et al., 2005). This data provides an anatomical basis for the 

use of these agents in disorders where the conservation and improvement of 

cognitive functioning are required, such as schizophrenia, Alzheimer's disease and 

depression. Animal studies have indeed noted the antidepressant-like effects of 

ampakines (Li et al., 2003), while studies in post-mortem brain of depressed patients 

have found an increase in AMPA receptor binding in the striatum of suicide victims 

(Freed et al., 1993), as well as a decrease in AMPA-receptor-directed mitogen-

activated protein kinase (MAPK) signalling (Alt et al., 2006), thus supporting a role for 

altered AMPA receptor function in depression. Moreover, emotion enhances learning 

via noradrenaline mediated phosphorylation of GluR1 -containing AMPA-receptors 

and as such enhances AMPA receptor trafficking (Hu et al., 2007). This latter study 

provides a molecular mechanism for how emotion enhances learning and memory 

via an AMPA receptor-mediated event, and is of particular relevance to PTSD. AMPA 

receptors are involved in recruiting voltage-gated NMDA receptor ion channels 

(Tanaka et al., 2000) and together play a pivotal role in memory-related long-term 

potentiation (LTP, Granger et al., 1993; Staubli et al., 1994a). 

In our earlier work (Chapter 3), we found that Org 26576 displayed an ability to 

improve the learning of a spatial navigational task by differentially modulating three 

levels of learning, namely initial learning, consolidation and retrieval (Bruel-

Jungerman et al., 2007). Briefly, Org 26576 bolstered early phase learning in the 

Morris water maze, but without pronounced effects on memory consolidation through 

the subsequent training days, but at the end of the training period, all doses tested 

were found to significantly increase spatial memory retrieval (see Chapter 3 for full 
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description and discussion). In the present study, 3 mg/kg and 10 mg/kg Org 26576 

exerted a tendency to induce a short-lasting reduction in escape latency, although 

this observation was in the presence of SPS. Since this response was no different to 

that of SPS-saline treated animals, further interpretation of these data would amount 

to speculation. However, it does hint that the ampakine exerts more pronounced 

effects during initial learning on day 1, corresponding to that described in our earlier 

study (Chapter 3). The fact that the SPS-saline group also decreased escape latency 

to a similar degree as did the Org 26576 treated groups, implies that Org 26576 is 

not responsible for the initial short-term improvement of memory on day 1 (figure 

18a). Indeed, stress via the acute secretion of corticosteroids, can induce bi

directional effects on memory (Kuhlmann and Wolf, 2006; De Quervain et al., 1998), 

namely an improvement or impairment in memory. Improvement usually occurs 

immediately or shortly after the aversive event to aid memory of the event and so to 

enhance survival and coping mechanisms, while impairment of memory ensues with 

chronically raised glucocorticoids, probably involving glutamate-mediated damage to 

the hippocampus (Sapolsky, 2000). MWM testing provokes a stress response in 

rodents (Engelmann et al., 2006), so that an immediate improvement in navigational 

skills on day 1 may be bolstered by stress-induced release of corticosterone. 

Moreover, SPS also induces a marked elevation in corticosterone (Harvey et al., 

2006) which, together with a sustained elevation in corticosterone induced by forced 

swimming in the MWM on days 2-5, may explain the early benefits in navigational 

skills noted on day 1 of training, and the later loss of these benefits from days 2-5 of 

training. Indeed, this loss of spatial performance is already noticeable as early as day 

2, but which gets progressively weaker over the ensuing training days. 

However, the gradual diminution of learning over training days 1-5 may also be 

attributable to changes in the postsynaptic NMDA:AMPA ratio (Rao & Finkbeiner, 

2007). SPS induced a noteworthy trend to reduce cortical but not hippocampal 

NMDA receptor density, which was further significantly strengthened by 1 mg/kg Org 

26576 compared to unstressed animals. Activation of AMPA receptors are reported 
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to increase the recruitment of NMDA receptors (Tanaka et al., 2000), thereby 

suggesting a possible increase rather than a decrease in NMDA receptor density. 

This response may reflect a decrease in NMDA:AMPA ratio due to post-synaptic 

insertion of AMPA receptors following Org 26576 dosing (Derkach et al., 2007), 

which is also a down-stream event following AMPA-NMDA receptor cross-talk (figure 

23; refer to Chapter 2 - Section 9.1.1.3. for detailed description). This observation 

may underscore the improvement in spatial memory retrieval on day 5 following 1 

mg/kg Org 26576 {refer to figure 19a). This is supported by evidence that while 

NMDA receptors are more associated with consolidation of memories, retrieval of 

spatial memories is the function of AMPA receptors (see Riedel et al., 2003 for 

review). AMPA receptors also regulate short term changes in synaptic strength, while 

NMDA receptors are responsible for the regulation of genes for long term 

maintenance of these synaptic changes. 

Figure 23: NM DA-AM PA receptor cross-talk. (Tomita et al., 2005). Refer to Chapter 2 

(Section 9.1.1.3.) for detailed description. 
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Interactions between the hippocampus and frontal cortex play a critical role in 

learning and memory. Short-term memory processes are dependent on the 

hippocampus and these unstable short-term memories are consolidated into more 

stable long-term memories in the cortex (Squire et al., 2004; Wiltgen et al., 2004). 

The non-significant effects on short-term memory on day 1 (figure 18a) is supported 

by the non-significant effects in hippocampal NMDA receptor binding (figure 22a-b), 
especially since short-term memory processes are dependent upon the hippocampus 

(Izquierdo et al., 2002). The ability of Org 26576 1 mg/kg to bolster long-term spatial 

memory retrieval (figure 19a) was associated with decreased frontal cortical NMDA 

receptor density (figure 21a), which may imply the presence of elevated 

neurotransmitter levels, in this case glutamate. Org 26576 1 mg/kg may therefore 

facilitate long-term memory processes by altering NMDA:AMPA receptor balance in 

the frontal cortex. It should however be borne in mind that the cognitive enhancing 

effects of ampakines are very likely not restricted to effects on one transmitter or 

signalling system in these brain regions. Indeed, ampakines have been found to 

effect cholinergic (Rosi et al., 2004), and noradrenergic release (Lockhart et al., 

2000), as well as neurotropin expression (Lockhart et al., 2007), all of which may 

contribute to the behavioural responses depicted in the current study. 

5. Conclusions 

As demonstrated in Chapter 3, the data described in this chapter imply that Org 

26576 may facilitate short-term and long-term memory processes in stressed animals 

by altering NMDA:AMPA receptor balance in the frontal cortex, although the latter 

was not definitively demonstrated. Although further studies in PTSD animal models 

are needed, this work provides some evidence that Org 26576 may be an effective 

agent to enhance long-term memory processes and may prove to be effective in the 

treatment of the cognitive disturbances seen in PTSD. 
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{CONCLUSION! 

Post-traumatic stress disorder (PTSD) is a disorder that may follow a life-threatening 

event and is categorized as an anxiety disorder (APA, 2000). Traumatic events can 

have long-term physiological and/or psychological sequelae (Ray, 2008) that persist 

long after the passing of the emotional stressor. PTSD, together with phobias, are the 

most common of psychiatric illnesses (Becker et al., 2007; Michael, et al., 2007; 

Yehuda, 2002) and the lifetime prevalence for PTSD is between 1.3 % and 7.8 % 

(Davidson, et al., 1991; Kessler, et al., 1995). It is important to note that not 

everybody exposed to a traumatic event will develop the chronic symptoms of PTSD, 

with 20-30 % of exposed individuals eventually developing the illness (Green, 1994). 

Novel drug treatment and a better understanding of the neurobiology of PTSD are 

necessary in order to raise our expectations of treatment and to improve response. 

The evidence for neurodegenerative phenomena in especially the hippocampus of 

patients with PTSD (Elzinga & Bremner, 2002) has emphasised the possible causal 

role of excitotoxic pathways in PTSD. Indeed, recent pre-clinical (Harvey et al., 

2004a; Khan & Liberzon, 2004) and clinical (Cosman et al., 2007) studies have 

realised the importance of glutamatergic transmission in the neurobiology and 

treatment of the disorder. However, direct modulation of the NMDA ion channel has 

been problematic due to the risk of severe adverse events (Upton & Chen, 2004; 

Olney et al., 1999; Olney & Farber, 1995), and has prompted investigators to 

consider other mechanisms with which to target dysfunctional glutamatergic 

signalling (Blanpied et al., 1997; D'Souza et al., 1995). Recent work has revealed a 

close mutual interaction between the NMDA and AMPA receptors (see Rao & 



ConcCusion 

Finkbeiner, 2007 for review; Michaelis, 1998), one in particular being that AMPA 

receptor stimulation may recruit NMDA receptors (Tanaka et al., 2000), thus 

providing a means of modulating NMDA receptor signalling with less potential for 

adverse events (Lynch & Gall, 2006; Suppiramaniam et al., 2001). Due to the 

involvement of NMDA and AMPA receptors in memory and LTP (Malinow & Malenka, 

2002), such an approach may hold great importance for novel drug development for 

disorders of cognition, such as depression, Alzheimer's disease and PTSD. 

In the present study we have examined the behavioural effects of chronic Org 26576 

treatment, at various dosages, on spatial memory acquisition in healthy male 

Sprague-Dawley rats. Thereafter, we investigated this agent under the same 

treatment conditions in male Sprague-Dawley rats subjected to a PTSD-like stress 

paradigm, viz. single prolonged stress or SPS. In both instances, we assessed 

spatial memory performance in the Morris water maze. In addition, we determined 

whether SPS evoked changes on explicit learning involved long term changes in 

NMDA receptor binding in the rat frontal cortex and hippocampus, two brain regions 

that are intimately involved in the processing and laying down of explicit memory, and 

whether chronic Org 26576 treatment could reverse these neuroreceptor changes. 

Using healthy animals, Org 26576 3 mg/kg and 10 mg/kg was found to exert a short-

lasting reduction in escape latency, suggesting potentiation of initial learning on day 1 

but which loses prominence over the subsequent training days. Org 26576 treated 

animals did not show any marked benefit over saline treated controls during the 

memory consolidation phase of the test (i.e. days 2-5 of training), yet all doses of Org 

26576 significantly improved spatial memory retrieval. However, despite these 

beneficial effects on explicit memory, Org 26576 at all three dosages applied was 

devoid of any significant effects on hippocampal or frontal cortical NMDA receptor 

binding. We can thus conclude that Org 26576 significantly improves spatial memory 

learning in normal rats without any changes in frontal cortical or hippocampal NMDA 

receptors. These data hold great importance for disorders of cognition such as 

schizophrenia, Alzheimer's disease, depression and PTSD. Indeed, deficits in 

cognition represent a core symptom of depression (Castaneda et al., 2008), while 
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animal studies have noted the antidepressant-like effects of ampakines (Li et al., 

2003; Knapp et al., 2002). 

Advantages of the above described study over earlier assessments of ampakine 

effects on pneumonic function is the employment of a long-term memory task, which 

has allowed us to target specific behavioural components of spatial memory 

acquisition, namely initial learning, memory consolidation and memory retrieval, and 

to access the abilities of Org 26576 to modify these critical stages of memory 

acquisition and recall. Moreover, the three-tiered dose response analysis has 

highlighted subtle evidence for a U-shaped response to Org 26576, showing that 3 

mg/kg doses may have some superiority over lower and higher doses in augmenting 

short term initial learning. Finally, the use of a sub-acute dosage regimen, and using 

a long-term memory-dependent task, has allowed a better extrapolation to the human 

condition where deficits in cognition are evident and subsequently treated over an 

extended period. This study has for the first time assessed the efficacy of an 

ampakine to bolster acquisition of a long-term memory task, providing evidence for a 

unique action involving the various phases of learning, and by implication, the 

processes of LTP. Although these behavioural effects were not associated with 

simultaneous effects on frontal cortical and hippocampal NMDA receptor binding, one 

needs to consider the possible contribution of other signalling pathways involved in 

memory, such as acetylcholine (Cheong et al., 2001), noradrenaline (Berridge & 

Waterhouse, 2003) and BDNF (Bekinschtein et al., 2008). Clearly, further studies in 

this regard are needed. This study therefore provides evidence that Org 26576 may 

be an effective agent to enhance both short-term as well as long-term memory 

processes, attributes that warrant further investigation into its use in major 

depression, Alzheimer's disease and PTSD. These novel data thus prompted the 

investigation of Org 26576 in animals subjected to SPS, an animal model of PTSD. 

The rationale of this being to access the ability of Org 26576 to reverse stress-

induced cognitive deficits that have previously been observed following SPS (Kohda 

et al., 2007). 
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In the stress study SPS was observed to induce a non-significant trend towards 

improving early learning on day 1 of training, although this response was completely 

lost over the subsequent training period (days 2-5). This was an unexpected 

observation, since we had expected SPS to compromise learning in the Morris water 

maze. However, this subtle bolstering of learning may be ascribed to stress-induced 

elevation in corticosterone evoked by combined SPS and MWM training. 

Furthermore, that SPS did not evoke a sustained worsening of spatial memory 

consolidation as well as memory retrieval made it impossible to access the ability of 

Org 26576 treatment to reverse stress-evoked deficits in spatial memory 

performance, as has been previously described for SPS (Kohda et al., 2007) and for 

SPS plus re-stress (Harvey et al., 2003). Org 26576 treatment also did not alter 

stress-induced changes in spatial learning on day 1 of acquisition training, with 

dosages of 3 and 10 mg/kg, but not 1 mg/kg, evoking a similar increase in learning as 

did SPS. Globally, a significant but equal degree of learning had taken place in all the 

groups. Org 26576 1 mg/kg, however, managed to significantly increase the time 

spent in the target zone in the probe trial compared to the unstressed saline control, 

but not compared to SPS animals. Since SPS failed to induce a worsening of spatial 

memory, the significance of these data is speculative. Cortical NMDA receptor 

density was also found to be reduced following SPS, but not significantly so, 

suggesting that the subtle bolstering of spatial memory retrieval on day 5 in stressed 

animals may involve a concomitant decrease in specifically cortical but not 

hippocampal NMDA receptors. No apparent changes in NMDA receptor affinity were 

observed. Moreover, with the marked effect of 1 mg/kg Org 26576 observed in SPS 

animals on memory retrieval on day 5 (the probe test), frontal cortical NMDA receptor 

density at this same time point was also significantly decreased, with no effects noted 

on NMDA receptor affinity (Kd), suggesting that improvements in memory retrieval 

were associated with reduced NMDA receptor density. Again, hippocampal NMDA 

receptor density and affinity remained unchanged. 

Although assessment of glutamate release and/or regional brain glutamate 

accumulation are needed to confirm it, these data may suggest that the improvement 
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in memory retrieval induced by 1 mg/kg Org 26576 is related to an increase in 

glutamate release, culminating in the observed reduction in receptor density. 

However, the improvement in memory in SPS animals, as well as the reduced 

cortical NMDA receptor density observed following 1 mg/kg Org 26576 was not 

significantly different to that induced by SPS plus saline. Moreover, as alluded to 

earlier, SPS failed to evoke a meaningful effect on spatial memory, making it difficult 

to reconcile the observed effects of SPS on NMDA receptor binding to behavioural 

changes in the Morris water maze. In healthy animals Org 26576 alone also failed to 

modify NMDA receptor binding in a significant manner, while at the same time 

bolstered spatial memory retrieval. These data would indicate a dissociation between 

ampakine effects on NMDA receptor binding and spatial memory, as assessed in 

SPS challenged animals. Further studies using SPS, or another PTSD model, are 

needed to reappraise these data. 

Interactions between the hippocampus and frontal cortex play a critical role in 

learning and memory. Short-term memory processes are dependent on the 

hippocampus and these unstable short-term memories are consolidated into more 

stable long-term memories in the cortex (Squire et al., 2004; Wiltgen et al., 2004). 

Activation of AMPA receptors are reported to increase the recruitment of NMDA 

receptors (Tanaka et al., 2000). Thus, there is the expectancy that Org 26576 should 

increase rather than decrease NMDA receptor density, thereby supporting (and 

explaining) its beneficial effects on pneumonic function observed especially after 

administration in healthy animals. However, in both healthy and stressed animals, our 

binding data in the frontal cortex reveal a decrease in NMDA receptor density with 

the 1 mg/kg dose with limited to no change in the hippocampus. Org 26576 therefore 

may more target cortical as opposed to hippocampal NMDA receptors as part of its 

pro-cognitive actions. Although this response may reflect a decrease in NMDA:AMPA 

ratio due to post-synaptic insertion of AMPA receptors (Derkach et al., 2007), further 

detailed studies in this regard are needed to confirm these suggestions. 
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Primary observations of this study: 

■ Org 26576 bolsters early phase learning in the Morris water maze. 

■ Org 26576 bolsters spatial memory retrieval in the Morris water maze. 

■ Org 26576 associated benefits in spatial memory are not associated with 

changes in frontal cortical or hippocampal NMDA receptor binding. 

Shortcomings of the study: 

One of the principle objectives of this study was to access the ability of an ampakine 

to reverse stress-induced cognitive deficits. In order to increase the validity and 

relevance of the data with respect to PTSD, we employed a well-validated animal 

model of PTSD, viz. the single prolonged stress model, or SPS. This model offers 

similar relevance with respect to PTSD as does the time-dependent sensitisation 

(TDS) model that has previously been used in our group (Harvey et al., 2003, 2004a; 

2004b; 2005; 2006; Brand et al., 2008), but is less tedious and less time consuming. 

Since the SPS model had demonstrated noteworthy face, construct and predictive 

validity for PTSD, it was selected as the model of choice for this project. However, as 

has been outlined above, the model failed to evoke the desired behavioural 

response, and eventually nullified much of the drug treatment data. There were, 

however, important reasons for this, which are outlined below: 

■ A severe national power grid crisis lasting a number of weeks occurred during 

January and February 2008, resulting in many power-related complications 

throughout the year. Although the initial crisis occurred before the experiments 

began, the resultant effects on the environmental regulation of the animal 

facility experienced over the year may have been a contributing factor. 

■ These variable environmental conditions the animals were subjected to, may 

have adversely affected the behavioural patterns of the animals and in this 

way contributed towards the failure of the SPS-model. 
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Future studies: 

■ The current study has confirmed the potential of using ampakines in disorders 

of cognition. However, as was the original intention of this work, assessment 

of the cognitive benefits of Org 26576 in a pathological animal model that is 

characterised by deficits in cognition are now needed to take these novel and 

exciting data further. Thus, future studies should include dose response 

studies, as performed in Chapter 3, in validated animal models of 

schizophrenia, PTSD, depression and Alzheimer's disease. Indeed, earlier 

studies have used either pathological or drug-induced animal models 

presenting with memory deficits to investigate the role of ampakines on 

cognition (i.e. Zajaczkowski & Danysz, 1997; Vaglenova et al., 2008; Woolley 

etal.,2008). 

■ Determine the effects of Org 26576 on AMPA receptors using 

autoradiographic quantification, which will enable us to investigate more 

accurately the interactions between AMPA- and NMDA receptors. 

■ Determine the effect of Org 26576 on cell signalling molecules and proteins 

involved in memory, eg. ERK, CREB, BDNF, NO. 

■ Investigate the effects of Org 26576 on fear memory in an animal model of 

PTSD. 

■ The SPS-model has proven to be a robust animal model of PTSD. Therefore 

future studies using the SPS-model should be undertaken, provided that 

power and environmental contraints at the animal housing facility are given 

urgent attention and actions are taken to upgrade facilities to the required 

standard. 

Concluding, Org 26576 has demonstrated an ability to improve short-term -and long-

term memory processes and may thus be a putative novel drug candidate for further 

study and use as a cognitive enhancing drug in neuropsychiatric conditions 
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associated with cognitive impairment. Although unsubstantiated in the present study, 

the results from the effects of Org 26576 in the SPS animal model of PTSD has 

revealed the possibility for investigating Org 26576 further in pre-dinical and possibly 

clinical studies as a possible drug treatment in PTSD. 
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Abstract: 

Ampakines have demonstrated beneficial effects on cognition in select animal 

models of learning. However, their ability to modify long-term spatial memory tasks 

has not been studied. This will lend credence to their possible value in treating 

disorders of cognition. We evaluated the actions of sub-chronic Org 26576 

administration on spatial reference memory performance in the 5-day Morris water 

maze task in male Sprague-Dawley rats at doses of 0 (saline control), 1, 3 and 10 

mg/kg b.d. over 12 days via intraperitoneal injection. Org 26576 exerted a dose and 

time-dependent bolstering of spatial learning, with dosages of 3 and 10 mg/kg Org 

26576 significantly enhancing learning on day 1. Globally, escape latency decreased 

significantly as the training days progressed in the saline and Org 26576 treated 

groups, indicating that significant and equal learning had taken place in all the 

treatment groups. However, at the end of the learning period, all doses of Org 26576 

significantly improved spatial memory retrieval without confounding effects in the 

cued version of the task. Org 26576 offers early phase spatial memory benefits in 

rats, particularly enhancement of reference memory retrieval. These results support 

its possible utility in treating disorders characterized by deficits in cognitive 

performance. 

Keywords: Org 26576, AMPAkine, AMPA receptor, learning, spatial reference 

memory, Morris water maze, rat 
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Introduction 

a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors play a 

critical role in mediating fast excitatory postsynaptic currents in the brain (Malenka 

and Nicoll, 1999). Through their recruitment of voltage-gated NMDA receptor ion 

channels (Tanaka et al., 2000), and subsequent calcium-dependent activation of 

calmodulin kinase II and the phosphorylation of the GluR1 subunit of the AMPA 

receptor, this mutual interaction between AMPA and NMDA receptors culminates in 

an increase in AMPA channel conductance (Merril et al., 2005; Liu et al., 2004; Lee 

et al., 2000), and plays a pivotal role in memory-related long-term potentiation (LTP, 

Granger et al., 1993; Staubli et al., 1994a; Riedel et al, 2003). It is not surprising 

then, that pharmacologic manipulation of NMDA and AMPA receptors has realised 

increasing interest in novel drug development for treating illnesses characterised by 

disturbed cognition (O'Neill et al., 2004). Since AMPA receptors play an important 

role in recruiting NMDA receptors, targeting AMPA receptors with the aim of 

bolstering/maintaining normal functioning of the NMDA ion channel offers an 

attractive choice that is less problematic than actions directed fully at the NMDA 

receptor and its associated risks (Lipton and Chen, 2004; Olney et al., 1999; 

Moghaddam et al., 1997; Adams and Moghaddam, 1998). 

Ampakines are a group of positive allosteric modulators of the AMPA receptor that, 

without having any agonist or antagonist effects of their own, retard deactivation and 

desensitization of AMPA receptors (Lynch, 2002). In this way, they exert diverse 

effects on the excitatory postsynaptic potential (EPSP) (Arai et al., 2002), particularly 

an enhanced synaptic response by prolonging current flow through the AMPA 

receptor complex. In humans, ampakines have demonstrated an improvement in 

various memory tests (Ingvar et al., 1997; Lynch et al., 1996). Pre-clinical studies 

have found that AMPA receptor potentiators, such as LY404187, increase local 

cerebral activity in select regions of the rodent brain involved in learning and memory, 

particularly the cortex and hippocampus (Fowler et al., 2004; Jones et al, 2005). 

Similarly, Org 26576 produces dose-dependent AMPA receptor mediated increases 

in local cerebral glucose use in the anteroventral and laterodorsal thalamus, 

cingulate cortex, dentate gyrus and CA3 subfield of the hippocampus in mice (Jordan 
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et al, 2005). These data provide an anatomical basis suggestive of its possible use in 

the treatment of conditions presenting with deficits in cognition. In line with this, 

ampakines improve retention scores in the radial maze (Staubli et al., 1994b), 

improve olfactory-related memory (Larson et al., 1995) and facilitate memory in aged 

rats (Granger et al., 1996). The ampakines CX516 and S-18986-1 have been found 

to enhance short-term memory (Hampson et al., 1998) and episodic memory (Lebrun 

et al., 2000), respectively. However, to-date no studies have evaluated the efficacy of 

ampakines to bolster learning of long-term memory tasks such as spatial reference 

memory. It is also unknown whether such a response may be dose-related. 

In this dose-ranging study, we have investigated the pro-cognitive effects of the 

ampakine, Org 26576, in rats by assessing explicit memory performance in the 5-day 

Morris water maze task. In order to confirm a dose-relationship, the behavioural 

studies will be performed over a dosage range of 0 (vehicle control), 1, 3 and 10 

mg/kg administered twice daily over a period of 12 days (Jordan et al, 2005). 

Methods 

Animals 

Male Sprague-Dawley rats, weighing 220-250 g and provided by the Biomedical 

Resource Unit, University of Kwazulu Natal, were grouped five rats per cage and 

housed in identical cages at the Animal Research Centre, North-West University. The 

rooms were maintained at constant conditions of temperature (21±5°C), relative 

humidity (50±5%) with free access to food and water. Full spectrum cold white light 

(350-400 lux) was provided over a 12 hour light/dark cycle. Positive air pressure was 

maintained in the facility with air filtration 99.7 % effective for a particle size of 2 

micron and 99.9 % for a particle size of 5 micron. All animals were handled according 

to the code of ethics in research, training and testing of drugs as laid down by the 

Animal Ethics Committee of the North-West University (Ethics number: NWU-00016-

07-A6). 

http://JKM.TJKk.im
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Experimental design and drug treatment 

Org 26576, kindly donated by Schering-Plough, Newhouse, Lanarkshire, UK, was 

freshly prepared daily by dissolving in saline 0.9%, and administered intraperitoneally 

(i.p.) twice daily at 08:00 and 17:00. Dosages used in the study followed that 

described by Jordan and colleagues (2005), where the drug was described as 

evoking a dose-dependent activation of brain regions in mice known to be involved in 

memory and cognition. For the behavioural analyses, four groups of animals (n=10 

rats per group) received either saline (1 ml/kg i.p.) or Org 26576 in incremental 

dosages of 1, 3 or 10 mg/kg i.p. b.d., in the same injection volume as above, for 12 

days. Drug treatment was initiated 7 days prior to Morris water maze training, 

continuing throughout the 5 day spatial memory learning and assessment period. 

During this period, the animals received the first injection approximately half an hour 

before the first trial started (08:00) and then again at 17:00. The dose response study 

was performed in two separate sessions spaced 2 weeks apart. 

Behavioural testing 

Morris water maze 

In order to assess spatial reference memory performance, a form of explicit memory, 

a modified version of the Morris water maze was used (Morris, 1981). One day prior 

to training, animals were habituated for 60 s in the pool to avoid initial stress 

associated with the Morris water task. The animal was placed in a 1.8 m diameter 

pool (wall height 0.65 m; water depth 0.275 m) and encouraged to escape the maze 

by locating an olive-green coloured escape platform submerged 2 cm below the 

water surface. The platform surface was constructed of mesh to assist climbing. The 

testing room was well-lit and enriched with visual extra-maze stimuli to assist 

learning, with training taking place over 5 days. Confirmation that the animal had 

learned the location of the platform was assessed by removing the platform from the 

pool and monitoring the search strategy of the animal as it searched to locate the 

platform where it was previously located. The pool, constructed from a dark olive 
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green plastic to prevent visibility of the hidden platform, was divided into four 

quadrants and labelled N-E-S-W. A digital video camera was used to collect the 

swim activities in the four quadrants, which were subsequently analyzed using 

AccuTrack digital tracking software (AccuScan Instruments Inc., Columbus, OH 

43228, USA). The protocol is discussed in detail below. 

After receiving either saline or Org 26576 injections for the designated period, the 

animals were placed into cages and moved to a room adjacent to the pool and 

allowed to acclimatize for 30 minutes. Acquisition training took place over a period of 

5 days. Each rat underwent 4 training trials each day with a 30 minute inter-trial 

interval on day 1 and a 15-20 minute inter-trial interval for days 2 to 5. Each animal 

was placed on the platform for 30 seconds to orientate before the first trial on day 1. 

The rat was placed, tail first with its head facing the wall, in a quadrant not containing 

the platform, with video-recording and timing started as soon as the rat entered the 

water. The animal was allowed to swim for 60 seconds. If the animal failed to locate 

the submerged platform in this time, it was assisted onto the platform and allowed to 

orientate for 30 seconds. The rat was removed and dried before being returned to 

the cage. The procedure was repeated in the other quadrants over subsequent days 

with each rat doing 20 training trials over the 5 days (memory 

consolidation/acquisition period). The extent of memory retrieval was assessed in the 

probe trial, which was initiated 120-150 minutes after the last trial on day 5. In this 

test, the platform was removed and the animal allowed to swim for 60 seconds. The 

time that the animal spent in the target quadrant and the target zone (immediate area 

where the platform was previously located) is an indication of the degree of memory 

retrieval that had taken place after learning. There was a 30 minute recovery time for 

the animal between the probe trial and cued trial. The cued trial involved attaching a 

30 cm long white ruler to the platform in the original quadrant, with the animal then 

allowed to swim for a maximum of 60 seconds. The cued trial controls for purely 

spatial memory deficits and that vision and locomotor impairment are not 

confounding variables. 

Swim parameters were analyzed using the AccuTrack Software system. The 

parameters used during acquisition training (day 1 to day 5) included escape latency, 
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target zone entrance latency, time spent in target zone and ratio time in target zone. 

Percentage time in target zone and time in target quadrant were assessed during the 

probe trial (day 5). Escape latency time and swim speed were used for the visible 

platform (cued) trial. 

Statistical analysis 

GraphPad PRISM version 5 (GraphPad Software, San Diego, USA) was used for all 

graphical presentations and either PRISM or SAS System (SAS Institute Inc., Cary, 

NC, USA) was used for statistical analysis. The acquisition training data was 

analyzed using a two way analysis of variance (ANOVA) with repeated measures 

followed with Tukey multiple comparison tests. Memory consolidation data was 

analyzed using one way ANOVA with subsequent Dunnett's post hoc analysis. 

Results 

Effect of Org 26576 on spatial memory performance 

Memory consolidation (acquisition training) 

Spatial learning revealed significant overall trial (F=10.41, P<0.001) and treatment 

effects (F=3.25, P=0.024) on the escape latencies in animals treated with saline or 

Org 26576 (1, 3 & 10 mg/kg) during the training sessions {figure 1). A two way 

repeated measure ANOVA revealed a significant overall treatment x time interaction 

for latency to escape the water maze (F=2.60, P=0.002). Two way ANOVA with 

repeated measures of day 1 to day 5, with treatment and trial as variable, revealed a 

significant effect (F= 253.75, P<0.001, figure 1) for escape latency during acquisition 

training in animals treated with either saline or one of the doses of Org 26576. There 

was also a significant global effect over the 5 days (F=109.35, PO.001), confirming 

that learning took place over the acquisition training period {figure 1). That escape 
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latency between the different groups from day 2 to day 5 were non-significantly 

different indicates that all the groups learned the task (figure 1, P>0.05). 

Dunnett's post-hoc across group comparisons on each training day and using escape 

latency as parameter was then used to establish a day by day account of how the 

different treatments performed. On day 1, it is clear that animals receiving 3 mg/kg 

(P<0.001, Dunnett's, figure 2a) and 10 mg/kg (P<0.05, Dunnett's, figure 2a) 

dosages of Org 26576 showed significantly improved spatial memory acquisition, as 

evinced by a significant decrease in escape latency time compared to saline treated 

animals. The 1 mg/kg dose similarly was numerically lower than saline treated 

animals, but failed to reach significance. Post-hoc analysis of learning on day 2 using 

the Dunnett's multiple comparison tests revealed a very similar profile as that on day 

1, but less emphatic. Thus, acquisition on day 2 showed no significant treatment 

effect, although as on day 1, the 3 mg/kg dosage demonstrated a strong tendency 

towards decreasing escape latency (figure 2b) vs. saline. Learning on days 3 to 5 

showed no noteworthy differences evident between the different treatment groups 

(figure 2c-e). 

Memory retrieval (Probe trial) 

In order to confirm the presence and extent of learning at the end of the learning 

period, animals treated with either saline or one of the doses of Org 26576 were 

subjected to a probe trial performed 120-150min after the last training session on day 

5. One way ANOVA revealed a significant effect of treatment across the groups 

[F(3,36)= 4.412, P=0.01, (figure 3a)] using percentage time spent in target zone as 

end point. Subsequent Dunnett's post-hoc analysis revealed that 1, 3 and 10 mg/kg 

Org 26576 significantly increased time spent in the target zone compared to the 

saline treated control group (P<0.05, Dunnett's, figure 3a).-Using an additional swim 

parameter as end point measure in the probe trial, viz. time in target quadrant, one 

way ANOVA revealed a significant effect of treatment across the groups (F= 3.838, 

P=0.018, figure 3b). Subsequent post-hoc analysis revealed that, while 1 mg/kg and 

3 mg/kg Org 26576 evoked a numerical increase in time spent in the target quadrant 
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but failing to separate from saline treated control animals (Dunnett's, Figure 3b), 10 

mg/kg Org 26576 resulted in a significantly greater time spent in the target quadrant 

compared to saline treated control animals (P<0.05, Dunnett's, Figure 3b). 

Cued trial 

In order to exclude deficits in visual acuity and locomotor function as possible 

confounding variables in interpreting how the animals learned to orientate, navigate 

and escape the water maze, animals treated with either saline or one of the doses of 

Org 26576 were subjected to a cued (visible platform) trial. This test was performed 

30 min after the probe trial on day 5 using swimming speed and escape latency time 

as primary end point parameters. One way ANOVA failed to reveal any significant 

effect of treatment (F= 1.197, P=0.326, figure 4a) in the cued visible platform 

assessment performed on day 5, using escape latency time as end point. Using swim 

speed as end point, one way ANOVA similarly failed to reveal any significant effect of 

treatment (F= 2.094, P=0.118, figure 4b). Subsequent post-hoc analysis of both 

parameters revealed no effect of the three doses of Org 26576 on swim speed or on 

escape latency compared to saline treated animals (Dunnett's, P >0.05, Figures 4a-
b). 

Discussion 

Autoradiographic quantification of AMPA receptors has confirmed its heterogeneous 

distribution throughout the brain, especially regions of importance for memory 

functions (Monaghan et al., 1984). Indeed, ampakines evoke cerebral glucose 

metabolism changes in the hippocampus and cortex (Fowler et al., 2004; Jones et 

al., 2005), while Org 26576 has been found to produce dose-dependent AMPA 

receptor mediated activation of the anteroventral and laterodorsal thalamus, 

cingulate cortex, dentate gyrus and CA3 subfield of the hippocampus (Jordan et al, 

2005). Subsequent pre-clinical (Black, 2005) and clinical (Ingvar et al., 1997; Lynch 
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et al., 1996) studies have found that ampakines improve performance in a variety of 

cognitive tasks. In animals ampakines have demonstrated beneficial effects in a 

range of learning and memory tests (Staubli et al., 1994b; Larson et al., 1995; 

Granger et al., 1996; Hampson et al, 1998; Lebrun et al, 2000). Recently, Bloss and 

colleagues (2008) demonstrated an improvement in spatial memory performance in 

aged rats using S18986, an ampakine that has earlier been found to bolster cognitive 

functioning in healthy rats using a one-trial object recognition test (Lebrun et al., 

2000). Our results with Org 26576 are thus consistent with these findings. However, 

the aforementioned studies have used short-term memory tasks such as the Y-maze, 

while the 5-day Morris water maze task, as applied in the current study, effectively 

measures the early consolidation/acquisition and retrieval of long-term memory. 

Indeed, the latter test provides an assessment of various levels of learning, 

From a therapeutic perspective, the above-mentioned data are potentially interesting 

for illnesses like schizophrenia, Alzheimer's disease and depression. Indeed, deficits 

in cognition represent a core symptom of depression (Castaneda et al., 2008), while 

animal studies have noted the antidepressant-like effects of ampakines (Li et al., 

2003; Knapp et al., 2002). Studies in post-mortem brain of depressed patients have 

found an increase in AMPA receptor binding in the striatum of suicide victims (Freed 

et al., 1993), as well as a decrease in AMPA-receptor-directed mitogen-activated 

protein kinase (MAPK) signalling (Alt et al., 2006), thus supporting a role for altered 

AMPA receptor function in depression. Moreover, emotion enhances learning via 

noradrenaline mediated phosphorylation of GluR1-containing AMPA-receptors and 

as such enhances AMPA receptor trafficking (Hu et al., 2007). This latter study 

provides a molecular mechanism for how emotion enhances learning and memory 

via an AMPA receptor-mediated event. 

However, illnesses like depression and schizophrenia appear to have separate roles 

for glutamate in their neurobiology. While schizophrenia encompasses more a role 

for reduced glutamate function (Olney et al, 1999) that could benefit from ampakine 

treatment, depression is viewed as a disorder of elevated glutamate activity (see Paul 

and Skolnick, 2003 for review), requiring that pharmacological treatment should 

attenuate rather than bolster function at glutamatergic synapses (Skolnick, 2008; 
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Zarate et al., 2003; Berman et al., 2000). Nevertheless, the effects of NMDA receptor 

block may at least partly be mediated by indirect enhancement of glutamatergic tone 

at AMPA receptors, due to "toning down" of NMDA receptor function. Indeed it has 

been shown that pre-treatment with an AMPA receptor antagonist attenuates both 

NMDA receptor antagonism-induced antidepressant-like behaviour and regulation of 

GluR1 AMPA receptor phosphorylation (Maeng et al., 2008). These same authors 

conclude that NMDA antagonists might exert rapid antidepressant-like effects by 

enhancing AMPA relative to NMDA throughput in critical neuronal circuits. In the end, 

the ensuing changes in NMDA:AMPA balance will play a pivotal role in memory-

related long-term potentiation (LTP, Granger et al., 1993; Staubli et al., 1994a), 

suggesting that ampakines may represent a promising novel approach to treating 

cognitive deficits in stress-related illnesses involving distubances in glutamate. 

Learning a spatial navigational task such as the Morris water maze displays three 

levels of learning, namely initial learning, consolidation or acquisition and retrieval 

(Bruel-Jungerman et al., 2007). Interestingly, our behavioural data suggests that 3 

mg/kg and 10 mg/kg doses of Org 26576, but not 1mg/kg, exerts an initial reduction 

in escape latency (Figure 2a, 2b), suggesting a bolstering of initial learning on day 1 

but which loses prominence over the subsequent training days (Figure 2c-e). This 

phenomenon may be more representative of a short-term memory benefit, as was 

observed in earlier short-term memory studies (Lebrun et al., 2000; Bloss et al., 

2008). Org 26576 therefore does not significantly alter spatial memory consolidation 

compared to vehicle treated animals (Figure 1). Since AMPA receptor mediated LTP 

in the hippocampus specifically targets short term memory processes (Shi et al., 

1999; Takahashi et al., 2003), this suggests that Org 26576 increases AMPA 

receptor functioning to initiate early phase LTP, an event that lasts between 1-2 

hours. In early phase LTP, AMPA receptors are rapidly inserted into post-synaptic 

membranes, while in a similar fashion, NMDA and AMPA receptor insertion also 

occurs during early phase LTP in vivo (Williams et al, 2007). From day 3 to day 5, a 

period in which memory consolidation/acquisition takes place, the effects of Org 

26576 declines over the subsequent training days, possibly due to synaptic scaling, a 

process where synaptic AMPA receptors are removed, and which takes place during 

late phase LTP resulting in synaptic NMDA receptor currents being potentiated (Watt 
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et al., 2004). Consequently, all four Org 26576- and saline-treated groups maintain 

an equal degree of learning over the 5 day training period. Thus, early phase LTP 

and its resultant effects on spatial memory are significantly enhanced by Org 26576 

at selected doses. This response is possibly driven by more pronounced AMPA-

mediated signalling, thereby explaining its ability to enhance spatial performance 

during the initial learning phase. 

However, all three dosages of Org 26576 (1, 3 and 10 mg/kg) were significantly 

superior to saline treatment in the probe trial (Figure 3a-b) without undue effects in 

the visible platform version of the Morris water maze, thus confirming the drug's 

superior ability to bolster memory retrieval. During late phase LTP, as it occurs in the 

dentate gyrus in vivo, there is an associated increase in the levels of NMDA complex 

proteins 2 days after LTP induction (Williams et al, 2003) which will lead to increased 

cognitive processing, which concurs with our observations. These results therefore 

indicate that Org 26576 initiates and maintains subcellular processes involved in 

retrieval of long-term memory, possibly via bolstering of late emergent synaptic 

NMDA receptor currents (Watt et al., 2004). 

Concluding, this study has used a 3-tier dose response design to assess the efficacy 

of an ampakine to bolster acquisition of a long-term memory task, providing evidence 

for a unique action involving the various phases of spatial learning, and by 

implication, the processes of LTP. As predicted by earlier 14C-2-deoxyglucose 

autoradiography studies (Jordan et al, 2005), Org 26576 significantly improves early 

initial learning in the Morris water maze, as well as significantly improves spatial 

memory retrieval 5 days later. Together with earlier studies that have demonstrated 

the favourable benefits of ampakines on short term memory tasks, this study 

provides evidence that Org 26576 may be an effective agent to enhance both short-

term as well as long-term memory processes, attributes that warrant its further 

investigation in Alzheimer's disease, major depression, schizophrenia and other 

stress-related illnesses. Further studies are needed to investigate if and how Org 

26576 alters NMDA-AMPA signalling in the postsynaptic density over a specific 

learning period. 
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Legends to Figures 

Figure 1: Effect of treatment with saline and Org 26576 (1, 3 and 10 mg/kg i.p. twice daily) in 

the acquisition phase of spatial learning in the Morris water maze. The escape latency over 

the five acquisition training days is expressed as mean iS.E.M. of 10 animals. Data sets are 

the average of 4 separate learning sessions performed on each day of training. 

Figure 2: Effects of saline and Org 26576 (1, 3 and 10 mg/kg i.p. twice daily) on spatial 

memory performance on days 1-5 (Figures 3 a-e) of acquisition training. Data represent the 

means ± S.E.M. of 10 animals (* PO.05, Dunnett's test). 

Figure 3: (a) Percentage time in target zone and (b) time in target quadrant on day 5 during 

the probe trial to access memory retrieval in animals receiving saline or Org 26576 at 

dosages of 1, 3 and 10 mg/kg (i.p. twice daily). Data represent the means ± S.E.M. of 10 

animals (* P<0.05, Dunnett's test). 

Figure 4: (a) Escape latency and (b) swim speed during the cued trial of the Morris water 

maze in animals receiving saline or Org 26576 (1, 3 and 10 mg/kg i.p. twice daily). Data 

represent the means + S.E.M. of 10 animals. 
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