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Abstract 
Obsessive-compulsive disorder (OCD) is a psychiatric condition characterised by 
obsessions and /or compulsions. Poor knowledge regarding neurobiology of OCD 
has resulted in inadequate treatment options. Animal models of OCD could prove 
useful and the present study examined two preparations. The first was the HoxB8 
knockout mouse (Greer & Capecchi, 2002), which displayed excessive grooming. 
The working hypothesis was this phenotype was due to the action of gene(s) that 
lie downstream of HoxB8. To delineate the identity of these genes I used RNA 
interference (RNAi) to downregulate the endogenous expression of HoxB8 in cell 
lines. However I was unable to confirm knockdown of HoxB8 expression by 
RTq-PCR so this part of the project was stopped. 

The second animal paradigm evaluated was the chronic quinpirole-induced 
compulsive checking. Male Long Evans rats administered 0.5-mg/kg quinpirole 
twice weekly for 5 weeks run on an open field satisfy criteria for "compulsive 
checking" (Szechtman et al, 1998). Rats explore their environment from a home 
base, compulsive checking is defined as an increased frequency, rate, faster and 
more direct return to home base compared with control animals. Compulsive- 
checking animals also display repetitive, ritual-like behaviour at home base that is 
not seen in controls. 

This animal model was extensively characterised; a time course of changes in 
compulsive checking parameters was recorded. In the clinic, patients are 
administered SSRIs to alleviate symptoms. I administered 10 mg/kg s. c. 
paroxetine daily for 19 days but found no reversal of quinpirole-induced 
compulsive checking. However, stress serves to exacerbate existing obsessive- 
compulsive symptoms and patients also show deficits in visual / spatial memory. 
One-hour restraint stress exacerbated compulsive checking measures in 
quinpirole-sensitised animals without affecting the behaviour of saline control 
animals. Moreover, in the Morris Water Maze, quinpirole-treated animals showed 
impaired learning as indexed by longer escape latencies to platform. 

As quinpirole is an agonist at dopamine D2, D3 and D4 receptors, I evaluated the 
relative contribution of each in mediating compulsive checking by administration 
of selective receptor antagonists. The results indicate that compulsive checking 
was mediated by activity at D3 and D2 but not D4 receptors. 

Finally, an underlying genetic contribution to compulsive checking was assessed 
by microarray. One prominent differentially expressed gene identified was 
Homerl, which was heavily downregulated in quinpirole-treated animals. Homer1 
is responsible for group 1 metabotropic glutamate receptor and inositol-1,4,5- 
triphosphate signalling, dysfunction of both systems have been implicated in 
mediating OCD. Upregulation of Homerl may prevent quinpirole-induced 
compulsive checking and may be an important base point for identifying new 
treatments for OCD. 
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Chapter 1: General Introduction 



1.1 Diagnosis and symptoms 
Obsessive-compulsive disorder (OCD) is a severely debilitating psychiatric 

disorder that presents with a chronic nature and is to date poorly understood. The 

direct and indirect cost for the treatment and management of patients is massive. 

For example, the social and economic costs of OCD were estimated to be $8.4 

billion in 1990 in the United States alone (DuPont et al, 1994). The consensus 

criteria required for the diagnosis of this disorder are categorised in two accepted 

diagnostic systems, the `International classification of diseases' (ICD-10,1994) 

and the `Diagnostic and statistical manual of mental disorders' (DSM-IV, 1994) 

with 4 common criteria that must be present: 

" The presence of recurrent obsessions and compulsions that are severe enough 

to be time consuming (> 1 hour / day) and cause significant impairment and 

distress 

" Patients acknowledge that their symptoms originate within their own mind and 

are not imposed by an outside force, that they are not pleasurable nor in 

keeping with their normal character 

9 Patients recognise that their obsessions and compulsions are excessive and 

unreasonable and try to resist the thoughts from entering their mind 

" That this disturbance is not due to a direct physiological effect of a substance 

(e. g. cocaine administration) nor a general medical condition 

Obsessions are defined as persistent thoughts, images or ideas that the patient 

experiences as intrusive or inappropriate and which result in noticeable anxiety or 

distress DSM-IV, 1994). They seem to strike at the heart of one's core beliefs. 

The commonest forms of obsessions (see Table 1.1 for symptom breakdown) 

manifest themselves as a fear of contamination (perhaps the contraction of germs 

or toxins from shaking hands with other people) and pathological doubt (for 

example wondering if one has left a door unlocked). What distinguishes 

obsessions from simple excessive worry is that the former have nothing to do with 

real-life, everyday problems. 
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PC' 

Mi 

Fear of contamination 45 Checking 63 

Pathologic doubt 42 Washing 50 

Somatic 36 Counting 36 

Need for symmetry 31 Need to ask or confess 31 

Aggressive impulse 28 Symmetry and precision 28 

Sexual impulse 26 Hoarding 18 

Other 13 Multiple compulsions 48 

Table 1.1: Frequency of obsessive symptoms in patients on admission to hospital (n=250). Taken 
from Freeman CPL (1998): Neurotic disorders. In: Johnstone EC, Freeman CPL & Zealley AK 
(eds), Companion to psychiatric studies (Sixth Edition). Churchill Livingstone (pp. 465-507). 

Patients with obsessive thoughts aim to either suppress or ignore their impulses, 

or attempt to neutralise the discomfort by performing specific actions known as 

compulsions. For example, a patient who is plagued by doubts about not having 

locked a window will repeatedly check it to ensure that is locked, even when 

he/she has remembered checking that window only moments before. Compulsions 

are repetitive behaviours that over time become highly ritualised and are aimed at 

reducing anxiety and not to provide pleasure or gratification. Surveys have 

reported that 66-90% of OCD patients suffer from both obsessions and 

compulsions (Shiloh et al, 2000). The degree to which these obsessions and 

compulsions interfere with a patient's functioning is most widely assessed using 

the Yale-Brown Obsessive Compulsive Scale (Y-BOCS). This rating scale is 

comprised of ten items and each item is assessed on a scale ranging from 0 (no 

interference) to 4 (extreme interference). The overall score therefore ranges from 

0 (no disorder) through to 40 (maximal symptomatology). A score of 16 or above 

is sufficient for the clinical diagnosis of OCD. 
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1.2 Epidemiology 

There has been a long held suspicion that a specific neuroanatomical abnormality 

underlies OCD. For example, following the influenza epidemic in the early part of 

the twentieth century, patients with the sequels of encephalitis lethargica 

expressed both involuntary movements and obsessive-compulsive symptoms, 

symptoms suggestive of basal ganglia pathological abnormalities (Cheyette & 

Cummings, 1995). Functional brain imaging studies have now shown that OCD is 

characterised by increased activity in orbitofrontal cortex, anterior cingulate 

cortex and elements of the basal ganglia and thalamus, at rest and especially 

during exposure to feared stimuli (Stein, 2001). All of these brain structures are 

linked together by well-described neuroanatomic circuits connecting prefrontal 

cortex to the striatum to the globus pallidus and thalamus (Alexander & Crutcher, 

1990). Classically, these circuits consist of 2 loops, the « direct » and « indirect » 

pathways. Saxena et al (1998) have proposed an imbalance in OCD between the 

direct (essentially positive feedback) and the indirect (negative feedback) 

striatothalamic pathways (see Figure 1). The premise is that the weakness of the 

indirect pathway impedes the termination of a behavioural program, driven by the 

positive feedback loop. This makes it hard for the OCD patient to switch to a 

different behavioural program. 
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FIGURE. 1.1: Model of obsessive-compulsive disorder (OCD) pathophysiology. Redrawn from 
the original diagram in Saxena et al (1998). Gpi and SNr (globus pallidus interna/substantia nigra 
pars reticulata complex) ; SNc (substantia nigra pars compacta). (+) refers to excitatory projections 
and (-) represents inhibitory pathways. Large arrows represent greater influence compared to 
normal. A positive feedback loop may be a result of an imbalance between direct and indirect 
pathway tone, with there being greater influence in the direct pathway. This leads to greater 
inhibition of the Gpi that results in greater thalamo-cortical activation 

Successful pharmacotherapy or cognitive behavioural therapy can normalise 

activity in these cortico-striatal-thalamic-cortical brain circuits (Baxter et al, 

1992). Furthermore, neurosurgical interruptions of these circuits can also lead to a 

reduction in OCD symptoms (Jenike, 1998), thus there is substantial evidence for 

the role of hyperactive cortico-striatal-thalamic-cortical circuits mediating OCD 

(Saxena et al, 1998). Although there are some data on the neuronal circuitry 

underlying OCD, there is a void in knowledge concerning how and why. As with 

the study of most brain disorders a better understanding of the pathogenesis is 

needed (Stein, 2001). 
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OCD has a lifetime prevalence of 2.5% of the general population (Bebbington, 

1998), at least twice that of schizophrenia. The male to female ratio in OCD is 

approximately equal although the age of onset is distributed bimodally, with 

males more likely to develop the disorder at puberty (DSM-IV, 1994; Eichstedt & 

Arnold, 2001) and females later in life following life events such as pregnancy, 

miscarriage or parturition (Geller et al, 2001; Willams & Koran, 1997). Men 

demonstrate a higher frequency of obsessions concerning exactness and 

symmetry, sexual obsessions and meticulous personality traits. Women on the 

other hand display a higher frequency of an aggressive component to their 

obsessions (Enoch et al, 2001). 

OCD is associated with numerous psychiatric co-morbidities including obsessive- 

compulsive spectrum disorders, other anxiety disorders, some forms of autism 

(e. g. Asperger's syndrome) and Tourette's disorder (TD). In particular, childhood 

onset OCD can be associated with the development of tics or tic-like compulsions 

and may be the most severe form of the disease. Between 5-7% of OCD patients 

also meet the criteria for TD while 50-70% of TD patients meet the criteria for 

OCD (Shiloh et al, 2000). However a clear causal link between OCD and these 

conditions has not been established. 

OCD has also been implicated with major depression. Research suggests 30-50% 

of OCD patients have concurrent major depression and the lifetime comobidity 

rate for these two disorders is as high as 60-89% (Pigott, 1998). One study 

reported that 2/3 of OCD patients experienced major depression at some time in 

their lives. Among these patients, depression was secondary to OCD in 85% of 

cases and concurrent in the remaining 15% (Rasmussen & Eisen (1992). 

However, as with Tourette's, there is no clear proof of a relationship between 

depression and OCD. Interestingly, only 5% of OCD patients had an obsessive- 

compulsive personality disorder / traits prior to the onset of OCD (Shiloh et al, 

2000). The one clear complication of OCD is dermatitis resulting from 

compulsive washing. Surveys have demonstrated that washing is the second most 

common compulsion in OCD, performed by 45-75% of patients (Summerfeldt et 
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al, 1997). The dermatitis may require medical attention; one study found that 

OCD patients are more likely than other patient groups to consult a dermatologist 

(Kennedy & Schwab, 1997). Two other studies in dermatology clinics in the 

United States found that 15-36% of patients met the criteria for OCD (Friedman et 

al, 1993; Rasmussen (1986). 

In everyday life, most patients with OCD show impaired functioning in 

employment, interpersonal relationships and self-care (Stein et al, 2000). At its 

most extreme, OCD can be highly disabling, with even simple activities such as 

eating or travelling by public transport extremely difficult. More than 2/3 of 

patients report significant psychosocial difficulties due to OCD (Hollander et al, 

1998) and patients have been reported to have an average Global Assessment of 

Functioning (GAF) score in the low 40's with only 29% of these patients able to 

achieve a moderate level of overall functioning; compared with 46% of 

schizophrenic inpatients and 69% of patients admitted with an affective disorder 

(Calvocoressi et al, 1998). 

1.3 Treatment 

The treatment of OCD lies in front-line cognitive behavioural therapy (CBT) and / 

or medication with SSRI (selective serotonin re-uptake inhibitor) antidepressants. 

Many psychiatrists advocate CBT (e. g. exposure, exposure plus response 

prevention or cognitive therapy), clinical studies have shown response rates of 50- 

80% using CBT. An important advantage of CBT is that its effects remain long 

after treatment cessation whereas drug-treated patients often experience relapse 

upon therapy discontinuation. In practice, access to CBT is restricted, often 

because of financial constraints and / or a shortage of qualified practitioners. Thus 

the majority of OCD patients receive pharmacotherapy. Even for patients that 

respond, treatment is generally long-term. 

The tricyclic antidepressant (TCA) clomipramine has been the cornerstone drug 

treatment for many years and is still heavily prescribed in Europe and Japan. 
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Elegant crossover studies using clomipramine and the selective noradrenaline re- 

uptake blocker desipramine (also a TCA), have demonstrated clearly that it is the 

action of 5-HT reuptake blockade that mediates the anti-OCD effect (Blier & de 

Montigny, 1999). Clomipramine has since been eclipsed by selective-serotonin 

re-uptake inhibitor (SSRI) compounds due to their superior side-effect profile and 

low toxicity in overdose. There is however no advantage of SSRIs in terms of 

efficacy. OCD drug therapy in general has modest response rates (<50%). Some 

clinicians suggest that the low responder rate is partly due to a common failure to 

prescribe the increased dosages needed in OCD. Other experts take the opposite 

view and assert that higher dosages are not necessary and that this has arisen 

because many physicians have a tendency to increase the dosing prematurely in 

response to the slow onset of action of SSRIs - onset may take as long as 12 

weeks (Ballenger, 1999). The improvement in OCD parameters is independent of 

mood changes. 

The gold standard therapy for OCD is considered to be fluvoxamine; due in part 

to its minimal risk of drug interaction and its suitability for use in combination 

therapy (Ebert, 1996). Even so, the response rate for patients to fluvoxamine (100- 

300 mg / day) is only 33-38% (Goodman et al, 1996); Greist et al, 1995) 

compared against placebo (9-15% response rate). Higher response rates to 

fluvoxamine have been reported in several active-controlled trials. For example, 

10 weeks of fluvoxamine (100-250 mg / day) a response (as defined by a greater 

than 25% reduction in baseline Y-BOCS score) was apparent in 56% of OCD 

patients in the group compared with 54% of the equivalent clomipramine group 

(Koran et al, 1996). 

The majority of patients on fluvoxamine suffer at least one side-effect, with the 

most common being insomnia (32% versus placebo 18.8%), somnolence (31.3% 

vs. 12.5%), asthenia (28.8% vs. 11.3%) and nausea (26.3 vs. 10%). Other adverse 

effects are diarrhoea (22.5% vs. 10%), nervousness (18.8% vs. 6.2%), abnormal 

ejaculation (17.5% vs. 0%) headache, anxiety and constipation (16% vs. 12.5%) 

(Goodman et al, 1997). 
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Fluvoxamine is associated with few clinically significant drug interactions, a 

review of post marketing surveillance data found 73 cases of drug interactions in 

an estimated population of 8 million patients (Wagner et al, 1995). The most 

serious interaction is with monoamine oxidase inhibitors (MAOIs) where 

concurrent use between MAOI and fluvoxamine can result in a potentially fatal 

hypertensive crisis. 

The long-term prognosis for OCD is poor, with only 35% of patients achieving 

full or partial remission (Shiloh et al, 2000). For this reason, in addition to SSRIs, 

benzodiazepines and antipsychotics are extensively prescribed for treatment- 

resistant patients despite a lack of clear efficacy in OCD. For example the addition 

of low-dose haloperidol or pimozide to an SSRI can be beneficial in up to 65% of 

cases with comorbid tic disorder. A final treatment option is neurosurgery and 

data indicate that cingulotomy does not significantly alter cognitive or motor 

functioning and may help 50% of drug resistant patients. As an additional benefit, 

it is well accepted that some patients respond better to pharmacotherapy following 

surgery (Shiloh et al, 2000). 

Although both CBT and pharmacotherapy have been successful, neither treatment 

modality instils enduring or immediate relief of symptoms and neither can be 

classified as a cure. Many "responders" are only partial responders that continue 

with functional impairment (Grados et al, 1999). OCD in its full form results in 

extreme suffering, both for the patient and his/her immediate family. Therefore, 

every effort should be made to recognise and treat this disorder. Due to the strict 

ethical and safety guidelines limiting fundamental human research and the lack of 

effective treatment options available for OCD, there is a real need to develop new 

animal models that may give new insights into the pathology of OCD and perhaps 

open up new therapeutic targets. Any model system that can help accelerate our 

understanding of any aspect of OCD should be considered of great value 

(Gainetdinov & Caron, 1999). 
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1.4 The role of animal models 

Animal models for any disease comprise of two distinct but interrelated 

components; (1) finding and measuring a behaviour displayed in normal, healthy 

animals that is altered in the disease state & (2) finding a method of inducing a 

change in this behaviour to mimic the disease condition. The success of the model 

relies on the possession of both pieces and how successful the model is depends 

on how well each half resembles the characteristics of the disease. 

Animal models by their very definition are a compromise between experimental 

simplicity and disease complexity. An ideal animal model "resembles the disease 

in its symptomatology, aetiology, biochemistry and treatment" (McGinney & 

Bunney , 1969). It is important to acknowledge that no animal model can fully 

embody the human condition that is been represented due to (1) problems in 

defining patient profiles (2) natural variation between defined patients & (3) level 

of expression in animals may be different from humans (Overall, 2000). 

Animal models can be conceptualised in a variety of ways, but probably the most 

widespread classification system is the one advocated by Willner (1984) involving 

3 levels of validating criteria: predictive, face and construct validity (see 

Ellenbroek & Cools (1990) for review). Briefly, predictive validity is the lowest 

level criteria and concerns only the predictions made by the model, consequently 

the type of behaviour displayed is of no importance. The second level, face 

validity, concerns the phenomenological similarity between the model and the 

disease. Finally the highest level of validation, construct validity, implies that the 

model should be logical in itself, in that the cause of the behavioural response in 

the animal model is sufficient to provoke the disease state in man. 

Unfortunately, this validation system is very rigid in its definitions and is highly 

subjective. In assessing face validity, similar symptomatology does not imply a 

similar underlying mechanism (Overall, 2000). Satisfying construct validity is 

based on extrapolating etiological mechanisms from the human condition to the 

animal paradigm. Unfortunately, the underlying neurobiology of OCD remains ill 
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defined thereby making it almost impossible to fulfil validation criteria based on 

comparison of etiology. Finally this system does not assess the reliability nor the 

ease of use of these models in the laboratory. Cryan et al (2002) have indicated 

that a more useful approach in developing models for affective disorders has been 

to model one clear-cut behavioural difference as opposed to modelling the 

syndrome in its entirety. It has been suggested that the criteria for the initial use of 

a model is that it possess strong predictive validity and that the behavioural 

outputs of the model are robust and reliable between laboratories (Geyer & 

Markou, 1995). With this in mind, a better classification may be to use Ellenbroek 

and Cool's system (1990): 

" similarity of inducing conditions 

9 similarity of neurobiological mechanism/neuropathological 

changes 

9 predictive validity 

9 similarity of symptoms 

The key question on using animal systems to model OCD is whether we can infer 

if a laboratory animal is truly exhibiting OCD. The inherent pitfall of modelling 

OCD is that obsessions are of a cognitive nature and as such cannot be observed 

directly in animals. This means that we are reduced to modelling compulsions. 

Despite this limitation there have been many efforts made to produce animal 

models of OCD, or at the very least the symptoms of OCD. However, no 

complete model of OCD currently exists. This does not imply that animal models 

cannot serve a purpose in the investigation of the disease state but that they must 

be used with intelligence (D'haenen & Andrews, 2000). 

1.4.1 "Natural" animal models of OCD 

According to Overall (2000), the most interesting models for OCD have been 

animals presenting abnormal behaviours in veterinary surgeries. Many companion 
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and domestic animals demonstrate a series of repetitive non-functional motor 

behaviour disorders. They include acral lick dermatitis (ALD - paw licking) in 

dogs, psychogenic alopecia (hair pulling) in cats, feather-picking in birds, 

cribbing in horses, pacing in confined zoo animals (stereotypy) and general 

unspecified abnormalities in socially deprived primates (see Dodman et al, 1997 

for a recent review). 

There does appear to be a high level of similarity in the inducing conditions in 

both ALD and OCD. Specifically, there is a genetic component in OCD as 

illustrated by the finding that first-degree relatives of OCD patients have a 

significantly greater risk of developing OCD. This also appears to be the case with 

ALD, the condition appears to be confined to a select number of breeds and may 

even reside within certain families of these breeds (Overall, 2000). In a similar 

vein, there is homology in symptoms between the two disorders. ALD is 

characterised by repetitive paw licking that can result in severe inflammatory 

complications such as osteomyelitis. This paw licking appears very similar to 

compulsive washing seen in OCD and both give similar complications 

(inflammation and dermatitis respectively). The most interesting fording is that 

the pharmacotherapy of ALD and OCD also overlap. ALD, like human OCD, was 

shown to respond more readily to clomipramine than to desipramine. 

Significantly, the pharmacotherapeutic response of ALD appears to mimic that 

seen in human OCD (Rapoport et al, 1992) in that both conditions appear to 

respond only to drugs that elevate 5-HT levels in the brain. The predictive validity 

demonstrated here is particularly robust, as other pharmaceutical agents have been 

found to have no effect in either condition. The final criteria, similarity of 

neurobiological mechanisms is unknown at present but could be tested by imaging 

the brains of dogs with ALD. If the same abnormal brain circuits are identified in 

ALD as for OCD then we have as close to a perfect animal model of OCD as 

possible. Unfortunately, despite its numerous advantages, there are severe 

limitations in the use of ALD as an animal model for OCD. This is principally due 

to the relatively low occurrence of ALD and thus the high cost in obtaining a 

sample population. It is hard to envisage obtaining a sample without having a 

veterinary clinic that allows a large population to be screened. For these reasons, 
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it would be more practical and cost-effective to employ a laboratory-based animal 

model for OCD. 

1.4.2 Lab-based animal models of OCD 

Most current laboratory-based models for OCD can be classified into three 

groups, ethnological, pharmacological and genetic. The first class includes 

naturally occurring repetitive/stereotypic behaviour such as tail chasing, fur 

chewing, weaving (Stein et al, 1994). It also encompasses innate motor 

behaviours that occur during episodes of stress or conflict (displacement 

behaviours) including grooming, cleaning and pecking. Finally, the ethnological 

class also refers to naturally occurring behaviours that form following 

environmental manipulations (e. g. schedule- induced polydispsia; Woods et al, 

1993). 

The ethnological class of models are probably the oldest, as the behaviours appear 

to closely resemble the compulsive rituals seen in OCD patients (Holland, 1974). 

Specifically both sets of behaviour are often repetitive, pointless and inappropriate 

in context. However, Szechtman et al (1999) argue that these behaviours in 

animals are triggered by external stimuli and not performed to excess whereas in 

the human condition compulsions arise from an internal conflict and are 

performed to excess. Furthermore, they comment that studies examining these 

behaviours have been published with the aim of elucidating the neurobiological 

mechanisms underpinning these behaviours and not an examination of the 

relationship of these behaviours with OCD. They therefore argue that one cannot 

be sure as to what aspect of OCD is being modelled. Just because the behaviour 

looks like OCD does not mean it is related to OCD. With this in mind, the 

analysis of this class has been restricted to just one model, food restriction- 

induced hyperactivity (Altemus et al, 1996). 

Pharmacological models are based upon drug-induced behavioural changes that 

bear a resemblance to specific characteristics seen in the behaviour of patients 
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diagnosed with OCD. They are probably the most frequently used model type and 

are typically used as basic in vivo models in drug discovery programmes. This 

despite that the fact that these models do not provide information into the 

underlying neurobiology and are generally unsuited in predicting onset of action 

or efficacy of potential novel compounds (D'haenen & Andrews, 2000). 

Nevertheless, two pharmacological manipulations show good promise as models 

for OCD are, 5-HT agonist induced perseveration and indecision (Yadin et al, 

1991) and quinpirole induced compulsive checking (Szechtman et at, 1998). 

The final category of model, genetic manipulation is also the most recent. In its 

purest form, the genetic model involves the use of transgenic animals with genes 

coding for a specific receptor, enzyme or transmitter erased (knock-out) or over- 

expressed to assess its relative contribution to the disease process. One genetic 

model for OCD is excessive grooming following knockout of the HoxB8 gene 

(Greer & Capecchi, 2002). 

1.4.2.1 Food-restriction-induced hyperactivity 

Food-restriction-induced hyperactivity (FRIH) is a syndrome that has been 

evaluated since the 1950's in rodents. In essence, when food availability is 

restricted to between 1 and 2 hours per day, animal body weight initially 

decreases but then stabilises. Paradoxically, if these animals are given access to a 

running wheel, they show a reduction in food intake and spend increasing 

amounts of time wheel running, all of which results in progressive weight loss. 

Body weight decreases greater than 30% leads to the development of gastric 

lesions or "activity-stress ulcers. " Initiation of the FRIH syndrome often leads to 

death (Altemus et at, 1996). 

What makes this model interesting is that Altemus and his co-workers (1996) 

demonstrated predictive validation for the FRIH model as an animal model for 

OCD. Singly housed, female Sprague-Dawley rats were administered five weeks 

pre-treatment with 2.5 and 5mg/kg fluoxetine (i. p. ). This significantly attenuated 
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the development of the FRIH condition. Furthermore, treatment with imipramine 

(5mg/kg, i. p. for 5 weeks), an antidepressant that is ineffective for the treatment of 

OCD, had no effect on the development of FRIH. These pharmacological effects 

are consistent with those seen in clinical studies and suggest that FRIH model 

may represent some aspects of OCD. Clearly, strong predictive validity has been 

demonstrated. 

Establishing the similarity of neurobiological mechanisms between this model and 

OCD is complicated. Classically the FRIH syndrome has been considered an 

animal model for anorexia nervosa, the cardinal symptoms of which are decreased 

food intake, an inability to maintain body weight and hyperactivity (Falk et al, 

1995). Altemus et al have suggested that anorexia nervosa may share common 

pathophysiological mechanisms with OCD: (1) there is substantial co-morbidity 

between these disorders in individuals and with their families (Rubenstein et al, 

1993), (2) patients of both disorders show elevated levels of arginine vasopressin 

and corticotrophin-releasing hormone in their cerebrospinal fluid (Alltemus et al, 

1992) & (3) patients with OCD respond only to treatment with selective serotonin 

reuptake inhibitor antidepressants (Goodman et al, 1992), a situation that appears 

to be mirrored with anorexia nervosa (Kaye et al, 1992). 

However, this perceived link between anorexia nervosa and OCD may be weaker 

than outlined by Altemus and co-workers. All psychiatric disorders are highly co- 

morbid with each other so it should not come as a surprise that OCD and anorexia 

nervosa are linked in this way. For example, lifetime comorbid major depressive 

disorder was reported by 67% of OCD patients (Karayiorgou et al, 1999). The 

elevated levels of arginine vasopressin may be stress-induced and finally SSRI 

treatment is not used as frontline therapy in anorexia nervosa. Thus, a common 

pathophysiology between OCD and anorexia nervosa may be untrue. It is 

important also to remember that the view amongst psychiatrists at present is that 

anorexia nervosa and OCD are distinct disorders that are treated via different 

methods (Malize 2003, personal communication). 
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Regarding the similarity of symptoms, OCD is characterised by the presence of 

obsessions and compulsions, which although may be of a serious nature, hardly 

ever result in life-threatening changes in food intake and body weight loss of the 

type seen in this animal model. Thus this model does not deliver on this criterion. 

In contrast, the similarity of inducing conditions appears to be far more promising. 

The induction mechanism is wheel running, a technique that is ethnologically far 

more valid than the drug-induced methods used in some of the other models. This 

wheel running appears to be a voluntary activity that is carried out by the majority 

of animals to some degree and only appears to develop into both an obsession and 

compulsion in the presence of food deprivation. It would be interesting to see if 

the wheel running phenomenon develops in animals in response to other forms of 

stress, perhaps maternal deprivation or crowding. This would mean that the wheel 

running model would be less a model for anorexia and more valid perhaps for 

OCD. 

In summary the FRIH syndrome is primarily a model for anorexia nervosa and 

has only become a model for OCD because of a belief that anorexia nervosa and 

OCD may share a common pathophysiology. Evidence for this remains mixed. In 

spite of this, a high level of predictive validity has been demonstrated in this 

model and is therefore useful in OCD research. 

1.4.2.2 Serotonin agonist induced disruption in spontaneous alternation 

Yadin and colleagues (1991) examined whether the spontaneous alternation 

behaviour in rats (the inclination to explore novel environments in sequence and 

in succession) could be a useful paradigm to model some of the aspects of human 

OCD. They ran food-deprived rats in a T-maze where both a white and black goal 

box were equally baited with a small quantity of chocolate-flavoured milk. 

Individual animals were given 7 trials every other day. Each trial consisted of 

placement of the animal in the start box and allowing a free choice to be made. 

The mean number of choices until an alternation occurred was recorded, thus 

16 



spontaneous alternators would score 1 and perseverators would obtain 7. Baseline 

score of control animals returned a score of 1.5. Animals treated with serotonin 

agonists (the non-selective serotonin agonist 5-MeODMT or the preferential 5- 

HT1A agonist 8-OH-DPAT) delivered a score of between 3 and 4, thereby 

significantly disrupting this spontaneous alternation behaviour. Importantly, this 

impairment did not seem to be the result of a general cognitive dysfunction 

because animal performance in the water-maze was normal. This disruption in 

spontaneous alternation was inhibited by chronic but not acute pre-treatment with 

the anti-OCD compound fluoxetine. Yadin concludes by suggesting that this 

model might have potential for the assessment of the preservative symptoms and 

indecisiveness seen in people with OCD. 

The spontaneous alternation model appears to demonstrate considerable predictive 

validity. In humans, anti-OCD drugs are only effective after lengthy chronic 

administration. The time-course for the clinical effects of SSRIs in OCD suggests 

that neuronal reorganisation is required for therapeutic action. This model 

discriminates between the acute and the chronic effects of anti-OCD compounds 

(chronic but not acute pre-treatment of fluoxetine inhibited disruptions in 

spontaneous alternation resulting from 5-HT agonist administration). This 

predictive validity is also enhanced by the finding that benzodiazepines and 

desipramine were ineffective in human OCD and in this model (Fernandez-Guasti 

et al, 2003). 

There appears to be a high level of similarity in symptoms between this model and 

OCD. Deficits in spontaneous activity manifest themselves as perseverative 

behaviours that look as if they may be equivalent to the repetitive motor patterns 

seen in OCD patients. However, without a comparative exploration of possible 

dysfunction in brain circuitry in these animals, specifically in prefrontal-basal 

ganglia-thalamic-subcortical brain loops, the measurement of the similarity of 

symptoms will be a subjective process. 
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Regarding the validity of the administration of 5-HT agonists, for the induction of 

OCD symptoms, Yadin and her co-workers indicate that 5-HT dysfunction is 

central in the pathology of OCD and point to the therapeutic role of SSRIs as 

evidence to this effect. Moreover, the administration of the 5-HT agonist m- 

chlorophenylpiperazine (mCPP) in OCD patients appears to exacerbate their 

symptoms (Zohar et al, 1987). 

Delgado & Moreno (1998) succinctly and clearly review hypotheses accounting 

for the therapeutic effects of SSRIs in OCD. All SSRI drugs inhibit the action of 

the serotonin uptake pump, leading to an enhancement of synaptic levels of 

serotonin. This leads to an increased stimulation of 5-HT2 and 5-HTIA receptors 

located on post-synaptic neurons in various brain regions. Unfortunately, 

explanations are needed as to why the time course of improvement with these 

drugs requires several weeks even though this inhibition of reuptake occurs within 

minutes of drug administration. 

One possible scenario is that neuronal release of serotonin results in activation of 

presynaptic 5-HT 1B/1D and 5-HT IA autoreceptors located on the cell body. 

These act to inhibit firing rates of the cell and so reduce the release of further 

serotonin (see (Stein, 2001; Nutt et al, 1999). SSRI action would increase 

activation of these presynaptic inhibitory mechanisms. However, prolonged 

activation (> 3 weeks) (Nutt et al, 1999) of these feedback systems results in 

desensitisation such that serotonin release increases to therapeutically beneficial 

levels (Delgado & Moreno (1998). Consistent with this view is the fmding that the 

5-HT1A antagonist WAY 100635 completely blocked 8-OH-DPAT- induced 

perseveration (Fernandez-Guasti et al, 2003). 

A second possible explanation is that SSRIs may cause neuronal adaptations in 

postsynaptic 5-HT receptors (Nutt et al, 1999). Research into these competing 

theories have progressed along 3 main lines, pharmacological challenge with 5- 

HT agents, the use of neuroimaging and radiolabelled ligands and finally with the 

tryptophan depletion paradigm. This last methodology has been used extensively 

to study whether synaptic 5-HT is needed to maintain a therapeutic response with 

SSRI medication. If SSRIs require increased synaptic levels of serotonin to 
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produce their therapeutic effects then tryptophan depletion will result in symptom 

relapse. Alternatively, if SSRIs adapt postsynaptic serotonin receptors then 

tryptophan depletion will have no effect (Nutt et al, 1999). Studies on OCD 

patients who respond to SSRI medication have shown that tryptophan depletion 

does not induce symptom exacerbation, suggesting that postsynaptic receptor 

changes are the most likely explanation for the therapeutic action of SSRIs (Nutt 

et al, 1999). 

This view is supported by case reports indicating the beneficial effects of 

hallucinogenic drugs (particularly LSD) in people with OCD (Delgado & Moreno, 

1998). For example, a case study reports a man who used chronic hallucinogens 

and found that his OCD symptoms went into remission for several months after 

cessation of drug abuse. This suggests that enhancement of 5-HT 2A and 2C 

neurotransmission may be the common feature of compounds with therapeutic 

effects in the treatment of OCD (Delgado & Moreno, 1998). 

However, the fact that SSRIs, which increase serotonin activity, have a 

therapeutic effect in OCD does not imply that OCD is due to the dysfunction of 

the serotonin system. An appropriate analogy can be sought from the use of 

corticosteroids in the treatment of inflammation. Regardless of the source of 

inflammation, be it due from rheumatoid arthritis or tennis elbow, corticosteroids 

can inhibit the symptoms. This does not imply that tennis elbow or rheumatoid 

arthritis is due to a deficiency of corticosteroid (Marks, 1997). In addition, no 

specific abnormality in the 5-HT system has been identified as a definite cause of 

OCD (Stein, 2001). In their review of the literature surrounding the role of 

serotonin in OCD, Baumgarten & Grozdanovic (1998) present 5 main bodies of 

evidence to suggest that abnormalities in central 5-HT transmission are not 

involved in the genesis of OCD. Briefly, they are: 

9 Mean response rate to SSRIs in OCD is 50% compared with 68% in major 

depressive disorder. Tryptophan depletion results in relapse of symptoms 

in SSRI medicated patients with depression but not in patients with OCD. 

This points to differences in the mode of action of SSRIs in each condition 
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9 Although there is a subgroup of depressed patients with low baseline CSF 

5-HIAA levels, no corresponding group has been detected in patients with 

OCD 

" Dose dependent and time-effect relationships are different in patients with 
depression and OCD, typically OCD patients require double the dose and 

twice as long before any symptom improvements are seen 

" There appears to be no correlation between uptake site selectivity, molar 

potency of SSRIs and clinical effect size 

9 Finally the drop-out rate for clomipramine medication is no higher than 

the drop-out level seen with SSRIs 

The implications are that 5-HT dysfunction may not be the cause of OCD but that 

the pathophysiology of OCD may involve dysfunction of brain regions that are 

modulated by the serotonin system (Delgado & Moreno, 1998). More specifically, 

other drugs have also been found to induce perservation, including the D2 / D3 

agonist quinpirole (Eirat & Szechtman, 1993). To summarise, this model does 

satisfy some aspects for an animal model of OCD, particularly regards to 

predictive validity but is weaker in establishing similarity between the inducing 

conditions used in the model and those in OCD. 

1.4.2.3 Quinpirole induced compulsive checking 

Szechtman et al (1998) argue that the major compulsion in OCD is compulsive 

checking behaviour (seen in 63% of patients - (Henderson & Pollard, 1988). It is 

characterised by repeated rituals, these repetitions are not due to problems in 

memory recall (Radomsky & Rachman, 1999) but an inability in achieving a 

sense of task completion (Woody & Szechtman, 2000). Several rating scales such 

as the Leyton Obsessional Inventory and DSM-IV can diagnose compulsive 

checking and ask for real world estimates such as the time duration of rituals, their 

frequency and the extent that that these rituals interfere with normal everyday 

function. Szechtman and his colleagues (1998) reasoned that compulsive checking 

would present to an observer the following performance criteria: 
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1. A particular location/object that is returned to significantly more often 

than other locations/objects in the environment 

2. The time taken to return to the particular location/object is significantly 

shorter than to other places in the environment 

3. There are excessively fewer places visited in between returns to the 

preferred objects/places 

4. The rituals performed at the particular location/object are different than at 

other places 

5. The pattern of returns to the particular location/place is altered when the 

environmental properties of the location/object are changed 

The authors (Szechtman et al, 1998) found that the chronic administration (twice 

weekly for 5 weeks, 0.5 mg / kg) of quinpirole (QNP), a D2/D3 dopamine agonist, 

to rats resulted in behaviour that appeared similar to the motor compulsions 

associated with OCD patients. Specifically, QNP-sensitised behaviour was made- 

up of excessive and rapid revisits to two locations / objects in the rat's 

environment and few stops at other locations compared with a uniform 

distribution seen in control animals. In this respect, the first three criteria appear 

to have been satisfied although there is a need to check that a similar pattern is 

actually observed in human compulsive checking behaviour (Szechtman et al, 

1999). The fourth and fifth criteria were also met; QNP-sensitised rats displayed 

unique motor routines at the two preferred locations that appeared to an observer 

to have a "ritual like" quality and moving the object of interest to a new location 

resulted in a corresponding shift in checking to the new location (Szechtman et al, 

1998). 

The authors were able to demonstrate that anti-OCD medication (clomipramine) 

was able to partially attenuate the compulsive checking behaviour of animals due 

to QNP administration and thus some predictive validity has been shown. Further, 

the administration of nicotine also inhibited the compulsive checking behaviour of 
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quinpirole-injected animals (Tizabi et at, 1999; Tizabi et al, 2002) an observation 

that mirrors preliminary findings from the clinic (Carlsson & Carlsson, 2000). 

Finally, the compulsive checking behaviour of QNP rats could be interrupted via 

the introduction of the rat's home cage into the open field (Szechtman et al, 2001). 

This is an important characteristic of OCD compulsions; despite the urge to 

perform compulsions, patients can resist for varying amounts of time and it is this 

resistance that underlies exposure and ritual prevention therapy (Carlsson & 

Carlsson, 2000). Thus, this model appears to demonstrate very good predictive 

validity. 

Assessing the similarity of symptoms in this model and OCD reduces down to 

how accurately one thinks the formal criteria setout by Szechtman and colleagues 

are as real-world descriptions of OCD. The behaviour of QNP-sensitised animals 

fulfils all five criteria but as the authors themselves indicate, criteria 1,2 and 3 

may not truly reflect human compulsive checking behaviour. The issue of face 

validity has been well addressed by the authors (Szechtman et al, 1999, 

Szechtman et al, 2001) and they make a convincing argument. However, an 

important point to note is that behaviour was scored from 30 to 55 minutes post 

quinpirole administration and from 0 to 55 minutes post saline injection. This was 

because "saline treated rats were substantially less active than the drug-treated rats 

and usually showed little activity in the 30 to 55 min interval when drug rats were 

most active. Might the differences seen between control and experimental animals 

be attributed to simple hyper locomotion? Extrapolating to the human condition, is 

it likely that OCD compulsive checkers display hyperlocomotion compared with 

controls? In answer to the first question, the authors addressed this issue by 

running chronically treated quinpirole rats in the T-maze as described for Yadin's 

model (Einat & Szechtman, 1993). Again, spontaneous alternation was assessed. 

Due to the restricted size of the environment and the use of multiple discreet 

trials, there was no opportunity for QNP-animals to demonstrate hyperlocomotive 

behaviour. Yet, QNP-administered animals failed to demonstrate spontaneous 

alternation indicating that hyperlocomotion is not responsible for these 

disruptions. 
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In assessing the similarity of inducing conditions, it would appear strange that a 

dopamine-agonist induced behaviour paradigm can be considered as a model for 

OCD because of the prevalent view is that this is more a model for schizophrenia. 

Interestingly, this model seems to tie in with the current thinking about the 

possible neuropathology of OCD. 

Augmentation with low dose dopamine antagonists (e. g. haloperidol, risperidone, 

olanzapine) alongside conventional SSRI medication has brought significant 

improvement of OCD symptoms in previously SSRI-refractory patients 

(McDougle et al, 2000); Bogetto et al, 2000). Thus, though it is by no means 

conclusive that OCD pathology is mediated by dysfunction in central 

dopaminergic systems, there does appear to be a significant role for dopamine. 

1.4.2.4 Hoxb8 gene knockout mice 

Greer & Capecchi (2002) engineered mice expressing two individual mutations. 

The first involved a Hoxb8 exon I nonsense mutation together with a neo` cassette 

insertion in exon 2 (known as Hoxb8neo) Mutation 2 also contained the same 

nonsense mutation in exon I but also had a lox P site in exon 2 (Hoxb8lox). Both 

mutant strains demonstrated excessive grooming but the Hoxb8neo mice had 

skeletal abnormalities in the first rib as well. Because both Hoxb6 and Hoxb9 

mutants demonstrate similar rib defects and Hoxb8neo mice expressed irregular 

levels of these genes, Greer & Capecchi suggested that the neon cassette insertion 

was at fault. Thus, behavioural analysis was limited to the Hoxb810 ( mutants. 

The most striking observation was that these mutant mice groomed excessively to 

the point of hair removal and lesions. Mutant mice demonstrated normal 

cutaneous sensation when tested in pressure and temperature reaction paradigms 

and there was no evidence of an inflammatory response suggesting that this 

behaviour was not due to skin or other abnormalities in the peripheral nervous 

system. In addition, these animals excessively groomed their normal, wild type 

cage partners as well as grooming more when grooming was initiated by water 
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misting. Significantly, mutant animals did not exhibit other behaviours to excess. 
Furthermore, excessive grooming was found in mutants that had been backcrossed 

with normal, wild type mice for five generations. There is therefore substantial 

evidence for a specific genetic basis for this excessive grooming. 

This transgenic model is exciting because of the high similarity of symptoms 

between the model and OCD, exaggerated cleaning rituals occur in human OCD 

as well as in tricotillomania. The activity of these mutant mice seem to mimic that 

seen in OCD patients whose behaviour is similar if not identical to those of 

normal, healthy individuals. What separates these two groups is that the former 

are plagued with obsessions and / or compulsions, both of which must last for 

longer than 1 hour per day for the patient to be clinically diagnosed with OCD. A 

similar relationship appears to exist between the Hoxb8 knockout mice and their 

control counterparts. Both display similar types and levels of behaviours such as 

exploration, feeding time and frequency of eating. Where the two groups diverge 

is that the mutant mice spend double the time of controls grooming, in the region 

of 1 hour in excess and this is translated into an hour shorter sleeping time. From 

a purely anecdotal perspective, there appears to be much in this model that mimics 

the human condition. 

Neuroimaging studies on OCD patients have shown abnormal metabolic activity 

in brain regions that collectively make up the so-called OCD circuit (as mentioned 

already - orbitofrontal cortex, anterior cingulate cortex and striatum). 

Interestingly, Greer & Capecchi demonstrated that Hoxb8 mRNA was widely 

expressed in these same brain regions as well as in areas associated with the 

functioning of normal grooming. 

In assessing the relative merits of this model, the most obvious and crucial 

experiment would be to test for predictive validity by examining if treatment with 

an SSRI compound could inhibit the grooming excesses seen in these mice. If this 

was indeed the case, then other areas could be assessed for validity. This is an 

exciting model primarily because it is derived from a genetic background that has 
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thus far not been implicated in the OCD story. It seems amazing that a unique 

behavioural output is expressed in mice that have mutations for a Hox gene, a 

member of a family that code transcription factors necessary in co-ordinating 

early development (McGinnis & Krumlauf, 1992). 

The second key question to ask is whether the observed phenotype in the model is 

a direct result of the downregulation of the HoxB8 gene itself, or whether it is due 

to other targets lying downstream of the HoxB8 gene, or whether this is purely a 
developmental consequence? Then one can answer the more important question as 

to how similar are the inducing conditions between the model and OCD? 

1.5 Future strategy? 

In terms of discussing the relative merits of a candidate behavioural measure for 

OCD, one has to consider whether the obsessions or compulsions are the 

primary/core symptoms of the disease. Current scientific thinking suggests that 

internal cognitive conflict is responsible for the development of OCD and that 

compulsions are the resultant physical manifestations of this disturbance. As such, 

compulsions are the result of obsessions. With this in mind, all the behavioural 

measures employed thus far in models for OCD do not measure directly the core 

symptoms but rather the corresponding behavioural manifestations. However, this 

might be the best possible situation because without the aid of communication, 

cognitive processes are extremely difficult to evaluate in animals. Thus, we have 

to decide what are the core behavioural manifestations (compulsions) in OCD? 

Here again we run into difficulties because there is no simple answer, individual 

patients present with diverse compulsion profiles, reflecting differences in their 

obsessions. Perhaps, instead of taking individual behavioural measures, it might 

be more suitable to use a battery of such measures, such that animals are tested in 

the spontaneous alternation and compulsive checking paradigms instead of one or 

the other. This would allow researchers to measure a degree of OCD symptom 

expression rather than an all-or-nothing type approach. 
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1.6 New targets? 

There is an obvious and clear need to understand more about the neuropathology 

of OCD. Aside from the observation that SSRIs are clinically useful in the 

treatment of the disease, very little is known about the neurochemistry of OCD. 

There has been a recent report of reduced levels of N-acetylaspartate in the 

striatum of OCD patients (Graybiel & Rauch, 2000) that might be indicative of 

neuronal cell death or altered brain chemistry. Ultimately, the role of second and 

third messenger systems in OCD will hold the key in understanding the disease 

process (e. g. Perez et al, 2000). 

It has been hypothesised that there may be a link between streptococcal infections 

(the major manifestation of which is Sydenham's chorea (SC)) and development 

of OCD and related tic disorders in susceptible children. This subset has been 

putatively termed PANDAS (Paediatric Autoimmune Neuropsychiatric Disorders 

Associated with Streptococcal infections). These patients show characteristic 

symptoms that appear in childhood-onset obsessive-compulsive disorder and 

Tourette's syndrome (Billett et al, 1998). Obsessive-compulsive symptoms have 

been found to be present in 70% of children diagnosed with SC (see Table 1.2). 

There does appear to be a subgroup of paediatric patients showing OCD-like 

symptoms that may be due to an autoimmune reaction. This provides a new target 

for modelling OCD. It also begs the obvious question; does an autoimmune 

response play a role in mediating other forms of OCD? Blood serum from adult 

OCD patients did not show this pattern of autoantibodies (Arnold & Richter, 

2001). In addition, there are differing neuroanatomical underpinnings between 

paediatric and adult-onset OCD. Findings of increased basal ganglia size in 

PANDAS are contrasted by MRI studies of adult OCD that demonstrate a reduced 

caudate volume (Black et al, 1998). It appears that an immunological 

underpinning for OCD is unlikely but there may be a subset of OCD patients that 

may respond to this type of therapy. 
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For 

" Neuroimaging shows both groups have increased basal ganglia volumes 

compared with healthy controls (Giedd et al, 2000) 

" Immunomodulatory treatments such as plasma exchange or intravenous 

immunoglobulin (IVIG) are effective in treating PANDAS patients 

(Perlmutter et al, 1999) 

" Evidence of increased antineuronal antibodies and elevated levels of D8/17 

marker (Arnold & Richter, 2001) 

Against 

" The vast majority of children have streptococcal infections, many infections 

remain undetected and only a small minority go on to develop a 

neuropsychiatric dysfunction 

" Antimicrorbial prophylactic treatment not successful in preventing 

occurrence of SC and PANDAS (Murphy et al 2000) 

References: 
Giedd IN, Rapoport JL, Garvey MA, Perimutter S& Swedo S (2000) MRI assessment of children with obsessive- 
compulsive disorder or tics associated with streptococcal infection. American Journal of Psychiatry 157(2): 281- 
283. 

Perlmutter SJ, Leitman SF, Garvey MA, Hamburger S, Feldman E, Leonard HL & Swedo SE (1999) Therapeutic 
plasma exchange and intravenous immunoglobulin for obsessive-compulsive disorder and tic disorders in 
childhood. Lancet 354: 1153-1158. 

Murphy TK, Goodman WK, Ayoub EM & Weller KK (2000) On defining Sydenham's chorea: where do we 
draw the line? Biological Psychiatry 47: 851-857 

Table 1.2: Evidence regarding the link between SC and PANDAS 

Perhaps a more promising avenue may be to examine the role of a genetic 

component in OCD. The influence of genetic factors in the pathogenesis of OCD 

has been supported by twin and family studies (Robinson et al, 1995). Twin 

studies have shown substantial concordance among monozygotic (70-80%) 

compared with dizoygotic twin pairs (22-47%) (Inouye, 1965; Carey & 
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Gottesman, 1981), but as monozygotic concordance rates do not reach 100%, 

OCD is likely to be mediated by genetic and non-genetic or environmental factors 

(Pato et al, 2001). Family studies, which examine the prevalence rates of OCD in 

relatives of OCD probands, have demonstrated that first degree relatives of people 

with OCD are at a higher risk of developing OCD (Nestadt et al, 2000; Pauls et al, 

1995; Black et al, 1992). 

Although a genetic component has been well established in OCD, the mechanism 

of transmission is poorly understood. From the transmission patterns observed it is 

clear that classic dominant and recessive Mendelian inheritance patterns of a 

single gene does not adequately describe the transmission of OCD (Pato et al, 

2001). A small number of segregation studies have attempted to address this by 

using pedigree data to test for the "best fit" genetic or non-genetic model. There 

was evidence of a gene of major effect in two studies (Nicolini et al, 1991; 

Cavallini et al, 1999), however a more precise pattern of inheritance could not be 

established. Also Brook et at (1999) studied inheritance patterns in a sample of 

families with OCD, using symptom-based factor scores. In a subset of families 

with higher scores on a specific symptom factor (symmetry and ordering), the 

polygenic model was rejected, which suggests the existence of a major locus (Pato 

et al, 2001). Nestadt et al (2000), using complex segregation analysis of 153 

families (80 case and 73 control) found that strong evidence for an effect of a 

major gene. A Mendelian-dominant model, with significant sex effects and 

residual familial effects was the best fit to the observed data, but Pato et at (2001) 

suggest that Mendelian factors alone are not enough to fully explain the familial 

aggregation of OCD and that polygenic factors may also contribute to the etiology 

of OCD. Thus, in summary it is fair to say that the data is hard to interpret and this 

is probably due in part to the heterogeneity in the clinical sample. 

Attention has begun to focus on the possibility that functional genetic 

polymorphisms have a role in the pathogenesis of OCD (Pato et al, 2001). 

Candidate genes for OCD have focused largely in the 5-HT system due to the 

success of SSRI drugs in the treatment of OCD. In addition augmentation 
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therapies that have had some success in treatment-refractory patients alter the 

dopaminergic system and thus there has also been interest in this neurotransmitter 

system as well. Unfortunately, though work has been extensive, it has also been 

very inconsistent, with positive findings often being unable to be replicated 

(Hemmings et al, 2003 and Pato et al, 2001). This has been a sad reoccurrence in 

other candidate genes that have been examined (Pato et al, 2002). Recent progress 

has suggested the importance of the serotonin transporter (SERT) in OCD (Torres 

& Caron, 2003). This stems from an original study by Ozaki et al, (2003) who 

genotyped 383 neuropsychiatric patients and healthy control subjects. An 

isoleucine to valine substitution (1425V) in transmembrane domain 8 of the SERT 

was detected in 2 unrelated patients afflicted with OCD. These patients were 

found to be treatment resistant to SSRI compounds. Further analysis of the 

immediate family members of these patients revealed that 6 out of the 7 people 

heterozygous for the 1425V allele had all been previously diagnosised with OCD 

as well as other psychiatric conditions such as anorexia nervosa, Asperger's 

syndrome, social phobia and alcohol abuse. The really interesting part is that a 

study by Kilic et al (2003) demonstrates that the 1425V mutation results in 

approximately 2-fold increase in uptake activity; this increase was due to both an 

increase in the maximal uptake activity (Vmax) and a higher affinity of 5-HT for 

this transporter (Km) compared with the wild-type. Changes due to different 

levels of transporter expression at the plasma membrane were excluded. Thus, the 

1425V point mutation may confer resistance to the clinical effects of SSRIs 

(Torres & Caron, 2003) but these same authors also suggest that more 

examination is required as this SERT variant had a low abundance in a small 

sample group. Recent studies have suggested that the hoarding symptom subtype 

may be linked to Vall58Met polymorphism of COMT (Lochner et al, 2005) and 

that OCD may be associated with polymorphisms in 5HT2A and GABA type B 

receptor 1 (Zal et al, 2005). It appears that important genetic component in OCD 

has been well established and looking in this arena provides possibly the best 

chance of success in delineating possible novel drug targets in OCD. 

Rosenburg & Keshaven (1998) suggest the intriguing possibility that there may be 

a possible neurodevelopmental origin to OCD. They point to the frequent onset in 
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childhood, the similarity between OCD and developmentally normal childhood 

rituals, and the presence of a premorbid "constitutional" predisposition dating 

back to early childhood as support for this view. Furthermore, the fact that 

neurologic soft sign abnormalities are observed at illness onset and do not 

deteriorate with illness progression is seen as strong evidence for the hypothesis 

that a neurodevelopmental deviation rather than an acquired degenerative process 

contributes to the pathogenesis of OCD (Rosenberg & Keshavan, 1998). 

1.7 Concluding remarks 

OCD is increasingly been recognised as a highly prevalent disorder. There is now 

a growing body of data concerning possible pathogenic mechanisms and putative 

avenues of therapeutic intervention. Although no one animal model can account 

for the disorder in its entirety, recent developments have closed the gap between 

clinical observation and the laboratory as animal models have taken into account 

new insights into the neurobiology of the disorder. With rapid advances in 

technology, we can expect to see increased use of techniques such as genechip 

microarray analysis in animal models. Microarrays allows tracking of changes in 

levels of gene expression before, during and following drug treatment in animal 

models. It is suggested that with tools such as this, the refinement of existing 

models and the use of a rational coalition of animal models may yield new data to 

allow the identification of putative novel compounds for the treatment of OCD 

and/or provide new insight into the neurobiology of the disorder. 

1.8 Aims and objectives 

Using the information collected here, I aimed to evaluate the two most promising 

animal paradigms to further investigate OCD. As a strong genetic component has 

been established for the disorder, I felt it would be useful to evaluate the HoxB8 

paradigm. Behavioural, I liked very much the quinpirole-induced compulsive 

checking model as it seemed to possess very strong "face validity". So the aim 

was to set-up each paradigm in the lab, confirm previous findings and then to 
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Chapter 2: A molecular approach to silence the 

endogenous mRNA expression of the HoxB8 gene 
in HEK 293 cells using RNA interference 
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2.1 Introduction 

As described in the General Introduction, there appears to be a major genetic 

contribution in obsessive-compulsive disorder (OCD). A handle as to which genes 

to examine in OCD may have been provided by the publication of the Ist genetic 

animal model for the disorder. Greer & Capecchi (2002) engineered mice where 

the HoxB8 gene was knocked-out. These mutant mice groomed themselves 

excessively to the point of hair removal and skin lesions, in a manner that appears 

very much like compulsive grooming behaviour in OCD and in the OCD- 

spectrum disorder tricotillomania. What makes this model so interesting is that 

this phenotype appears to be a direct result of knocking-out the HoxB8 gene, 

indicating quite strongly that HoxB8 may be implicated in the disorder. This 

opinion is strengthened by the finding that mRNA for HoxB8 is widely expressed 

in the same brain regions that collectively make up the "OCD circuit" (Greer & 

Capecchi, 2002) - orbitofrontal cortex, anterior cingulate cortex, striatum and 

thalamus (Saxena et al, 1998). Thus this knockout mouse model provides a unique 

opportunity to study new therapeutic targets for OCD because: 

" the behavioural phenotype of the knock-out mice appears highly similar to 

the compulsive grooming behaviour seen in OCD patients 

" this behavioural phenotype seems to be a direct result of knocking-out one 

gene (HoxB8) and there is evidence for a substantial genetic component in 

OCD 

The Hox family of homeobox genes encode a highly conserved family of 

transcription factors, which are of vital importance in morphogenesis during 

embryonic development (Goodman, 2002). These genes were originally 

discovered to be responsible for segment identity in Drosophila development and 

have been subsequently found in a number of evolutionarily distinct organisms. In 

addition to controlling embryonic development, there is evidence that Hox genes 

also control ongoing differentiation processes in the adult, including 
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hematopoiesis. There also appears to be a contributory role for homeobox genes 

in tumourgenesis and leukemogenesis, specifically for HoxB8. 

It has been shown that the WEHT-3B myelomonocytic leukaemia cell line 

expresses the HoxB8 gene, together with interleukin-3 (IL-3) (Blatt et al, 1988). 

This constitutive expression of HoxB8 may contribute to the development of 
leukaemia because normal hematopoietic cells constitutively expressing HoxB8 

and IL-3 give rise to highly leukemic cells (Perkins et al, 1990) whereas enforced 

autocrine expression of IL-3 only, results in continued growth but not 

tumorgenicity (Krisharaju et al, 1997). Furthermore, ectopic expression of HoxB8 

in bone marrow cells enhances self-renewal of immature myeloid progenitors but 

is not fully transforming (Perkins & Corey 1993). It has been suggested that 

HoxB8 might be oncogenic because it mimics the action of a homeobox gene 

product whose function is to maintain the ability to self-renew. Alternatively, 

HoxB8 may inhibit the function of genes needed for terminal differentiation 

(Krisharaju et al, 1997). 

Given its role in development and in tumourgenicity, it is difficult to suggest a 

convincing argument to explain why knocking out HoxB8 would lead to a 

compulsive grooming phenotype in mutant mice, all the more so as HoxB8-gain- 

of-function transgenic mice appear to display only anatomical differences in their 

peripheral nervous system as no overt behavioural differences have been reported 

(Fanarraga et al, 1997). Nevertheless, what is observed is that knocking out 

HoxB8 produces a phenotype behaviour that looks remarkably similar to the 

grooming behaviour seen in OCD. Although HoxB8 may have an unknown 

redundant role, a more plausible hypothesis is that the OCD-like phenotype is due 

to the action of a gene / battery of genes that lie downstream of HoxB8. 

Unfortunately, testing this hypothesis is confounded by the fact that there is little 

knowledge as to which genes lie downstream of HoxB8. It is known that HoxB8 

interacts with the Pbx family of transcription factors (notably Pbxl and Pbx3) to 

co-operatively bind DNA (Knoepfler et al, 2001) but that is the extent of 

information known. One way of delineating the downstream targets of HoxB8 is 
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to use the new technique of RNA interference (RNAi) to downregulate the 

expression of a gene of interest in cell lines. Gene changes due to this 

downregulation can be subsequently assessed by a microarray assay (see chapter 7 

for further details). 
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RNAi (Rocheleau et al, 1997) is a phenomenon in which the introduction of 

double-stranded RNA (dsRNA) into certain organisms and cell types causes 

degradation of the homologous mRNA. In the cell, long dsRNAs are cleaved into 

short 21-25 nucleotide small interfering RNAs, or siRNAs, by a ribonuclease 

known as Dicer (see figure 1, steps 1 and 2). The siRNAs subsequently assemble 

with protein components into an RNA-induced silencing complex (RISC). An 

ATP-generated unwinding of the siRNA activates the RISC (step 3), which in turn 

binds to the homologous transcript by base pairing interactions and cleaves the 

mRNA (step 4). This sequence specific degradation of mRNA (step 5) results in 

gene silencing. 
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RNAi is an evolutionarily conserved mechanism that protects genomes from 

exogenous (viral) and endogenous (transposon) threats and may also be involved 

in cellular programmes of gene expression and development (Hannon, 2002; 

Cottrell & Doering, 2003). RNAi has been used extensively to determine gene 

function in a number of organisms such as plants, nematodes and Drosophila 

(Baulcombe, 1999; Montgomey et al, 1998; Kennerdall & Caarthew, 1998). Until 

recently, RNAi in mammalian cells was not applicable. Although this mechanism 

is conserved in higher organisms (Elbashir et al, 2001), in cells of vertebrate 

origin, introduction of dsRNA triggers activation of the RNA-dependent protein 

kinase (PKR) pathway leading to efficient shut down of cellular protein synthesis 

and host cell apoptosis (Williams, 1997). These non-specific effects severely 

hampered possible applications of RNAi in vertebrate systems but was resolved 

when it was demonstrated that the direct introduction of siRNAs was an effective 

method to knockdown expression of a given gene while evading PKR pathway 

activation (Tuschl, 2001). These synthetic siRNAs were made to resemble Dicer 

cleavage products and are directly incorporated into the mammalian RISC to 

target mRNA for degradation (Bernstein et al, 2001). This allowed the use of 

RNAi in mammalian cells but gene silencing was transient due to the lack of an 

amplification pathway in these cell types. Depending on the particular gene 

function and assay system used, a "gene-specific" knockdown induced by 

synthetic siRNA may not be maintained for long enough to achieve a phenotype 

change (Medema, 2004). 

The most widely used approach to circumnavigate this problem is to produce 

stable expression of short hairpin RNAs (shRNAs) from plasmid vectors 

(Brummelkamp et al, 2002). Most are based on the production of a single RNA 

from a RNA polymerase III (pol III) driven plasmid that makes a stem-loop 

structure in which the sense and antisense strands form the stem of the hairpin 

(Paddison et al, 2002, see Figure 2.2 panel B). Transcription terminates at a 

stretch of 5 thymidines with the RNA being processed such that the 3'-terminua 

contains 2 uridine nucleotide overhangs, resembling the ends of natural siRNAs 

produced by the Dicer enzyme (Paddison & Hannon, 2002). Vector driven 
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shRNA turn out to be very effective in gene silencing and can be used to silence 

gene expression over long periods of time (Medema, 2004). 

One such plasmid expression system is Ambion's pSilencer 2.1-U6 Hygro siRNA 

expression vector. As shown in Figure 2.2 panel A, the pSilencer comprises of a 

pol III promotor, ampicillin resistance gene and E. coli origin of replication. In 

order to elicit gene silencing, a small DNA insert encoding the shRNA targeting 

the gene of interest (Figure 2.2, panel C) is cloned into the vector downstream of 

the pol III promotor. Upon transfection into mammalian cells, the insert- 

containing vector produces the shRNA which is processed by cellular machinery 

into siRNA. The pSilencer 2.1-U6 Hygro vector utilises the human U6 promotor 

and in addition, contains an additional hygromycin resistance gene to allow 

selection of successfully transfected cells. The pSilencer 2.1-U6 vector is 

linearised with BamH I and Hind III, (leaving overhangs for directional cloning) 

and therefore ready for ligation with the DNA insert (panel Q. 
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FIGURE 2.2. Panel A: Schematic of the pSilencer 2.1-U6 Hygro expression vector. Panel B: 
Schematic of a short-hairpin RNA (shRNA). Panel C: Schematic of DNA insert to clone into the 
pSilencer 2.1-U6 Hygro vector. All taken from the Ambion website. 

Upon successful transfection of the plasmid into the cell, any subsequent knock- 

down of gene expression needs to be assessed. If one takes the premise that the 

level of messenger RNA (mRNA) is representative of the level of protein product 

(but see Medema, 2004 for critique) then one of the most sensitive methods to 

measure mRNA expression is real-time quantitative polymerase chain reaction 

(RTQ-PCR, Bustin & Nolan, 2004). RTQ-PCR is an in vitro method for 

enzymatically amplifying defined sequences of RNA (Rappolee et al, 1988). 

Although it is a complex assay, RTQ-PCR experiments share a basic protocol 

design. As RNA cannot serve as a template for polymerase chain reaction (PCR, 

Bustin, 2000), the first step of the assay is the reverse transcription (RT) of the 

RNA template into its complementary DNA sequence (cDNA). This is followed 

by exponential amplification of the DNA in a PCR reaction. Separation of the RT 

and PCR steps (known as two-enzyme/two tube/two-step RTQ-PCR) has the 
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advantages that each step can be optimised separately, allows a single RT reaction 

to be used for multiple PCRs and conserves reagents because of smaller reaction 

volumes (Bustin, 2000). 

To perform "first-strand cDNA synthesis", a DNA primer is annealed to an RNA 

population and extended by a reverse transcriptase enzyme. cDNA priming can be 

carried out using random primers, oligo-dT or target-specific primers (Bustin & 

Nolan, 2004), with each method producing differences in cDNA yield and 

specificity. As this can lead to a variation in the calculated mRNA copy number 

(Zhang & Byrne, 1999), the implications of choice of primer should be carefully 

considered (Lekanne Deprez et al, 2002). Random primers prime RT at multiple 

points along the transcript thereby producing more than one cDNA transcript per 

original target (Bustin & Nolan, 2004) and is by definition non-specific. Indeed, 

random priming has been shown to overestimate mRNA copy number by up to 

19-fold compared with sequence specific primers (Zhang & Byrne, 1999) and 

may be the least reliable method (Lekanne Deprez et al, 2002) but it produces the 

greatest yield of RT product. cDNA synthesis using oligo-DT (which is designed 

to anneal to the poly(A) tail at the 3' end of mRNA) is more specific than random 

priming as it will not transcribe rRNA (Bustin & Nolan, 2004), but it will struggle 

to generate transcripts from mRNAs with significant secondary structure and 

those lacking a polyA tail (Bustin & Nolan, 2004). Furthermore, oligo-dT priming 

requires high quality full length RNA and will not be a good choice for 

transcribing fragmented RNA such as produced by laser capture microdissected 

tissue (Bustin & Nolan, 2004). Finally, target-specific primers synthesise the most 

specific cDNA and are probably the most sensitive option for quantification 

(Lekanne Deprez et al, 2002). The main disadvantage is that it requires separate 

priming reactions for each target, thus it is not possible to return to the same 

preparation and amplify other targets at a later stage (Bustin & Nolan, 2004). The 

linearity of the RT step is an important consideration. Independent of method, a 

significant amount of non-specific priming occurs during RT reactions performed 

under standard conditions. This is due to the presence of fragmented RNA 

molecules in the sample that can serve as primers for RT, in addition to those 
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added exogenously. Endogenous priming can lead to aberrant results but 

Ambion's EndoFree TM RT kit can prevent this. 

The generation of cDNA allows amplification of template in the PCR reaction. At 

the start of a PCR reaction, reagents are in excess, template and product are at low 

enough concentrations that product renaturation does not compete with primer 

binding and amplification proceeds at a constant exponential rate. The point at 

which the reaction ceases to be exponential and enters a linear phase of 

amplification is extremely variable (even among replicates) with some reactions 

generating more product than others (Ginzinger, 2002) and is primarily due to 

product renaturation competing with primer binding as addition of more reagents 

or enzyme has no effect. At some later cycle the amplification plateaus and little 

more product is generated. For this reason, end-point quantification of PCR is 

unreliable. In RTQ-PCR, PCR products are measured as they accumulate, i. e. in 

"real-time", at a point when the reaction is still in the exponential phase. 

Typically, PCR products are tagged by fluorescent markers and it is this 

fluorescence that is detected and serves as an index for PCR product. 

Currently four chemistries are available for RTQ-PCR, of which three, Taqman 

probes, Molecular beacons and Scorpions, depend on Forster Resonance Energy 

Transfer (FRET) to generate the fluorescence signal via the coupling of a 

fluorogenic dye molecule and a quencher moiety. One of the most commonly 

employed signal systems, Taqman probes (Applied Biosystems) depend upon the 

5'-nuclease activity of the DNA polymerase used for PCR to hydrolyze an 

oligonulceotide that is hybridised to the target amplicon. Taqman probes are 

oligonucleotides that have a fluorescent reporter dye attached to the 5' end and a 

quencher moiety to the 3' end. These probes are designed to hybridize to an 

internal region of a PCR product. In the unhybridised state, the proximity of the 

fluor and the quench molecules prevents the detection of fluorescent signal from 

the probe. During PCR, when the polymerase replicates a template on which a 

Taqman probe is bound, the 5' nuclease activity of the polymerase cleaves the 
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probe, decoupling the fluorescent and quenching dyes, FRET no longer occurs so 
fluorescence can be detected. 

The level of fluorescence is monitored during each PCR cycle to give an 

amplification plot (Figure 2.3). The relative abundance of target mRNA is 

determined using the cycle threshold (Ct) value, the point (PCR cycle number) at 

which the signal generated from a sample is significantly greater than background 

fluorescence (Ginzinger, 2002). Thus, Ct values are directly proportionate to the 

amount of starting template, i. e. the more abundant the template the earlier this 

point is reached. Differences in Ct values then have to be related to another 

quantitative value to give them meaning. 

10 

I 

1.0 

0.1 

baseline 18 20 PCR cycle f at threshold (Ct) 

Act=Ct20-Ct 18 2 

0 
05 10 15 20 25 30 35 40 

PCR cycle number 

Threshold 

FIGURE 2.3: Taken from Ginzinger (2002). A hypothetical amplification plot generated during 
RTQ-PCR that graphs fluorescence signal against PCR cycle number. The baseline is defined as 
the PCR cycles in which a signal is accumulating but is beneath the limits of detection. The 
threshold is calculated at 10 times the standard deviation of the average signal of the baseline 
signal. A fluorescent signal that is detected above the threshold is considered to be a real signal 
that can be used to define the threshold cycle (Ct) for a sample (i. e. the PCR cycle number at 
which signal is greater than background). The Ct values of different samples can then be used to 
calculate the relative abundance of template for each sample. In the example the solid line crosses 
the threshold at 18 whereas the dotted line crosses at 20 PCR cycles. This gives a2 cycle 
difference (20-18- written as delta Ct 2) which is converted to linear form by 2-(delta Ct) or a 
four-fold difference. 
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In real time relative RTQ-PCR a standard curve is generated from a dilution series 

constructed from a "reference" sample. The identity of the reference sample is not 
important as long as the relevant PCR target is present. For accurate relative 

quantification, it is essential that the dilution series from which the standard curve 

is generated be carefully prepared. The units used to describe the dilution series 

are relative, not absolute values, based on a dilution factor and can be expressed 

as such (e. g. 1-fold, 10 fold, 100-fold etc) or expressed as equivalent mass 

amounts (e. g. 100 ng, 10 ng, 1 ng etc). Real-time PCR is performed on both the 

experimental samples and reference standards. Relative values for target 

abundance in each experimental sample are extrapolated from the standard curve 

generated from the reference standard. Whilst the absolute values calculated for 

the experimental samples are meaningless, the relative differences in mRNA 

abundance between samples are accurate. When analysing numerous samples, one 

sample is designated as the "calibrator" (or 1X sample) and the relative expression 

levels of all other samples are then expressed relative to the calibrator sample. 

The reliability of the RTQ-PCR experiment can be improved by including an 

invariant endogenous control in the assay to correct for sample to sample 

variations in RT-PCR efficiency and errors on starting amounts of cDNA per 

sample (Ginzinger, 2004). This technique works best when the gene expression of 

the control gene is more abundant and remains constant, in proportion to total 

RNA, among the samples. The most widely used controls are 18S rRNA, 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) and beta-actin mRNA. To 

perform RTQ-PCR with an invariant control, a second set of PCR reactions is 

performed for the invariant endogenous control on both the reference dilution 

series and experimental samples. Relative abundance values are then calculated 

for the invariant control as well as for the experimental sequence. For each 

experimental sample, the relative abundance value obtained is divided by the 

value derived from the control sequence in the corresponding PCR. The 

normalised values for different samples can then be directly compared. 
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The "Monte Carlo" effect is an inherent limitation of PCR amplification from 

small amounts of any complex template due to differences in amplification 

efficiency between individual templates in an amplifying cDNA population 

(Karrer et al, 1995). Every template has a certain probability of being amplified or 

being lost and once diluted past a certain threshold, copy number will display 

large variations in amplification (Bustin & Nolan, 2004). The Monte Carlo effect 

is dependent upon template concentration, the lower the abundance of any 

template, the less likely its true abundance will be reflected in the amplified 

product (Bustin & Nolan, 2004) as the probability of primer annealing is lower. 

This situation is difficult to resolve as many RTQ-PCR experiments are designed 

to identify low target mRNAs. 

2.2 Aims 

Previously published literature implicates the HoxB8 gene in mediating an 

obsessive-compulsive behavioural phenotype. As HoxB8 appears to be involved 

only in development and tumourgenicity, the working hypothesis is that genes 

lying downstream of HoxB8 are mediating the behavioural effect. To uncover the 

identity of these genes, I used RNAi technology to knock down the endogenous 

expression of HoxB8 in cell lines. Confirmation of downregulation of HoxB8 was 

performed using RTq-PCR. Successful downregulation would allow a subsequent 

microarray experiment to identify affected downstream gene changes. 
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2.3 Methods 

2.3.1 siRNA oligonucleotide synthesis 

The genetic sequence for HoxB8 and EGFP were found by BLAST (Basic Local 

Alignment Search Tool) search. The HoxB8 sequence comprised of two parts, 

exon 1 and exon 2 and were combined to give one gene sequence. Ambion's 

"siRNA Target Finder and Design Tool" was used to facilitate the selection of 

siRNA sequences. All suggested sequences were submitted to a BLAST search to 

eliminate any sequences with significant homology to other genes. As 

recommended by Ambion, four siRNA targets were identified, targeting 

sequences across the entire length of the gene. For each chosen siRNA sequence, 

two complementary DNA oligonucleotides were designed for insertion into the 

pSilencer 2.1-U6 vector following the manufacturer's instructions (Ambion). The 

four DNA inserts were as follows: 

Sequence Base pair Component strands 
Start point 

1 264 Sense strand sequence 
GATCCCATCCAGGAGTTCTACCACGTTCAAGAGACGTGGTAGAACTCCTGGATTTTTTTGGAAA-3' 

Antisense strand sequence 
GCTAGGTCCTCAAGATGGTGCAAGTTCTCTGCACCATCTTGAGGACCTAAAAAAACCTTTTCGA-5' 

2 352 Sense strand sequence 
GATCCCGTTTCTACGGCTACGACCCGTTCAAGAGACGGGTCGTAGCCGTAGAAATTTTTTGGAAA-3' 

Antisense strand sequence 
GCCAAAGATGCCGATGCTGGGCAAGTTCTCTGCCCAGCATCGGCATCTTTAAAAAACCTTTTCGA-5' 

3 604 Sense strand sequence 
GATCCCGTCCCTATCTGACTCGTAAGTTCAAGAGACTTACGAGTCAGATAGGGATTTTTTGGAAA-3' 

Antisense strand sequence 
GCCAGGGATAGACTGAGCATTCAAGTTCTCTGAATGCTCAGTCTATCCCTAAAAAACCTTTTCGA-5' 

4 727 Sense strand sequence 
GATCCCGTTCCCCAGCAGCAAATGCTTCAAGAGAGCATTTGCTGCTGGGGAACTTTTTTGGAAA-3' 

Antisense strand sequence 
GCCAAGGGGTCGTCGTTTACGAAGTTCTCTCGTAAACGACGACCCCTTGAAAAAACCTTTTCGA-5' 

Table 2.1: DNA inserts incorporating HoxB8 siRNA sequences to ligate with pSilencer 2.1 

2.3.2 Annealing the siRNA sense and antisense strands 

The oligonucleotides were resuspended in RNase-free TE (10mM Tris, 0.1 mM 

EDTA, pH 7.5) to a final concentration of 50 µM. Each nucleotide was diluted 
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down to 1 gg / gl and equimolar concentrations of each strand were used for the 

formation of duplexes. 2 µl of sense and 2 µl of antisense strand for each siRNA 

sequence were incubated at 90°C for 3 minutes with 46 gl annealing buffer 

(unknown-Ambion) and were cooled to 37°C and incubated for 1 hour. Annealing 

was checked by running the products on a Novex 20% Tris-borate-EDTA (TBE) 

gel (Invitrogen). 1 gl of diluted sample (corresponding to 100 ng DNA) together 

with 1 gl 6X Loading dye (Millenium marker, Gibco) and 10 gl deionised water 

were loaded onto the gel which was bathed in 1X Novex TBE Running Buffer in 

the Xcell Surelock Mini-Cell (Invitrogen). The gel was run for 70 minutes at 

200V, placed in buffer containing Ethidium bromide (200 ml buffer containing 10 

µl of 10 mg / ml ethidium bromide stock) for 60 minutes and visualized under UV 

light using the Stratagene Eagle Eye II system. 

2.3.3 Ligating duplexes into the pSilencer vector 

For each insert, 5 µl of annealed siRNA was diluted with 45 µl RNase-free water 

to give a final concentration of 8 ng /µl. 1 µl of this diluted siRNA stock was 

incubated with 1 µl each of linearised pSilencer construct, T4 DNA Ligase (5 

units / ul) and lOX T4 DNA-Ligase buffer (both from Roche) together with 6 µl 

RNase-free water overnight at 16°C. Samples were stored at -20°C until ready for 

transformation. 

2.3.4 Transformation of E. coli to produce plasmids 

Invitrogen imMedia Amp Agar Kit (Invitrogen) was used to pour plates of Luria- 

Bertani (LB) medium containing 200 µg /ml ampillicin. Each transformation 

reaction used one 50 µl vial of OneShot TOP10 competent cells (Invitrogen). 

Each vial was thawed on ice, 5 µl of the pSilencer ligated with the annealed 

siRNA insert was added and the mixture was incubated on ice for 30 minutes. 

Vials were then incubated for exactly 30 seconds at 42°C in a water bath and then 

returned to ice. 250 µl of room temperature SOC medium was added to each 

reaction, vials were shaken at 225 rpm at 37°C for 1 hour. 50 and 200 µl from 

each transformation vial were spread on individual LB agar plates which were 

inverted and incubated overnight at 37°C. 
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The next day, individual colonies from each selective plate were picked and 
inoculated with starter culture of 5 ml LB medium containing 25 µg / ml 

ampillicin in a snap-cap tube and were further incubated overnight (shaken at 300 

rpm at 37°C). The following day, 1 ml of starter culture was incubated with 100 

ml 2xYeast tryptone (YT) medium (made by dissolving 31g of 2-YT broth in 1 

litre of distilled water and autoclaved) and 100 µl of 50 mg/ml ampillicin stock 

under the same conditions. 

2.3.5 Plasmid DNA collection 

I followed the Qiagen Plasmid Midi/ Maxi Protocol (Qiagen). Bacterial cells were 

harvested by centrifugation at 6000 xg for 15 minutes at 4°C. All supernatant was 

removed and the pellet was resuspended in 10 ml of Buffer P1 (50 mM Tris-C1, 

pH 8; 10 mM EDTA; 100 µg / ml RNase A). 10 ml of Buffer P2 (lysis buffer; 200 

mM NaOH, 1% SDS) was added, mixed and allowed to incubate for 5 minutes 

when 10 ml of Buffer P3 (neutralisation buffer; 3 mM potassium acetate, pH 5.5) 

was added, mixed and incubated on ice for 15 minutes. Care was taken to 

thoroughly mix the solution to prevent localised potassium dodecyl sulfate 

precipitation. The samples were then centrifuged at >20,000 xg for 30 minutes at 

4°C, the supernatant (containing the plasmid DNA) was collected and re- 

centrifuged at >20,000 xg for 15 minutes at 4°C. Qiagen-tip 500's were 

equilibrated by application of 10 ml of Buffer QBT (750 mM NaCl; 50 mM 

MOPS, pH 7; 15% isopropanol; 0.15% Triton X-100) prior to loading with the 

supernatant. Buffer QC (wash buffer, 1M MaCl; 50 mM MOPS, pH 7; 15% 

isopropanol) was added in two volumes of 30 ml before the DNA was eluted from 

the column by addition of 15 ml Buffer QF (1.25 M NaCl, 50 mM Tris-Cl, pH 

8.5; 15% isopropanol) and collected in plastic transparent pellet tubes. The DNA 

was precipitated by adding 10.5 ml of room temperature isopropanol, vortexed 

and then centrifuged immediately at >15,000 xg for 30 minutes at 4°C. The 

supernatant was removed, care was taken to avoid disturbing the isopropanol 

containing DNA pellet. The pellet was washed with 70% room temperature 

ethanol and centrifuged at >15,000 xg for 10 minutes. Finally the supernatant 

was decanted, the DNA pellet was air dried for 5 minutes and redissolved in 100 / 
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200 µl TE buffer. The DNA concentration was determined by UV 

spectrophotometry and quantitative analysis on an agarose gel. 

2.3.6 Confirmation of siRNA inserts into plasmids 

The relevant samples were diluted to a concentration of 100 ng / µl and sent for 

in-house sequencing. 

2.3.7 Cell cultures 

HEK293 cells were chosen because previous in-house experiments found that 

levels of HoxB8 were most abundant in this cell line. Cells were incubated in 

EMEM medium with 10% heat-inactivated (30 minutes at 56°C) fetal bovine 

serum (FBS), 200 mM L-Glutamine, 10,000 units of Penicillin and 10 mg / ml 
Streptomycin solution and maintained at 37°C in a 5% CO2 incubator. Every three 

days in culture, the cells were washed in PBS, trypsinised and then resuspended in 

medium, where they were passaged 1: 4. 

2.3.8 Cell concentration optimisation 

Transfections were to be performed in 24 well plates. The concentration of cells 

required so that each well would be 80-90% confluent overnight was determined. 

Cell numbers were determined by using the Coulter cell counter. 

2.3.9 Hygromycin B concentration optimisation 

Having established the optimal cell concentration, the lowest concentration of 
Hygromycin B required to give massive cell death between 5 and 7 days was 

determined. 

2.3.10 Transfections 

The intention was to transfect the pSilencer expression vector containing siRNA 

sequences to maintain a stable knockdown of HoxB8 mRNA. Without prior 

experience of using this vector, optimal transfection conditions for the pSilencer 
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were determined indirectly by the use of the eGFP/pcDNA5-FRP vector (Figure 

2.4). This vector carries the EGFP reporter gene and successful transfection 

results in cells emitting florescence. By optimising transfection conditions in this 

way we maximise the likelihood of successfully knocking down HoxB8 

expression. 

CMV forward primer 

CMV promoter T7 primer 

T7 promoter 

bla promoter 

Amp(R) 

k 

=GFP sit 

EGFP asi2 

eGFP 

BGH reverse primer 

BGH pA 

FRT 

pUC origin 

SV40 pA 

Hygro(R) (no ATG) 

FIGURE 2.4: In-house plasmid containing the EGFP gene. This vector was used to optimise 
transfection conditions to be used by the pSilencer vector. 

HEK 293 cells were seeded the day before transfection using EMEM medium 

containing 10 % FBS but without any antibiotics. Transfections of the plasmid 

DNA were carried out using Lipofectamine 2000TM (Invitrogen) as suggested by 

the manufacturer. I µg of DNA was diluted in 50 pl of Opti-MEM I reduced 

serum medium. 2 pl of Lipofectamine 2000 was also diluted in 50 µl Opti-MEM 

medium and incubated at room temperature for 5 minutes. The two mixtures were 

combined after 5 minutes and allowed to incubate for 20 minutes at room 
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temperature for complex formation. The 100 µl DNA-Lipofectamine 2000 

mixture was added to the cells and left for 48 hours. After this time point, 

selection medium (EMEM with hygromycin B at a concentration of 125 µg / ml) 

was added to select for cells that had successfully taken up the siRNA containing 

pSilencer construct. Cells were maintained on this selection medium. Control 

cultures were similarly prepared, but without addition of DNA plasmid. Cells 

were transferred and maintained in T75 flasks as appropriate. 

2.3.11 RNA preparation 

Total RNA was extracted from cultured HEK293 cells grown in T75 flasks using 

7.5 ml Trizol (Invitrogen). 1.5 ml of choloform was added to the sample, which 

was then vortexed and centrifuged at 3,500 rpm for 15 minutes at 4°C. The 

aqueous solution was collected, 3.75 ml iso-propanol was added and the sample 

was incubated at room temperature for 10 minutes followed by centrifugation at 

12,000 xg for 10 minutes at 4°C in a microfuge. The supernatant was carefully 

removed and the RNA pellet was washed once with 7.5 ml 75% ethanol, vortexed 

and centrifuged at 7,500 xg for 5 minutes at 4°C in a microfuge. Again the 

supernatant was removed, the RNA pellet was air dried for 3 minutes at room 

temperature and dissolved in 100 µl RNase-free water. 

2.3.11.1 DNase treatment 

A follow-up cleaning step using the RNeasy mini kit and DNase digestion 

(Qiagen, following the manufacturer's instructions) was performed. As the 

RNeasy column could only accommodate 100 µg RNA, the concentration of 

samples were determined using a spectrophotometer (1 µl of sample was diluted 

in 99 µl RNase-free water) and diluted <1 gg / µl RNA as necessary. 350 µl of 

buffer RLT (containing 10 µl beta-mercaptoethanol / ml buffer) was added to 100 

µl of RNA sample. 250 µl of 100% ethanol was added, the mixture was pippeted 

up and down 4 times and then applied to the RNeasy column. The column was 

spun at maximal speed in a microfuge for 1 minute at room temperature and the 

flow-through was discarded. 400 gl of Buffer RWl was added to the column 

which was then spun as above. 80 µl of DNase I incubation mix (10 µl DNase I 
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stock with 70 µl Buffer RDD) was pippetted directly onto the column membrane 

and incubated at room temperature for 30 minutes. 400 gl of Buffer RW1 was 

added and incubated for 5 minutes before the column was spun as previously 

stated. Two washes with 500 pl of Buffer RPE with centrifugation as above were 

performed, the flow through was discarded and the columns were spun dry at 

maximal speed for 2 minutes to remove all ethanol residues. Finally, the RNA 

was eluted by addition of 2x 30 pl RNase-free water and centrifugation (final 

elution volume was 60 pl). 

2.3.11.2 Assessment of RNA samples 

The concentration of RNA samples was determined using a spectrophotometer. 1 

gl of RNA sample was diluted in 99 µl RNase-free water and the OD260 was 

recorded. The overall quality of RNA was assessed by electrophoresis on a 
denaturing agarose gel. For each sample, 5 gl of loading dye was added to 1 gg of 

RNA and incubated for 10 minutes at 65°C then 10 minutes on ice. Samples were 

loaded onto a pre-prepared RNase-free Reliant agarose gel incubated in 

electrophoresis buffer (1 x MOPS solution). The gel was run at +70V for 45 

minutes, Sybr Green 2 solution (1 gl in 10 ml TE) was added and the gel 

incubated in a shaker for 30 minutes before visualisation using the Stratagene 

Eagle Eye II system. RNA samples were diluted to a concentration of 100 µg 

RNA in 100 µ I. 

2.3.11.3 cDNA synthesis from RNA for RTQ-PCR 

First strand cDNA was prepared using the EndoFree RTTM kit (Ambion) 

following provided instructions. This kit uses "anchored" oligo (dT) primers 

meaning that they include a random sequence dinucleotide "anchor" at the 3' end 

of the oligo (dT) to ensure that it anneals to the beginning of the poly(A) tail. 1 µg 

of total RNA was incubated with 1 µl reverse transcription primer at 70°C for 5 

minutes then at 49°C for 5 minutes. 2 µl each of lOX RT buffer, dCTP, dTTP, 

dGTP and dATP solutions, together with 1 µl each of RNase inhibitor, RNase-free 

water and Reverse Transcriptase were added for each reaction. Reactions were 
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incubated for 2 hours at 49°C and samples were diluted into a final volume of 40 

µl and stored at -20°C. 

2.3.12 Quantification of mRNA by Taqman analysis 

Inhibition of targeted mRNA expression was detected by RTQ-PCR analysis 

using 5 mM 5' forward primer, 5 mM 3' reverse primer and 5 mM of the Taqman 

probe Fam-Tamra labelled in the presence of 5X Buffer A, 25 mM MgC12,12.5 

mM dNTPs and 1 pl of cDNA. The two sets of gene specific primer sequences 

(HoxB8 and beta-actin) were designed using the Primer Express software 

(Applied Biosystems). The RTQ-PCR reaction was carried out in a volume of 50 

µl and assayed on the ABI PRISM 7700 Sequence Detector (Applied Biosystems) 

according to the manufacturer's instructions under the following conditions: 

A relative standard curve representing four 5-fold dilutions of the wild type HEK 

293 sample (1: 2,1: 10,1: 50 and 1: 250) was used for linear regression analyses of 

the unknown samples. HoxB8 mRNA raw data for each sample was first 

normalised against the corresponding expression level of beta-actin to control for 

differences in starting quantities of RNA. HoxB8 mRNA expression for each 

sample was expressed as a percentage of the expression of the HEK 293 wild 

type, which was calibrated as the 1X sample. 

Due to the high volume of cDNA samples to be tested, the first RTQ-PCR 

experiment was split into two runs. Follow-up RTQ-PCR experiments were 

performed in single runs. 
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2.4 Results 

2.4.1 Confirmation of successful annealing of siRNA sense and antisense 

strands 

All sequences annealed because they ran differently from either strand alone but 

the same as the GFP insert. However, there appears to be a significant presence of 

non-annealed strands (Figure 2.5) 

FIGURE 2.5: 20% TBE gel to check annealing of sense and antisense strands of respective HoxB8 
siRNA sequences. From left to right lanes: Sequence 2 sense strand, sequence 2 antisense strand, 
sequence 1 annealed, sequence 2 annealed, sequence 3 annealed, sequence 4 annealed, Ambion's 
GFP insert (pre-annealed) 

2.4.2 Confirmation of successful incorporation of siRNA inserts into plasmid 

Sequencing confirmed that the 4 double-stranded oligonucleotides were 

successfully ligated into the pSilencer vector. 

2.4.3 Determining optimal cell plate density and Hygromycin B concentration 

Initial experiments found that the optimal cell plate density was 100,000 HEK 293 

cells / well of a 24 well plate (around 50% confluent) and that the optimal 

antibiotic concentration that killed the majority of cells in 5-7 days and all cells 

within 2 weeks (manufacturer's recommendations) was 125 gg / ml. 

2.4.4 Transfection of pSilencer plasmid into HEK 293 cells 

It was impossible to determine the absolute transfection efficiency of the 

pSilencer construct into HEK 293 cells. However, an indirect method was to 

transfect the eGFP/pcDNA5-FRP plasmid that, when successfully transfected, 
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would give cells a green florescence. From this method it was determined that the 

optimal transfection conditions were 1 part DNA to 2 parts Lipofectamine 2000 

carrier (Invitrogen) giving transfection efficiencies of approximately 70%. 

However, it must be noted that the pSilencer plasmid and the EGFP plasmid were 

different and the extent to which this result can be extrapolated to the pSilencer 

transfection is unknown. 

Hygromycin B selection medium was added 48 hours post-transfection (as 

according to manufacturer's instructions) and cells appeared extremely unhealthy. 

Little or no cell growth was observed for 4 -6 weeks. Eventually multiple, stably 

transfected cells were cultured. 

2.4.5 Confirmation of RNA quality and concentration of transfected cells (1) 

FIGURE 2.6: Total RNA samples run on denaturing gel to check quality. For the gel on the left, 
From left to right lanes samples are: Millienium marker HoxB8 siRNA sequences (numbers) 
followed by clones (in letters), 1B, IC, 4B, 4D, 4E, 2A, IA, 2B, 4A, HEK293 wild type (non- 
transfected), HEK293 WT, EGFP clone A, EGFP clone B, Gibco marke. For gel on the right:, from 
left to right lanes, samples are; Millienium marker, 1D, 4C, 3A, 3C, Gibco marker. 

Ribosomal RNA (rRNA) bands should be sharp and intense with the upper 28S 

rRNA band being about twice as intense as the lower 18S rRNA band. A diffuse 

smear of mRNA can sometimes be seen migrating between the ribosomal bands. 
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2.4.6 RTQ-PCR experiment 1 
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FIGURE 2.7: Bar chart summarising % HoxB8 mRNA expression of different constructs versus 
non-transfected HEK293 cells. 

The results from the first RTq-PCR experiment are shown in Figure 2.7. The 

most successful constructs (lowest expression of HoxB8 mRNA) appear to be 

Hox 3A, 3C and 4D. Strikingly, there appear to be constructs where the 

expression of HoxB8 mRNA has increased. 

2.4.7 Confirmation of RNA quality and concentration of transfected cells (2) 

Based upon the results from the large scale RTQ-PCR, the most promising 

constructs from each of the 4 siRNA sequences were selected for follow-up 

analysis. Total RNA was freshly extracted from HEK293 wild type cells, 

HEK293 cells transfected with pSilencer containing the scrambled siRNA 

sequence (negative control), and from siRNA sequence 1 construct D, siRNA 
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sequence 2 construct B, siRNA sequence 3 construct C and siRNA sequence 4 

construct D. The RNA quality is displayed in Figure 2.8. 

FIGURE 2.8: Follow-up freshly extracted Total RNA samples run on denaturing gel to check 
quality. From left to right, 4D, 3C, 1D, 2B, HEK293 WT, IHK 293 transfected with pSilencer 
with scrambled sequence, Gibco marker. 

2.4.7 RTQ-PCR experiments 2 and 3 

The results from the second and third RTq-PCR experiments are shown in Figures 

2.9 and 2.10 respectively. Unlike the first experiment, there appears to be no 

construct where the expression of HoxB8 mRNA has been successfully 

downregulated. In fact, there appears to be an increased expression of HoxB8 

mRNA in some constructs. 
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FIGURE 2.9: Bar chart summarising % HoxB8 mRNA expression of different constructs versus 
non-transfected HEK293 cells. 
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FIGURE 2.10: Bar chart summarising % HoxB8 mRNA expression of different constructs versus 
non-transfected HEK293 cells. 
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2.5 Discussion 

The aim of this part of the project was to delineate the identity of gene targets that 

lie downstream of the HoxB8 gene. To this end, the technique of RNAi was 

utilised to knockdown the expression of the HoxB8 gene in HEK293 cells. 

Unfortunately, RTq-PCR failed to confirm a consistent downregulation of HoxB8 

mRNA. Constructs identified with low HoxB8 mRNA in the first RTq-PCR did 

not show this reduction upon subsequent RTq-PCR experiments using new, 

freshly collected RNA samples. This may have been because: (1) pSilencer 

mediated shRNAs failed to knockdown HoxB8 expression, (2) pSilencer 

expression of shRNAs mediated only a transient knockdown of HoxB8 mRNA 

expression or (3) the pSilencer system successfully downregulated HoxB8 

expression but the technique of RTq-PCR failed to consistently detect this change. 

I shall address each of these points in turn. 

The RNAi approach to knockdown HoxB8 gene expression may have failed due 

to (1) inefficient gene sequences, (2) poor transfection efficiency, (3) inefficient 

production of siRNA due to vector characteristics or (4) the cell's natural 

resistance to HoxB8 gene downregulation. The first obstacle to the successful 

knockdown of a gene of interest is the selection of a good target sequence within 

that gene (Medema, 2004). At present, though there are guidelines (e. g. Elbashir 

et al, 2001), these are still not definitive so the selection of effective siRNAs 

remains a matter of trial and error. My siRNAs were designed based upon the 

(AA-N19)TM template (Dharmacon), which has been reported to be successful 70- 

80% of the time (Elbashir et al, 2001). However, McManus et al (2002) have 

reported functioning siRNAs that do not adhere to these guidelines. Recent studies 

have now indicated that the most effective siRNAs will typically have an Argine- 

Uridine base pair at the 5' end of the antisense strand while the sense strand will 

contain a Guanine-Cytosine base pair at its 5' end (Schwarz et al, 2003; Khvorova 

et al, 2003). With the myraid of different and sometimes contradictory information 

in the literature, it is therefore possible that none of the 4 target siRNA sequences 

selected against the HoxB8 gene were effective. 
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A second source of confounds lie with the transfection process, the success of 

which depends upon a number of factors such as the cell culture system, the 

transfection reagents and the transfection conditions. To optimise these conditions 

I used the pcDNA5-FRP vector carrying the EGFP gene as a reporter for 

transfection efficiency. However, although the cell culture system was the same, 

these transfection conditions were not optimised for the pSilencer vector but for 

this pcDNA5-FRP vector, thus, transfection conditions may not have been optimal 
for pSilencer mediated knockdown of HoxB8. To address this, follow-up 

validation should be carried out examining the ability of pSilencer mediated 

shRNAs to knockdown the expression of cells expressing the EGFP gene. (This 

would of course entail the design of siRNA sequences targeting the EGFP gene 

with all of the problems described in the previous paragraph). 

Although numerous studies using synthetic siRNA molecules and siRNA 

expression systems have demonstrated successful reduction in protein expression, 

shRNAs appear less effective in mediating gene silencing than synthetic siRNAs 

(Paddison et al, 2002) and there are even reports of target sequences that allowed 

effective knockdown by transfection of synthetic siRNA while vector-driven 

shRNAs directed against the identical target sequence were ineffective (Medema, 

2004). One explanation is that the number of siRNA molecules that is produced in 

the cell will drop off dramatically upon selection of cell lines that stably produce 

siRNA because only one or a few copies of the corresponding vector will stably 

intergrate in the genome of the host. To overcome this problem, efficient siRNAs 

need to be used (Chen et al, 2003; Gupta et al, 2004; Matsukura et al, 2003) - as 

Medema (2004) says, "the target sequence must be efficiently recognised by the 

siRNA such that a minimal number of copies of siRNA is sufficent to effectively 

shut off protein expression from that particular gene". It is therefore possible that 

inefficient targeting sequences combined with using shRNAs, together prevented 

the threshold needed to induce mRNA inhibition. Furthermore, in studies 

comparing the expression of small RNAs under the control of the U6 promotor 

and several other RNA pol III promotors, it was found that RNA synthesis can 

vary by several orders of magnitude between the promotors depending upon the 

cell line being used (Ilves et al, 1996). Moreover, localisation studies have shown 

that different RNA pol III promotors generate small RNAs that localise to 
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different sub-regions of cells (Ilves et al, 1996). Undoubtedly, both expression and 

localisation of siRNAs will determine the success of RNAi in mammalian cells 
(Medema, 2004). Finally it must be noted that some genes are not possible to 

knockdown, so called "essential genes" whose expression is necessary to cellular 

survival. In this cellular expression system, HEK293 cells have been immortalised 

and as HoxB8 has been implicated in causing cancer, perhaps it's gene expression 

is vital to the continued survival of these cells? It is also possible that pSilencer 

mediated expression of shRNAs only mediated a transient knockdown of HoxB8 

mRNA. 

Nevertheless, because colonies of HEK293 cells were produced in the presence of 

hygromycin B antibiotic, this suggests that the pSilencer vector at least was 

successfully transfected and incorporated into the cell's genome. Furthermore, the 

first but not the follow-up RTq-PCR experiments revealed constructs where there 

appeared to be significant knockdown of HoxB8 mRNA. This suggests that the 

problem may lie within this part of the experiment. 

Template quality, operator variability, the reverse transcription step itself and 

subjectivity in data analysis and reporting are a few technical aspects that can lead 

to run to run variability of RTq-PCR experiments (Bustin & Nolan, 2004). 

Although problems affecting reproducibility of RTq-PCR results are likely to 

originate from sample quality (Bomjen et al, 1996) I am confident that this does 

not explain the run to run variability of the present RTq-PCR experiments. 

Although assessment of RNA integrity was done by visual inspection of the 28S 

and 18S ribosomal RNA bands by gel electrophoresis which gives no information 

regarding the presence of inhibitors nor the presence of genomic DNA (both of 

which could differientally affect the RT or PCR assay, Rossen et al, 1992; Lee & 

Cooper, 1995), the phenol extraction, re-precipitation of RNA and 70% ethanol 

wash together with the subsequent purification step with DNase treatment should 

in theory have removed all impurities. However to fully rule out the possibility 

that differences between RTq-PCR experiments were due to differences in quality 

of RNA samples, the A260/A280 ratio should be collected for each sample. Pure 

RNA has an A260/A280 ratio of 1.9 - 2.1 (Wilfinger et al, 1997) in 10 mM Tris- 
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Cl, pH 7.5 and I should measure RNA samples under these conditions rather than 

in RNase-free water. 

A second source of confounds may lie within the reverse transcription reaction 

itself - because the efficacy of each RT reaction was not checked it is possible 

that differences in HoxB8 mRNA observed in the different RTq-PCR experiments 

were simply due to differences in the starting amounts of cDNA. I used the 

Endofree Kit (Ambion) to generate first strand cDNA, this kit comes with a 

positive control to ensure that the reaction is functioning properly. It would be 

prudent to use this to ensure that the RT reaction is in fact working and that there 

is cDNA yield. A second step would be to analyse the efficacy of each RT 

reaction. Unfortunately, both validation experiments require the use of a 

radio labeled nucleotide- this is incorporated into the cDNA, a tenth of which is 

size fractionated on a denaturing polyacrylamide gel (8M Urea, 5% acrylamide). 

In a robust RT reaction using oligo dT primers one would expect to see a smear of 

differing sized products, with a smear that runs larger than approximately 800 

bases corresponding to the majority of the first strand cDNA (Ambion website) 

A third source of errors lies within the RTq-PCR reaction (Freeman et at, 1999) 

and is characterised by significant variation and non-reproducibility even with 

identical samples between different laboratories (Keilholz et al, 1998). The 

exponential nature of PCR amplification together with the small quantities of 

target molecules means that trivial variations in reaction components, thermal 

cycling conditions and mispriming events during the early stages of the PCR can 

greatly influence the yield of final product (Wu et al, 1991). The use of 

"housekeeping genes" as endogenous controls (reference genes) has been a 

contentious issue. Historically believed to be constitutively expressed, minimally 

regulated and widely used as internal RNA references in a variety of assays, their 

use is now starting to be questioned. Especially in vivo tissue biopsies, a single 

housekeeping gene should not be used for normalisation (Tricarico et al, 2002). 

Although this problem is perhaps not so serious in this case because cell culture 

is the medium and thus basal levels of housekeeping gene mRNA expression 

should be identical. Nevertheless, beta-actin has been described to be changed 

under various types of treatment and diseases e. g. porcine immune cells and 
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tissues (Foss et at, 1998), in response to experimental manipulation in human 

breast epithelial cells (Spanakis, 1993) and blastomeres (Krussel et al, 19998) but 

other researchers have claimed that it's expression is stable under most 

experimental conditions (Kreuzer et al, 1999; Giulietti et al, 2001). 

Testing different housekeeping genes to fmd the optimal one for these specific 

experimental conditions is therefore a necessity. Although I did test GAPDH (data 

not shown), it would have been prudent to test more genes. For example, Ambion 

recommend using 18S rRNA as an internal control because it shows less variance 
in expression across treatment conditions than beta-actin and GAPDH. Moreover, 

Ambion also say that for relative RTQ-PCR data to be meaningful, the PCR 

reaction must be terminated when the products from both the internal control and 

the gene of interest are detectable and are being amplified within the exponential 

phase. As internal control RNAs are typically constitutively expressed 
housekeeping genes of high abundance, their amplification surpasses exponential 

phase with very few PCR cycles. It is therefore difficult to identify compatible 

exponential phase conditions where the PCR product from a rare message is 

detectable. Ambion's Competimer technology can attenuate the invariant control 

signal (either 18s rRNA or beta actin) to that of rare messages. 

Finally, due to the observed differences in the accuracy of standard curves (see 

Figures 2.11 and 2.12), the lack of RTq-PCR reproducibility is most likely due to 

my variability in this case. RTq-PCR is a sensitive technique and central to the 

methodology is the generation of accurate standard curves with which to calculate 

the respective mRNA expression levels of target genes in the different samples. 

Pearson's correlation co-efficient analysis revealed that standard curves in the last 

two RTq-PCR experiments were of a lower quality that those in the first RTQ- 

PCR experiment. This was due to the large variation between replicates, some 

differing by more than 1 standard deviation. With extra time, I would like to iron 

out these discrepancies by the use of a second method to quantify HoxB8 mRNA 

expression in these transfected cells, such as Northern blotting. 
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2.6 Conclusion 

In conclusion this study has been unable to show that the endogenous expression 

of HoxB8 mRNA was downregulated by the transfection of the pSilencer plasmid 

expressing shRNAs designed to target the HoxB8 sequence. 
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Chapter 3: Chronic quinpirole-induced compulsive 

checking behaviour in the open field- investigating 

the time course of behavioural changes 
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3.1 Introduction 

Obsessive-compulsive disorder (OCD) is a severely disabling psychiatric disorder 

that is characterised by the presence of obsessions and / or compulsions and 

affects approximately 2.5% of the general population. The underlying 

neurobiology is at present not well understood and treatment options for OCD are 

often of limited efficacy. There is therefore a real need to obtain more knowledge 

regarding the pathophysiology of OCD and to develop new anti-OCD medication. 
Although there is a significant underlying genetic contribution in OCD (see 

General Introduction), the lack of satisfactory results from the previous chapter 

closed down this avenue for future work. A second way of obtaining more 
knowledge of OCD is to generate animal models for OCD (see Man et al, 2004 

for a review). 

Published literature indicates that the open field behaviour of rats sensitised to the 

dopamine D2/D3 agonist quinpirole (QNP) (twice weekly for 5 weeks, 0.5 mg / 

kg) satisfy 5 performance criteria for compulsive checking (Szechtman et al, 

1998). This behaviour would present to an observer the following performance 

characteristics: 

0A particular location/object is returned to significantly more often than 

other locations/objects in the environment 

0 The time taken to return to the particular location/object is significantly 

shorter than to other places in the environment 

0 There are excessively fewer places visited in between returns to the 

preferred objects/places 

0 The rituals performed at the particular location/object are different than at 

other places 

0 The pattern of returns to the particular location/place is altered when the 

environmental properties of the location/object are changed 

65 



Szechtman et al (1998) reported that QNP-sensitised behaviour was made-up of 

excessive and rapid revisits to one location / object in the rat's environment and 

few stops at other locations when compared against control animals. QNP- 

sensitised rats also displayed unique motor routines at the preferred location that 

appeared to an observer to have a "ritual like" quality and moving the object of 

interest to a new location resulted in a corresponding shift in checking to the new 

location. Moreover, the authors were also able to demonstrate that co- 

administration with the anti-OCD drug clomipramine was able to partially 

attenuate this exaggerated checking behaviour, thus demonstrating some 

predictive validity. Further, the administration of nicotine also inhibited the 

compulsive checking behaviour of quinpirole- injected animals (Tizabi et al, 1999; 

Tizabi et al, 2002) an observation that mirrors preliminary findings from the clinic 

(Carlsson & Carlsson, 2000), where OCD-patients have had symptom alleviation 

after taking nicotine. Finally, the compulsive checking behaviour of QNP rats 

could be interrupted via the introduction of the rat's home cage into the open field 

(Szechtman et al, 2001). This illustrates that the checking behaviour induced by 

quinpirole is not irrepressible but can be interrupted by environmental 

manipulation. This is an important characteristic of OCD compulsions; despite the 

urge to perform compulsions, patients can resist for varying amounts of time and 

it is this resistance that underlies exposure and ritual prevention therapy 

(Szechtman et al, 2001). Thus, this model appears to demonstrate very good 

predictive validity. I was interested in further characterisation of this model 

system. 
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3.2 Materials and Methods 

3.2.1 Animals: 

24 male, experimentally naive Long-Evans rats, weighing 300 - 370 g at the start 

of the experiment were obtained from Janvier (France). Upon arrival, animals 

were housed individually in IVC (individually-ventilated cages) racks in the 

animal facility and allowed 1 week to habituate to their surroundings, followed by 

5 days of handling (2 min each day) to habituate animals to the investigator before 

commencement of the experiment. The experiment was carried out in accordance 

with the European Communities Council Directive of 24 November 1986 

(86/609/EEC). Food and water were given ad libitum, the lights on period was 

06: 00 - 18: 00 hours and rooms were maintained at 22 ±2 °C and at 60 ± 5% 

humidity. 

3.2.2 Drugs: 

(-) Quinpirole hydrochloride (Sigma-Aldrich) was dissolved in saline (0.5 mg / 

ml) and administered at a dose of 0.5 mg / kg administered s. c. (the method used 

by Szechtman et al 1998,2001). Equivalent volumes of saline were used in 

solvent injections. Fresh batches of quinpirole were prepared weekly. 

3.2.3 Apparatus: 

Animals were tested on a large open field, a large square surface 1.62 x 1.62 in 

raised 1 in from the floor and without walls. The surface of the open field was a 

white laminate upon which were placed 4 plexiglass objects, present at the same 

fixed locations: 2 at corners and 2 at places near the centre of the open field (see 

Figure 1). Three of the objects consisted of clear plastic cubes (8 x8x8 cm) 

secured to the open-field with one side open that allowed the rat to put its head 

and front paws inside the box. The 4th object was a rectangular plexiglass 

container (10.5 x 8.5 x7 cm) with the top side open but covered with wire mesh. 

The open field was sub-divided into 25 equally sized zones, numbered 1 through 

25. Zone 5 was the location of the object with the wire-mesh top (see Figure 3.1). 
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FIGURE 3.1: The open field was divided into 25 equally sized zones and numbered as indicated in 
the above figure. The four objects were placed at the same fixed spots in zones 5,8,10 and 14. 
Boxes are not drawn to scale. 

3.2.4 Parameters collected 

Rat behaviour during the trial was measured using the EthovisionTM system 

version 3.0 (Noldus, The Netherlands). Rats organise their exploration of an 

environment from a home base, home base being defined as a locale in the 

environment that is repeatedly returned to after exploration of the territory (see 

Eilam & Golani, 1989 for an in depth description; Szechtman et al, 1998). Rats 

return to the home base periodically before setting out into the environment again. 

Compulsive checking is defined by changes in the properties associated with the 

home base. The home base is defined as the zone in which the animal spends the 

longest cumulative time over the test period. The home base can be any zone, 

either with or without an object and may change from test period to test period. A 

visit to a zone was defined when the centre point of the animal as tracked by 

Ethovision crossed into a zone. 
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Each of the performance characteristics as suggested by Szechtman et al (1998) 

for the definition of compulsive checking was evaluated systematically: 

3.2.4.1 Excessive number of returns to the place of interest 

The total number of visits to the home base was calculated. The rate of return to 

the home base was also calculated, using the observed-to-expected visit to home 

base ratio. Based on the assumption of a uniform distribution, an expected number 

of visits were calculated by dividing the total number of visits made by the 

number of zones (25). The ratio was calculated by dividing the actual number of 

visits made to the home base by the expected figure. 

3.2.4.2 Excessive speed of return to place of interest 

This was evaluated by collecting the time in seconds it took an animal to leave 

and then re-enter the home base. 

3.2.4.3 Excessive lack of exploration on trips to and from the place of interest 

This was evaluated by assessing the number of zones an animal crossed whilst on 
trips exiting and entering the home base. 

3.2.4.4 Presence of ritual-like behaviour at the place of interest 

This was assessed indirectly by recording the average length of stay (in seconds) 

per visit to the home base. In addition, direct assessment was made by evaluating 

videotape tracks of animal behaviour at the home base in The Observer 5.0 

(Noldus, The Netherlands) for the presence of ritual -like behaviour. This is 

defined as repetitive, uniform motor routines that have a constancy of form, both 

in their vigour and in their performance in time (Immelmann & Beer, 1989; Ben- 

Pazi et al, 2001). Analysis was conducted based upon the methodology detailed 

by Ben-Pazi et al (2001). For each treatment group, the 15 minutes of peak 

activity were analysed, in quinpirole-treated animals this period ranged from 40 to 

55 minutes after drug administration; in the saline group this was 0 to 15 minutes 
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post injection. An exhaustive list of possible behaviours was generated and 

behaviour was scored during playback of the digitised records. 

3.2.5 Experimental protocol: 

Two groups of rats were tested using a repeated measures design; one treated 

chronically with quinpirole (N=12) and the other with saline (N=12). In phase 1, 

animals received twice weekly injections of quinpirole / saline for five weeks 

(total 10 injections) to establish compulsive checking. Phase 2 examined if 

compulsive checking behaviours remained intact after a non-treatment period. A 

previous study showed that locomotor sensitisation was still present in chronically 

administered quinpirole animals after a non-treatment period of 15 days 

(Szumlinski et al, 2000). In the present study, animals were left undisturbed and 

untreated in their home cages for 17 days before being challenged with quinpirole 

or saline at injection 11. 
17 days non-treatment period 

Experimental time Poo 

T 

Phase 1 Phase 2 

Injection 1 Injection 10 Injection 11 

Animals were run on the open field after each injection. At testing time, 

individual animals were transported in their home cage to the experimental lab, 

weighted, injected with QNP or saline on the open field and then placed in the 

centre of the open field facing forward, towards zone 5. Their behaviour was 

recorded for 60 min. At the end of the trial, the animal was returned to the home 

cage and the open field was wiped clean with an ethanol-based cleaning fluid. All 

testing took place between 07: 00 - 17: 00 hours. 

3.2.6 Statistics 

I was interested in the evolution of parameters over time together with the effect 

of treatment. As measurements on the same rats are correlated; observations are 

not independent but clustered within rats, so we used a general linear mixed 
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model (Verbeke & Molenberghs, 2000) rather than a multivariate linear 

regression model to analyse the data. 

Data were first log-transformed to satisfy the normality assumption of the model. 
In a first phase, I looked at the evolution of the responses over time and 
investigated if this relation was different within the different treatment groups, 

using time, treatment and the interaction between time and treatment as fixed 

effects parameters in our model. Confidence intervals around the predicted values 

were constructed and enabled comparisons between different time points within a 

certain treatment group. In addition, contrast analyses were performed between 

the treatment groups at different time points. 

Finally, I considered the same model but corrected for locomotor activity, that is 

we added locomotor activity and its interactions with time and treatment as fixed 

effects parameters into the model. Due to the high likelihood of multicollineraties 

affecting the outcome of significance, after examination revealed no significant 

effect of the 3-way locomotor activity*time*treatment interaction, this parameter 

was excluded from the final analysis. 

71 



3.3 Results 

3.3.1 Induction of compulsive checking 

Table 1 shows that the tenth injection of quinpirole induced compulsive checking 

of the home base in accordance with the criteria outlined in the methods and also 
details previously published findings as a basis for comparison. In particular: 

Szechtman et 
Parameter Present result Szechtman et al al 

at session 10 1998 2001 

Visits to home base QNP 346.6 ± 25 101.5 ± 8.2 141.6 t 13.5 

Saline 19.4 ± 6.7 not reported 9.7 t 1.6 

Observed-to-expected ratio QNP 7.3 t 0.4 5.27 ± 0.25 6.8 ± 0.5 

Saline 2.4±0.4 3.41 ± 0.15 2.2±0.1 

Return time (seconds) QNP 4.8 ± 0.8 11 ± 0.7 15.6 ± 2.4 

Saline 69.8 t 15.7 225.9 t 26.6 158.7 ± 20.4 

No. visits to other zones QNP 2.6 t 0.2 0.8 ± 0.1 2±0.2 

Saline 13.6±2.8 3.7±0.4 7.9±0.6 

Duration of visit (seconds) QNP 6.4 ± 0.7 3.4 ± 0.5 9.7 ± 1.1 

Saline 262.4 ± 48.4 421 ± 197.8 308.2 ± 68.2 

Table 3.1: Comparison of the present data with published literature 

1. Quinpirole-treated rats revisited their home base almost 17 times more 

often than their saline-treated counterparts (346.6 ± 25 returns versus 19.4 

± 6.7 under saline, t (18.7) _ -11.51, p<0.0001). Moreover, even after 

adjusting for the total number of visits, returns to the home base were 

excessive because the rate of returning to the home base in quinpirole 

animals was significantly higher than that of saline controls. Specifically, 
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over the entire testing period, quinpirole treated animals made 1225.8 ± 

102.8 visits and on a basis of a uniform distribution their expected rate of 

return to any zone in the field was 49.1 ± 4.1. The observed rate of revisits 

to the home base was more than 7-fold higher than this expected value and 

was also significantly higher than saline controls (7.3 ± 0.3 under 

quinpirole versus 2.4 ± 0.4 under saline, t (23.4) = -11.01, p<0.0001). 

2. As shown in Table 1, the mean return time to the home base was 14-fold 

shorter in the quinpirole group than in saline treated animals (4.8 ± 0.8 

seconds versus 69.8 ± 15.7 seconds, t (22.1) = 11.34, p<0.0001). 
3. Finally, quinpirole treated animals visited only a couple of zones before 

returning to their home base, this is in contrast to saline controls that 

visited 6 times as many locales before returning to the home base (2.6 ± 

0.2 places under quinpirole versus 13.6 ± 2.6 under saline, t (22.9) = 9.69, 

p<0.0001). 

Two additional criteria are required to identify compulsive checking behaviour in 

the rat; the presence of a characteristic set of acts performed at the place of 

interest and a change in the pattern of response to a re-arrangement of the test 

environment (Szechtman et al, 2001). Indirect evidence does suggest that 

quinpirole-treated animals met the criterion of ritual-like motor activity, 

quinpirole rats spent significantly less time at the home base during each visit than 

saline controls (6.4 ± 0.7 seconds under quinpirole versus 262.4 ± 48.4 seconds 

with saline, t (20.4) = 12.38, p<0.0001). This finding has been previously 

associated with the differential display of ritual-like acts in quinpirole versus 

saline animals (Szechtman et al, 2001; Szechtman et al, 1998). Moreover, detailed 

examination of the videotape records using Observer 5.0 (Noldus) revealed a 

characteristic behavioural sequence in quinpirole treated animals at the home base 

that was not present in saline controls. Quinpirole-animals would approach the 

object at the home base and make a 90° turn with the trunk, bring up their 

forepaws to make contact with the object and then climb onto the top of the object 

where they would stand briefly before stepping down back to the open field and 

leave the home base. This short behavioural sequence was repeated throughout the 

15-minute period in "bursts" by quinpirole animals, for one animal, this 

behavioural sequence was repeated 19 times. In contrast, saline treated animals 
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did not produce this sequence but displayed more elaborate behavioural 

repertoires consisting of up to 11 distinct behavioural elements. These were 

performed far less frequently and mostly in the first 7 minutes of the trial. 

The final criterion, dependence of checking behaviour on environmental context, 

was not examined because the design of the experiment centred on whether or not 

the compulsive checking phenotype was long-lasting. An initial pilot study 

confirmed previously reported environmental modulation of compulsive checking 
behaviour. Thus, I have successfully replicated the chronic QNP induced 

compulsive checking paradigm in our laboratory. 

3.3.2 Time course of changes in compulsive checking parameters 

Although pre-drug activity of checking parameter data has not been shown, a 
follow-up group of animals were assessed with no differences observed due to the 

same randomisation procedure. Figures 3.2 through 3.7 document the time course 

of individual checking parameters. Of particular interest: 
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FIGURE 3.2: Criteria I for the classification of compulsive checking is an excessive return to the 
home base. Data shown is mean ± s. e. m (n=12 per treatment group) Phase 1 (sessions I thorough 
10) represents the sensitisation period where animals are administered injections twice a week for 
five weeks. Phase 2 (session 11) examined whether or not this elevation remained after a non- 
treatment period of 17 days. * denotes a significant difference between treatment groups at the 
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specific time point, p<0.05. # denotes a significant difference in the QNP group only versus 
session 10, p<0.05. 
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FIGURE 3.3: Rate of return to the home base. Data shown is mean ± s. e. m (n=12 per treatment 
group). Criteria I for the classification of compulsive checking is an excessive return to the home 
base. Phase I (sessions I thorough 10) represents the sensitisation period where animals are 
administered injections twice a week for five weeks. Phase 2 (session 11) examined whether or not 
this elevation remained after a non-treatment period of 17 days. * denotes a significant difference 
between treatment groups at the specific time point, p<0.05. # denotes a significant difference in 
the QNP group only versus session 10, p<0.05. 

For criteria 1 as assessed by the total visit to home base parameter (Figure 3.2), 

there was a significant treatment by time interaction, reflecting an increase in the 

number of visits made in the QNP group over time compared to the control group 

[F (1,24.3) =21.69, p <0.0001]. Moreover, quinpirole significantly enhanced the 

number of trips made to the home base immediately, at session 1 we found a 

difference corresponding to at (17.7) value of -5.57 and p<0.0001. Significant 

differences between treatment groups at all sessions were observed and that the 

QNP-induced increase in home base returns reached asymptote at session 8. No 

difference in the number of returns was seen between sessions 10 and 11 in the 

QNP group. A similar pattern was seen with the observed-to-expected ratio 

parameter, as Figure 3.3 shows, quinpirole served to enhance the rate of returns to 

the home base over time [F (1,26.8) = 16.2, p=0.0004], this effect was immediate 

at session 1 [t (21.8)=-3.78, p=0.0010], and reached asymptote at session 7. 
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Finally, the non-treatment interval (between sessions 10 and 11) produced no 
reduction in the rate of return in the quinpirole group. 

For criteria 2, an excessive speed of return to the home base (Figure 3.4), an 
immediate effect of quinpirole to reduce the return time was seen [t (21.9)=5.25, p 

< 0.0001 ], this reduction in return time further increased over test sessions [F (1, 

26) = 22.43, p<0.0001]. There was a significant difference between treatments at 

all time points, the quinpirole-mediated fall in return time to the home base 

stabilised at session 7 and the return time was not significantly different in the 

quinpirole group between sessions 10 and 11. 
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FIGURE 3.4: Return time to the home base. Data shown is mean ± s. e. m (n=12 per treatment 
group). Criteria 2 for the classification of compulsive checking is an excessive speed of return to 
the home base. The return time is defined as the absolute time in seconds between leaving the 
home base and returning to it. Phase 1 (sessions 1 thorough 10) represents the sensitisation period 
where animals are administered injections twice a week for five weeks. Phase 2 (session 11) 
examined whether or not this difference remained after a non-treatment period of 17 days. * 
denotes a significant difference between treatment groups at the specific time point, p<0.05. # 
denotes a significant difference in the QNP group only versus session 10 

For criteria 3, an excessive lack of exploration on trips to and from the home base 

(Figure 3.5), there is an immediate effect of quinpirole at session 1 [t (22.1)=4.22, 

p=0.0003], and a significant and progressive decrease in exploration [F (1, 

26.1)=15.4, p=0.0006]. Significant differences between treatments were seen 
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from session 2, by session 7 the quinpirole effect had reached plateau and there 

was no difference in the exploration of quinpirole animals between sessions 10 

and 11. 
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FIGURE 3.5: Extent of exploration on trips leaving and returning back to the home base. Data 
shown is mean ± s. e. m (n=12 per treatment group). Criteria 3 for the classification of compulsive 
checking is a reduced level of exploration (measured by the number of zones visited) on returns to 
the home base. Phase 1 (sessions I thorough 10) represents the sensitisation period where animals 
are administered injections twice a week for five weeks. Phase 2 (session 11) examined whether 
this difference remained after a non-treatment period of 17 days. * denotes a significant difference 
between treatment groups at the specific time point, p<0.05, # denotes a significant difference in 
the QNP group only versus session 10. 
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Finally, for criteria 4, the presence of ritual-like behaviour at the place of interest 

(assessed indirectly using the duration of visit to the home base measurement - 
Figure 3.6), there was an immediate effect of quinpirole [t (21.8)=-3.78, p=0.001 ] 
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FIGURE 3.6: Duration of each visit to the home base. Data shown is mean ± s. e. m (n=12 per 
treatment group). Criteria 4 for the classification of compulsive checking is the expression of a 
ritual-like behaviour at home base, assessed indirectly by a shorter visit (Szechtman et al, 2001). 
Phase 1 (sessions 1 thorough 10) represents the sensitisation period where animals are 
administered injections twice a week for five weeks. Phase 2 (session 11) examined whether this 
difference remained after a non-treatment period of 17 days. * denotes a significant difference 
between treatment groups at the specific time point, p<0.05. # denotes a significant difference in 
the QNP group only versus session 10. 

and there was a progressive decrease in the time spent at home base as the 

sessions increased [F (1,24.6) =28.83, p <0.0001], reaching plateau at session 8 

with no difference observed in quinpirole animals from session 10 to session 11. 

A by-product of this treatment regime is the development of locomotor 

sensitisation (Figure 3.7). Quinpirole produced a progressive increase in the total 

distance travelled [F (1,29.2) = 29.2, p <0.0001]. There was a close to a 4-fold 

increase; this is in agreement with the reported 4 to 6 fold increases (e. g. Einat & 

Szechtman, 1993) following the same treatment regime. There were significant 

differences between treatment groups at all sessions and the QNP effect saturated 
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by session 8. and no significant difference was observed in the QNP group 
between session 10 and session 11, despite the fact that there was a substantial 
drop in the mean distance travelled (350.8 ± 32.5 metres travelled in session 10 

vs. 229.7 ± 36.4 metres in session 11). 
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FIGURE 3.7: Total locomotor activity for each session. Data shown is mean ± s. e. m (n=12). Phase 
I (sessions 1 thorough 10) represents the sensitisation period where animals are administered 
injections twice a week for five weeks. Phase 1 (sessions I thorough 10) represents the 
sensitisation period where animals are administered injections twice a week for five weeks. Phase 
2 (session 11) examined whether this difference remained after a non-treatment period of 17 days. 
* denotes a significant difference between treatment groups at the specific time point, p<0.05. # 
denotes a significant difference in the QNP group only versus session 10. 

3.3.3 Correlations of compulsive checking parameters with locomotor 

sensitisation 

The general linear mixed model (Verbeke and Molenberghs 2000) was used to 

analyse the data, fitted with a correction for locomotor activity. The question 

asked was, does locomotor activity predict the outcome response of different 

123456789 10 11 
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checking parameters, or in other words, does locomotor activity serve as a 

covariate for different checking parameters? 

For the parameters measuring the excessive return criteria, there was a significant 
loco motion *treatment interaction [F (1,195) = 20.7, p <0.00011. In contrast, for 

the observed-to-expected ratio, no significant fixed effects were observed when 

the model accounts for locomotion. However, this lack of significance is probably 
due to multicollinearities as there is a significant time*treatment interaction [F (1, 

37.2) = 20.3, p <0.0001] when the locomotor activity*time interaction is removed. 

This indicates strongly that the observed-to-expected home base revisit ratio 

parameter is independent of locomotor activity and confirms what has been 

previously reported that this parameter serves as a measure to normalise 
differences in the level of locomotor activity. Moreover, there is a real effect of 

treatment (quinpirole) that develops over time. 

Criteria 2, an excessive speed of return to the place of interest returned significant 

fixed effects of locomotor activity* treatment [F (1,248) = 10.09, p <0.0017] as 

well as a significant time*treatment interaction [F (1,282) = 13.14, p=0.0003] 

when the data was corrected for locomotion, indicating the complex relationship 

underlying this parameter. 

For criteria 3, the excessive lack of exploration, a significant fixed interaction of 

time*treatment was observed [F (1,39.1) = 19.08, p <0.0001]. Finally, for the 

presence of rituals criteria, a significant locomotor*treatment interaction [F (1, 

247) = 51.59, p<0.0001] was observed, indicating that both the level of 

locomotion and the treatment influence the outcome of this parameter. 
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3.4 Discussion 

The transformation of normal behaviour produced by chronic quinpirole 

administration was dramatic. By session 10, a continual locomotion was evident, 

with a phenotype that resembled "compulsive checking" and replicating 

previously published data (e. g. Szechtman et al, 1998). For all parameters of 

compulsive checking, significant differences between treatment groups were seen 

from session 2 or earlier and the progressive magnitude of quinpirole-induced 

effects reached asymptote at session 8. The relationship between locomotor 

activity and compulsive checking was found to be complex. Locomotor activity 

together with treatment significantly determines the frequency of visits to the 

home base, the speed of returning to the home base as well as the length of stay 

per visit to the home base (and therefore in determining the presence of rituals). 

Locomotor activity however, has no role in determining neither the rate of 

returning to the home base nor the extent of exploration on trips to and from home 

base. Finally, we found that a non-treatment period of 17 days failed to reduce 

the intensity of sensitised responses upon challenge with quinpirole, indicating 

that quinpirole-induced changes in checking behaviour are long lasting. 

It should be noted that the animals in the present study appear far more active than 

those in the published literature. For example, the QNP sensitised animals in the 

present study made almost 3 times as many visits to the home base compared with 

the published literature (Table 1). In addition, the return time to home base was 

far shorter in both QNP and saline animals from the present study, our saline 

group animals made considerably more visits on trips leaving and returning to 

home base and their mean visit time to the home base was also shorter than those 

reported in the literature. These may reflect subtle strain differences. Nevertheless, 

the overall picture is that there are significant differences between QNP and saline 

animals and that these differences are similar to those described in the literature. 

Perhaps the most obvious question is whether 10 sessions are needed for the 

compulsive checking phenotype response to emerge? If compulsive checking 

were simply a question of differences versus saline then one would have to say 
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that 2-3 sessions would be enough. However, normal behaviour is not a static 

entity but rather encompasses a broad range. Moreover, it is possible to fall 

outside the "normal" range of behaviour and still be classified as sub-threshold for 

a particular disorder because certain criteria have not been reached. For example, 

patients who suffer from obsessions / compulsions cannot be defined as "normal" 

in the medical sense of the word (problem-free) but they do not qualify for a 

diagnosis of obsessive-compulsive disorder if their symptoms do not occupy more 

than 1 hour of each day (DSM-IV criteria). In this animal paradigm, no set 

parameters are outlined for the cut-off between treatment groups; the guidelines 

are only the word "excessive". 

The quinpirole effect eventually reaches a ceiling effect and more exposure to the 

drug does not result in a greater magnitude of response. This suggests that 

repeated exposure is necessary to elicit the full "compulsive" checking phenotype; 

animals have to pass through a transition phase from normal (saline) through to 

saturation. Intuitively, this makes sense. It would make sense for the phenotype to 

develop gradually over repeated exposures to the same stimuli, animals need to 

know an area well enough before they can attach emotional labels to places in the 

environment, an explanation that correlates well with OCD in humans - patients 

perform their rituals in their own homes only, place them in a stranger's house 

and they do not feel the urge to perform their compulsions. Our criteria for 

determining cut-off between normal and "compulsive" checking should be when 

the quinpirole effect plateaus. All checking parameters level out at session 8, 

therefore, we suggest that 8 rather than 10 administrations of quinpirole are 

sufficient to elicit the full checking response. Although the parameters currently 

used to quantify "compulsive" checking in these animals are robust, well thought 

out and display a logical extrapolation from the human condition into animals, 

compulsive checking is probably more than the sum of these parts, perhaps the 

checking parameters do not define the phenomenon compulsive checking in its 

entirety. Perhaps new measurements that can quantify the level of predictability in 

an animal's movement may provide additional insight into the checking 

phenomenon. Ultimately these measurements are simple surrogate markers to 

describe the complex behaviour seen in these animals. The aim of inducing this 

behaviour in animals is to use it as a relatively simple surrogate for the complex 
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behaviours seen in human obsessive-compulsive disorder. As such, the most 

important real world checking criteria in terms of modelling compulsive checking 

at least should be the presence of ritual-like behaviour in animals. All the other 

parameters are secondary to this. Although we have exhaustively examined the 

behaviour of all animals at the home base for the presence of rituals at session 10 

and identified a characteristic behavioural sequence present in the quinpirole 

contingent only, we do not have a time course for the development of this 

behaviour pattern from session to session. Future studies will have to follow the 

pattern of behaviour at the home base to determine fully when this behavioural 

ritual fully manifests itself 

A second point to address is the relationship between locomotor activity and 

checking. There are three possible stances; 1) that locomotor activity directly 

controls expression of compulsive checking, 2) that locomotor activity has no 

influence over the expression of compulsive checking and the intermediate 

position 3), that locomotor activity affects some but not all aspects of compulsive 

checking expression. 

Clearly locomotor activity affects checking behaviour, an extreme example is no 

locomotion means no checking. It is also apparent that an increase in checking as 

defined by this model requires additional locomotion. We have shown that 

compulsive checking and locomotor sensitisation both appear to develop 

concomitantly in response to the intermittent administration of quinpirole and that 

both parameters appear to saturate at around the same time point (session 8). 

Furthermore, the level of locomotion does appear to be a direct factor in the 

outcome level of the extent of exploration on home base trips, as well as play a 

role in the number of returns to the home base and the duration of stay per visit to 

the home base. However, crucially when we analysed the effect of locomotor 

activity in determining compulsive checking parameters, we found that locomotor 

activity was only predictive in 3 of the 5 measures, and in these 3 measures, the 

effect of locomotor activity was dependent upon treatment as well. This is an 

extremely important finding as it indicates very strongly that locomotor activity 

does not directly control checking behaviour. The implication of this statement is 

that not all drugs that increase locomotor activity on the open field will elicit the 
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compulsive checking response. This suggests that 1) not only can locomotor 

activity and checking be uncoupled but 2) they share common elements but are 

also probably two distinct and separate entities meaning that 3) one should be 

cautious in extrapolating finding associated with locomotor activity to the 

checking paradigm. We know already that hyperactivity and perseverative 

responding can occur independently as demonstrated by Einat & Szechtman 

(1995) in the spontaneous alternation paradigm, and that chronically sensitised 
QNP animals, when run on the open field under an injection of saline did not 

show increased locomotor activity compared with animals chronically treated 

with saline (Einat & Szechtman 1992). 

A second conclusion, that this compulsive checking phenotype may be a unique 

property to quinpirole. This is supported by the observation that treatment is a 

significant factor that determines the outcome of every compulsive checking 

parameter. Finally, for the two checking parameters where locomotor activity 

does not significantly predict outcome, the faster rate of return to home base and 

the diminished extent of exploration, these may be "true" measures of compulsive 

checking, in that these are measures that are unaffected by differences in 

locomotion. Perhaps these are the most robust measures for compulsive checking? 

How might quinpirole mediate these compulsive checking effects? Richtand et al 

(2001) suggest that the progressive action of QNP involves the downregulation of 

the D3 receptor. In this theory, locomotion is controlled by the oppositional 

effects of D3 (inhibitory) and D1 and D2 (excitatory) receptors. These authors 

argue that the D3 receptor has a 70-fold greater affinity for dopamine than D1 and 

D2 and thus, there will always be a greater occupancy of this receptor at dopamine 

concentrations following stimulant drug administration. This would conceivably 

result in greater tolerance at D3 receptors, removing this receptor's brake on D2 / 

D1 mediated activity. According to this model, D3 antagonists could prevent the 

development of sensitisation. However, as a direct D2/D3 acting agonist, it is 

unknown if QNP has a greater affinity for D3 over D2 receptors which 

presumably would be a pre-requisite if there was to be differential D3 over D2 

receptor tolerance. 
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This hypothesis gives a handle as to the possible mechanisms involved in such a 

complex behavioural manifestation and future experiments will concentrate on 

addressing the receptor pathway (s) likely to be involved. Simultaneous 

administration of QNP with specific Dl, D2 and D3 antagonists as well as using 

the (+) isomer of QNP, which is devoid of dopamine agonist activity, should shed 

some light as to the possible mechanisms involved. However, this compulsive 

checking response is likely to be more than just a pharmacologically mediated 

response. Perhaps the most interesting finding is that the magnitude of the 

sensitised response to QNP remains intact even following a non-treatment period 

of 17 days. Assuming that the sensitised checking response is due to the 

desensitisation of the dopamine D3 receptor, one would expect a 17 day 

withdrawal to produce super sensitisation and thus on subsequent quinpirole 

challenge at session 11, see a profound QNP effect. Instead, QNP produces the 

exactly the same effect at session 11 as observed at session 10, suggesting that a 

physical rather than a pharmacological change has occurred. An example of this 

may be hippocampal-driven neurogenesis leading to a neuronal rewiring. It would 

be extremely interesting to determine if this change is permanent, would the 

sensitised response to quinpirole remain after a non-treatment period of 30 or even 

60 days for example? If so, this change in the brains of animals sensitised to the 

effects of chronic quinpirole would mirror the conditions observed in OCD. Thus, 

exploring the mechanisms involved in the sensitisation process may provide 

crucial information in the neuropathological underpinnings of OCD. 

3.5 Conclusion 

Consistent with previous reports, repeated intermittent administration of 

quinpirole produced changes in the open field behaviour of Long-Evans rats and 

results in a phenotype that resembled "compulsive checking". This model of 

compulsive checking in rats appears to have face validity for being a model of 

OCD that may offer a new approach to the study of the disorder as well as offer a 

way of testing new drug treatments for this disorder. 
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Chapter 4: Exploration of model mechanisms and 
evaluation of predictive validity of the quinpirole- 
induced compulsive checking paradigm as an 
animal model for OCD 
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4.1 Introduction 

As described in Chapter 3, I set-up the Szechtman et al (1998) chronic quinpirole- 
induced compulsive checking animal model in the laboratory. Examination of the 

time-course data revealed that the compulsive checking and locomotor responses 
increased in magnitude with successive injections of quinpirole. These 

incremental increases in behavioural and locomotor activity associated with 

repeated drug administration have been shown to occur with various psychomotor 

stimulant drugs and this progression has been termed "behavioural sensitisation" 
(Hoffman & Wise, 1992). Various dopamine releasing agents produce 
behavioural sensitisation for example amphetamine (Robinson, 1984), 

methamphetamine (Tadokoro & Kuribara, 1986) and cocaine (Post et al, 1981). It 

is believed that the dopamine system may underlie this phenomenon based upon 

the observations that (1) there is enhanced dopamine release following acute 
injections of the sensitising drug (e. g. Robinson et al, 1988; Kalivas, 1985) and 

(2) blockade of dopamine receptors can prevent the establishment of behavioural 

sensitisation (e. g. Uijke et al, 1989; Drew & Glick, 1990). 

Although it appears that the response to pharmacological stimuli is enhanced in 

sensitised animals, as no changes in steady state levels of dopamine or dopamine 

metabolites are detected (Robinson et al, 1988), sensitisation is not simply due to 

pharmacological activation of dopamine receptors (Hoffman & Wise, 1992). 

Repeated parings of a stimulant with a particular environment can result in 

expression of behavioural sensitisation even in the absence of drug by exposure to 

the environment alone (Post et al, 1981; Weiss et al, 1989) and behavioural 

sensitisation appears strongest when the animal is tested in the same environment 

in which the drug was repeatedly administered (Drew & Glick, 1989). These 

findings suggest that sensitisation may involve the conditioning of a Pavlovian 

association between drug and test environment (Hoffman & Wise, 1992). 

However, equally important has been the finding that sensitisation is observed in 

animals that have never received the drug in the test environment and have 

therefore never developed the association between drug effects and environment 

(Mattingly & Gotsick, 1989). Thus, sensitisation may also be more than the 
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simple addition of conditioned drug effect to the unconditioned stimulatory effects 

of a drug (Stewart & Verzina, 1988). 

It would be interesting to assess the relative contributions of these different factors 

to quinpirole-induced behavioural sensitisation. Previous experiments have 

demonstrated that the level of locomotor activity in the open field of undrugged- 

quinpirole-sensitised rats (i. e. acutely administered saline) is no different from 

saline controls (Einat & Szechtman, 1993), suggesting that behavioural 

sensitisation to quinpirole at the 0.5 mg/kg dose is not dependent upon a 

conditioned response but is context-independent (Szechtman et al, 1993; Einat et 

al, 1996). It should however, be noted that in these studies, "compulsive 

checking" parameters were not studied and as locomotor activity and compulsive 

checking may be independent entities (see Chapter 3), it is conceivable that 

undrugged quinpirole-sensitised rats may still display "compulsive checking" 

behaviour. 

Finally, as this animal paradigm has been suggested as an animal model for 

obsessive-compulsive disorder (OCD), it would be interesting to probe it's 

predictive validity for the condition. Frontline treatment lies with cognitive 

behavioural therapy (CBT) and / or in combination with SSRI (selective serotonin 

re-uptake inhibitor) drugs (see March et at, 1997 for clinical guidelines on 

therapeutic treatment). One third to one half of OCD patients do not experience a 

clinically meaningful response to SSRIs and among those who do respond, the 

response is often partial or incomplete (Rapoport & Inoff-Germain 2000; 

Goodman, 1999). There is no advantage between different drugs in terms of 

efficacy although fluvoxamine may be considered the gold standard therapy on 

OCD due to its minimal side effect profile (see Chapter 1). 

It has been previously shown in this animal model, that the co-administration of 

the anti-OCD drug clomipramine, whilst animals were in the sensitisation period 

to quinpirole, was able to partially attenuate the exaggerated checking behaviour 

(Szechtman et al, 1998). This effect however, was not long lasting as 
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clomipramine was not able to prevent the full manifestation of the checking 

phenotype in these animals but merely delay its onset. Moreover, this approach 
lacks ethological validity, in humans the disease state is fully manifested before 

therapeutic treatment begins; rarely is remedy administered whilst the phenotype 

of the disease is still developing. Therefore, a thorough examination of the 

predictive validity of this model with compounds used in front-line therapy in 

OCD is urgently required. 

As literature indicated that there was no difference in efficacy between the 

different SSRI compounds used in the treatment OCD, I chose to use paroxetine. 
The highest effective daily dose of paroxetine used to treat OCD was 60 mg 
(Wagstaff et al, 2002; Hollander et al, 2003). Assuming that an average patient 

weighs between 50 - 90 kg gives a daily range of 0.67 - 1.2 mg/kg paroxetine 
(Nurnberg et al, 1997 used a similar rationale to administer a direct empirical 

mg/kg conversion of 0.5 mg/kg to a 400 kg horse suffering from OCD). As rodent 

metabolism is enhanced compared with humans, it was decided to administer a 
daily dose of 10mg/kg s. c. 

4.2 Aims 

The aims of this experiment were four-fold. I wished to investigate the relative 

contributions of different factors in meditating chronic quinpirole-induced 

behavioural sensitisation. As a first aim, I examined the open field behaviour of 

undrugged-quinpirole-sensitised animals to determine the effect of acute exposure 

to the drug. Secondly, to determine the contribution of chronic quinpirole 

administration (and indirectly the contribution of repeated exposure to the test 

environment and saline injections), I administered an acute dose of quinpirole to 

chronically-treated saline animals and examined their open field behaviour. 

Finally, I assessed the model's predictive validity for OCD by determining the 

effects of (1) chronic and (2) acute administration of paroxetine on compulsive 

checking behaviour. 

89 



4.3 Materials and Methods 

4.3.1 Animals: 

The effects of acute saline in animals sensitised to chronic quinpirole, acute 

quinpirole in chronically-treated saline animals and acute paroxetine were all 

assessed in the same animals. The effects of chronic paroxetine were assessed in a 

separate group. Each cohort consisted of 24 male, experimentally naive Long- 

Evans rats (Janvier, France), weighing 250 - 300 g at the start of the experiment. 

Animals were housed as described in Chapter 3. 

4.3.2 Drugs: 

(-) Quinpirole hydrochloride (Sigma-Aldrich) was dissolved in saline at 0.5 mg / 

ml and administered subcutaneously at a dose of 0.5 mg / kg. Equivalent volumes 

of saline were used in solvent injections. Paroxetine hydrochloride (made by the 

Johnson & Johnson PRD pharmacy) was dissolved in 10% hydroxy propyl beta - 

cyclodextrin solution and administered subcutaneously at a concentration of 10 

mg / kg in a volume of 10 ml / kg. 

4.3.3 Apparatus: 

The open field as described in Chapter 3 was used. 

4.3.4 Parameters collected: 

The same tracking software, set-up and behavioural measures as described in 

Chapter 3 were used in this study. 

4.3.5 Experimental protocol: 

This study used the same experimental protocol as described in Chapter 3 with the 

following modifications in the test phase. To test the undrugged behaviour of 

quinpirole-sensitised animals, I used a two-part crossover design. Half of the 
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quinpirole group (N=6) received an injection of quinpirole whilst the other '/2 

received saline. These treatments were reversed in the second half of the 

experiment. The chronically-treated saline animals received saline throughout. 

All saline treated animals receive saline acutely 
'/2 QNP animals administered QNP acutely 
'/z QNP animals administered saline acutely 
QNP acute treatments reversed at injection 12 

Experimental time 

Injection I Injection 10 Injection 11 Injection 12 

To test the effects of repeated exposure to the test environment on checking 
behaviour, all animals were administered quinpirole. 

QNP animals administered QNP acutely 
Saline animals administered QNP acutely 

Experimental time 00 

Injection 1 Injection 10 Injection II 

To examine the effect of chronic paroxetine, six animals receiving chronic 

quinpirole and six animals receiving chronic saline were treated with a daily dose 

of 10 mg/kg paroxetine for a total of 20 days. This treatment duration was based 

upon my previous finding in Chapter 3 that a non-treatment period of 17 days did 

not blunt the sensitised response to quinpirole. All other animals were 

administered equivalent injections of solvent. On test day, a final dose of 

paroxetine (or solvent) was given one hour prior to quinpirole administration and 

behavioural testing to ensure that the animal was not tested whilst in paroxetine 

withdrawal. 

'/2 QNP animals administered SSRI daily 
'/2 QNP animals administered solvent daily 
'/x Saline animals administered SSRI daily 
'/2 Saline animals administered solvent 

QNP animals administered QNP acutely 
Saline animals administered saline acutely 

Experimental time 

Injection I Injection 10 Injections 11-20 (No testing on open field) Injection 21 
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For evaluation of the acute effects of paroxetine, the test compound was given one 
hour prior to behavioural testing to half of the animals in each experimental 

group. 
'/2 QNP animals administered SSRI + QNP acutely 
'/2 QNP animals administered solvent + QNP acutely 
'/2 Saline animals administered SSRI + saline acutely 
'/2 Saline animals administered solvent + saline acutely 

Experimental time 

Injection I Injection 10 Injections 11+12 

4.3.6 Statistics 

All statistical analysis was performed using SAS for Windows via the Johnson & 

Johnson PRD biostatistics web interface. Data were box-cox transformed to 

comply with analysis of variance (ANOVA) assumptions; (1) normally distributed 

and (2) equal variance between treatment groups. Significance was set at p< 0.05 

for all comparisons. 

Analysis of the behaviour of undrugged quinpirole-sensitised animals was 

performed using univariate ANOVA. The dependent variable was the compulsive 

checking parameter in question and the fixed factor was treatment, either saline, 

quinpirole + saline or quinpirole + quinpirole. 

Analysis of the effect of acute quinpirole was also performed using univariate 

ANOVA, the dependent variable was the checking parameter and the fixed factor 

was treatment, either saline + quinpirole or quinpirole + quinpirole. 

Finally, analysis of the effects of paroxetine was conducted using a two-factor 

ANOVA, the first factor was treatment 1 (quinpirole or saline), the second factor 

was treatment 2 (paroxetine or solvent). 
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4.4 Results 

4.4.1 Identification of compulsive checking behaviour 

Compulsive checking was identified by the same formal performance criteria as 
described in Chapter 3. Briefly, they concern changes to an animal's behaviour at 
the home base; compulsively checking animals (1) return more frequently, (2) 

return at a faster rate, (3) return more rapidly, (4) return more directly and (5) 

perform a characteristic set of behaviours (indexed by a shorter duration per visit 
time) than their saline control counterparts. 

4.4.2 The behaviour of undrugged animals sensitised to quinpirole 

As shown in Figure 4.1, quinpirole-sensitised animals administered quinpirole 

(dotted bars) were significantly different from saline animals (clear bars) on all 

parameters and therefore displayed compulsive checking. Specifically, these 

quinpirole-treated animals; (A) revisited home base approximately 12 times more 

often than saline controls [t=-15.97, p<0.0001], (B) revisited the home base at 

more than double the rate of saline animals [t=-4.64, p<0.0001], (C) displayed a 

10-fold shorter return time [t=8.72, p<0.0001], (D) visited less than half as many 

locales as saline animals before returning to home base and (E) spent almost 25- 

fold less time in home base per visit than saline controls [t=-11.10, p<0.0001]. In 

contrast, the undrugged behaviour of quinpirole-sensitised animals (these animals 

were administered saline) was not only significantly different from quinpirole- 

administered animals; but also completely indistinguishable from that displayed 

by saline control animals. It appears that the expression of compulsive checking 

requires the action of the acute effects of quinpirole. 
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4.4.3 The behaviour of chronically-treated saline animals administered 

quinpirole 

As shown in Figure 4.2, chronically-treated saline animals administered 

quinpirole (clear bars) were significantly different from chronically treated 

quinpirole animals on all measures of compulsive checking. Specifically, animals 

administered one injection of quinpirole made 3.5 times fewer visits to home base 

(68 ± 25 visits to home base versus the 242 ± 65 visits made by chronically 

quinpirole-treated animals, p=0.017) that was at a lower rate (4.2 ± 0.9 versus 6.5 

± 0.4, p=0.045). Acutely administered quinpirole animals also took 6 times longer 

to return to the home base (63 ± 21 versus 8+2 seconds, p=0.016) and visited 

more zones before returning to home base (6.7 ± 1.8 versus 2.9 ± 0.3, p=0.046). 

Finally, singularly administered quinpirole animals spent significantly more time 

per visit to the home base versus chronically administered quinpirole animals 

(82.7 ± 36.9 versus 11.7 ± 5.2 seconds, p=0.012). These results indicate that for 

maximal expression of the compulsive checking phenotype, chronic exposure to 

quinpirole is required. 

4.4.4 The effect of chronic and acute administration of paroxetine on 

quinpirole-induced compulsive checking behaviour 

The effect of chronic paroxetine on the open field behaviour of animals is shown 

in Figure 4.3. Chronically-administered quinpirole animals (dotted bars) displayed 

compulsive checking compared to chronically saline-treated controls (clear bars). 

Specifically, quinpirole increased the number of visits to home base [F(1, 

20)=124.57, p<0.0001), increased the rate of visit to home base [F(1,19)=41.99, 

p<0.0001), decreased the return time [F(1,19)=23.12, p=0.0001], decreased the 

exploration between visits to home base [F(1,18)=17.77, p=0.0005. Chronic 

paroxetine did not significantly affect the open field behaviour of either saline 

animals (diagonal-striped bars) or reverse quinpiro le- induced compulsive 

checking (black bars) in any of these parameters. For the duration of visit 

measure, there was a significant treatment I *treatment 2 interaction [F(1, 

19)=4.47, p=0.0478]. Pair-wise comparisons revealed this was probably due to the 

close to significant difference between the saline and solvent group versus saline 
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and paroxetine [t-value = -2.04, p=0.0554] as the quinpirole and saline versus 

quinpirole paroxetine cohort comparison returned a t-value of 0.61, p=0.5499. 

Finally, quinpirole significantly enhanced horizontal locomotor activity [F(1, 

21)=96.33, p<0.0001] but there was no effect of paroxetine [F(1,21), p=0.73311 

The analysis of the acute paroxetine experiment revealed a similar story (Figure 

4.4). Again, quinpirole induced compulsive checking as it significantly increased 

the number [F(1,21)=200.28, p<0.0001] and rate [F(1,21)=161.95, p<0.0001] of 

visits made to home base; decreased the time taken to return to home base [F(1, 

20)=77.2, p<0.0001]; decreased the level of exploration between visits to the 

home base [F(1,20)=106.68, p<0.0001] and finally decreased the duration per 

home base visit [F(1,21)=171.6, p<0.0001]. There was no significant effect of 

paroxetine alone nor a significant interaction with quinpirole treatment in any of 

these checking parameters. Finally, quinpirole treatment significantly enhanced 

locomotor activity [F(1,21)=37.97, p<0.0001] and again there was no effect of 

paroxetine [F(1,21)=0.85, p=0.3676]. 
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4.5 Discussion 

Time-course data from Chapter 3 revealed that chronic quinpirole administration 
induced behavioural sensitisation, a phenomenon where a progressive incremental 

response is seen upon repeated drug injection. The aim of this study was to 

characterise some of the mechanisms involved and to evaluate the paradigm's 

predictive validity for modelling obsessive-compulsive disorder (OCD). I found 

that undrugged animals sensitised to quinpirole did not display compulsive 

checking. Further, animals chronically administered saline and acutely injected 

with quinpirole failed to display compulsive checking when compared to the 

behaviour of chronically administered quinpirole animals. Finally, no predictive 

validity was shown in this paradigm for OCD as neither chronic nor acute 

paroxetine could reverse the quinpirole-induced compulsive checking phenotype. 

The present results are in agreement with previously published literature 

indicating that behavioural sensitisation from the 0.5 mg/kg dose of quinpirole is 

context-independent (Szechtman et al, 1993; Einat et al, 1996). That is, the 

expression of behavioural sensitisation needs the acute action of quinpirole. Our 

other finding, that chronically administered saline animals injected with one dose 

of quinpirole also failed to display compulsive checking, indicates that chronic 

exposure to quinpirole is also required for the compulsive checking response. 

Chronic treatment appears to induce permanent changes, e. g. the enhanced 

response to psychostimulant drugs have been found to be present even after a1 

year non-injection period (Criswell et al, 1990; Paulson et al, 1991; Robinson 

1984). However, no longlasting effects were observed in the undrugged behaviour 

of these previously sensitised animals (Antelman, 1988). This has lead to 

suggestions that the sensitisation effects are apparent only after reapplication of 

the psychostimulant (Antelman, 1988; Robinson et al, 1988), suggesting state 

dependent learning. My findings are in agreement with this hypothesis. 

These results clearly indicate the importance of quinpirole in driving the 

compulsive checking response and the relatively small role for drug-predictive 

cues, however the role of environment should not be underestimated. Previous 

research indicates that constriction of the environmental space alters the 
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behavioural response of chronic quinpirole from exploration of the environment to 

investigation of body parts (Sullivan et al, 1992), suggesting that a large 

environmental space is required for the expression of compulsive checking. It 

would be interesting to determine the effect of environmental size, would animals 

sensitised to quinpirole in a small environment display compulsive checking when 

placed in the large open field? It would also be interesting to probe the role of 

environment familiarity - would sensitised -animals display compulsive checking 

on a novel open field? 

The present results suggest that compulsive checking requires (1) chronic 

exposure to quinpirole, (2) acute exposure to quinpirole and (3) exposure to a 

specific environment. How does this relate to the clinical condition? One could 

speculate that chronic quinpirole exposure may be analogous to the underlying 

predisposition for developing OCD, acute quinpirole represents brain mechanisms 

involved during a bout of compulsive checking with the environment serving the 

same role in both conditions. This is of course, mere speculation because the 

effects of quinpirole-administration to OCD patients have not been documented. 

Attractive though this hypothesis may be, neither chronic nor acute administration 

of paroxetine was able to reverse the established compulsive checking phenotype 

in animals sensitised to quinpirole. I was therefore unable to demonstrate 

predictive validity in this animal paradigm for OCD. This may have been due to a 

number of different reasons, (i) the treatment dose and duration of paroxetine 

were inadequate, (ii) the animal model is not valid for modelling OCD, (iii) this 

animal paradigm models a treatment-resistant form of the disorder. 

It is unlikely that the dose of paroxetine tested was too low. Firstly, my chosen 

dose of 10 mg / kg daily was a result of both extrapolation from clinical and 

preclinical data. Paroxetine is administered up to a maximal 60 mg / day in 

patients with OCD and assuming that the average patient weighs between 50 -90 

kg gives a daily range of 0.67 - 1.2 mg / kg daily paroxetine. My chosen dose was 

10 times higher than this. Furthermore our central autoradiography data 
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demonstrated that at 2 hours post administration s. c., 2.5 mg / kg paroxetine 

occupied 100% of 5-HT transporter sites in rat frontal cortex and a time course 

study with the ED50 dose, 0.16 mg/kg, revealed >50 % occupancy 6 hours post 

administration (personal communication, Xavier Langlois). At 10 mg/kg it is 

likely that there would be complete saturation of 5-HT transporter sites for the 

following 24 hours. Increasing the dosage of paroxetine used would most likely 

result in non-specific binding effects. Although it is possible that a treatment 

regime of 20 days may be too short, it has been shown that steady state is reached 

after 4 days treatment in rodents (personal communication, Thomas Steckler) and 

symptom relief in OCD patients may be achieved even after only 6 weeks with 

SSRI treatment. Nevertheless, with more time I would like to repeat this chronic 

SSRI treatment with a second compound, perhaps fluoxetine which has the 

advantage of a half life between I and 4 days in man compared with the 21-36 

hours of paroxetine (Hiemke & Hartter, 2000). Replication of the result with a 

second SSRI would enhance the reliability of the present findings. 

It is therefore possible that this animal paradigm is either not a model for OCD or 

models a treatment-resistant form of the disorder. Animal models are, by their 

very nature, a compromise between experimental design simplicity and disease 

complexity. No animal model is likely to fully embody the human condition it 

attempts to represent because of inherent problems in defining patient profiles, in 

phenotypic differences of clinical presentation and of differing levels of 

expression between species (Overall, 2000). The primary question on using 

animal systems to model OCD is whether we can infer if a laboratory animal is 

really showing OCD. As obsessions are of a cognitive nature one is reduced to 

examining compulsions as these have a behavioural output that may be 

measurable. The current animal paradigm models compulsive checking behaviour, 

one of the most common symptoms of OCD and seen in 63% of all patients 

(Henderson et al, 1988). The assessment of the similarity of checking behaviour 

as measured in the model and as seen upon clinical presentation depends upon 

one's own assessment of the accuracy of the formal criteria lay down by 

Szechtman et al (1998). These original authors have addressed this issue of "face" 

validity and present a convincing argument that similarity between model and 
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disorder is high (Szechtman et al, 1999; Szechtman et al, 2001). Nevertheless, 

independent of the similarity of outcome measure is the underlying inducing 

mechanism. There is every possibility that the same behavioural phenotype can be 

elicited by completely different processes; similar symptomology does not imply 

a similar underlying mechanism (Overall, 2000). It is therefore entirely possible 

that processes that are involved in increasing checking behaviour in response to 

chronic quinpirole administration in this model are completely unrelated and 
irrelevant to processes that underlie compulsive checking in OCD. 

The lack of SSRI efficacy in this animal preparation does not necessarily mean 

that this paradigm is a poor model for OCD because between one third to one half 

of OCD patients do not receive symptom relief from SSRI monotherapy. For a 

significant number of these SSRI treatment-refractory patients, adjunctive low 

dose neuroleptic medication (haloperidol, risperidone, olanzapine or quetiapine) is 

efficacious in reducing OCD symptoms (Lykouras et al, 2003). This provides 

another option with which to assess the predictive validity of the animal model. 

With more time, I would like to assess the effect of neuroleptic monotherapy and 

the effect of SSRI and neuroleptic combination therapy on quinpirole-induced 

compulsive checking behaviour. A positive effect of a neuroleptic alone would 

confirm that this animal paradigm has little predictive validity for OCD because it 

has been well documented that neuroleptic monotherapy has no efficacy in 

reducing OCD symptoms (Dougherty et al, 2004) and may in fact result in de 

novo emergence or exacerbation of OC symptomatology (Lykouras et al, 2003). 

Alternatively, if there was no effect of antipsychotic alone but in combination 

with an SSRI, led to a reduction in quinpirole-induced compulsive checking 

behaviour, then this would be good evidence that this animal paradigm models a 

treatment refractory form of the disorder. 

4.6 Conclusion 

In conclusion, the present findings demonstrate that the expression of compulsive 

checking behaviour requires the presence of both chronic and acute administration 

of quinpirole. Demonstration of predictive validity of this animal model for OCD 
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was not provided as both chronic and acute paroxetine treatment failed to reverse 

quinpiro le- induced compulsive checking. Further testing with other SSRIs, 

neuroleptics and SSRI with neuroleptic combination will be needed to determine 

if this animal paradigm is unsuitable for modelling OCD or whether it may in fact 

model a SSRI-treatment resistant form of the disorder. 
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Chapter 5: Extending symptom similarity between 

the animal model of OCD and the clinical disorder 
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5.1 Introduction 

It would be beneficial to use the quinpirole-induced compulsive checking animal 

model to generate insights into obsessive-compulsive disorder but it is important 

to further validate the model's credentials for modelling OCD symptomology. 

This is all the more important as predictive validity of the animal paradigm for the 

OCD could not be demonstrated in the previous chapter. An interesting aspect to 

explore is the effect of stress on the compulsive checking phenotype in this animal 

model. OCD has long been identified as a stress-sensitive problem, typically, 

symptom exacerbations follow in the wake of stressful life-events (Leckman, 

2001). Aversive events such as illness, death or divorce as well as non-adverse 

life events with high levels of emotional excitement such as the start of school, or 

upcoming vacation trips have been shown to trigger worsening of OCD 

symptomology. If stress could exacerbate checking parameters in this animal 

model then it would provide compelling evidence for the suitability of the animal 

paradigm for modelling obsessive-compulsive disorder. One of the most widely 

used techniques of inducing stress in animals is via the use of restraint stress. As 

the name suggests, animals are placed in restrainers that prevent movement for a 

set period of time, this time varies widely across studies ranging from 10 minutes 

through to 6 hours. It has been shown that an acute episode of restraint stress 

elevates plasma cortisol levels for 3 hours (Galea et al, 1997) and specifically, 

Bielajew et al (2002) showed that an acute stressor significantly enhanced 

corticosterone levels in male Long-Evans rats by as much as 2500% 30 minutes 

post stressor and this elevation was approximately 700% after 2 hours compared 

with baseline measurements. This is important because animals need to be 

experiencing the stress when the compulsive checking phenotype is elicited. 

A second aspect to address is the reported performance deficits of OCD patients 

on tests of visual / spatial memory (e. g. Barnett et al, 1999; Deckersbach et al, 

2000; Rosche & Muller, 2000; Savage et al, 1999; Tallis et al, 1999 & Zitterl et al, 

2001; Purcell et al, 1998). Again, demonstration of a spatial memory deficit in 

chronically quinpirole-treated animals would further increase the validity of the 

paradigm as a suitable model for OCD. To study spatial learning and memory in 

rats, the Morris Water Maze (Morris, 1981) is the tool of choice. The test requires 
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the rats, starting from different points along the border of a circular pool of water, 

to locate a hidden (non-visible) submerged platform that is found in a fixed 

location in the pool. This is aided by fixed visual cues located in the test room. 

The advantages of the Morris Water Maze are that it is a test that can be learnt in a 

few trials and is ethologically valid as rats are good swimmers but prefer to stay 

out of the water (Baldi et al, 2003; Whishaw, 1998). Traditionally the experiment 

is divided into 2 phases; the first phase is referred to as the acquisition phase 

where animals learn the location of the hidden platform over multiple trials with 

different starting positions over several days. A perception of distal cues allows an 

animal to use a mapping strategy based on allothetic (allocentric) relations. In 

support of this, animals have been repeatedly shown to be able to reach a hidden 

platform from different starting places in a maze by relying on the configuration 

of room cues. In the second phase, known as the probe trial, the platform is 

removed and animals are assessed for long-term spatial memory (see D'Hooge & 

De Deyn, 2001 for an extensive review on the applications and findings 

associated with the use of the Water Maze). 

5.2 Aim 

The aims of this experiment were two-fold, initially in experiment 1, I wanted to 

determine what effect an episode of acute stress would have on the open field 

behaviour of quinpirole-dosed animals. My second aim in experiment 2 was to 

examine if animals chronically-sensitised and under the acute influence of 

quinpirole would display normal levels of learning and memory as displayed by 

chronically treated saline animal controls in the Morris Water maze. 
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5.3 Materials and Methods 

5.3.1 Animals: 

The experiment used 22 male, experimentally naive Long Evans rats (Janvier, 

France), weighing 250- 300 g at the start of experiment 1 and housed in identical 

conditions as described in Chapter 3. Animals went through the restraint stress 

experiment, rested for two weeks before entering the morris water maze 

experiment. 

5.3.2 Drugs: 

(-) Quinpirole hydrochloride (Sigma-Aldrich) was dissolved in saline (0.5 mg / 

ml) and administered at a dose of 0.5 mg / kg administered s. c. (the method used 

by Szechtman et al 1998,2001). Equivalent volumes of saline were used in 

solvent injections. Fresh batches of quinpirole were prepared weekly. 

5.3.3 Experiment 1 

5.3.3.1 Apparatus: 

The open field was as described in Chapter 3. The restraint tube was a plexiglass 

cylinder length 30 cm with a diameter of 8.4 cm with holes that allowed the 

animal to breathe. 

5.3.3.2 Parameters collected: 

Rat behaviour during the trial was measured using the EthovisionTM system 

version 3.0 (Noldus, The Netherlands). Rats organise their exploration of an 

environment from a home base, home base being defined as a locale in the 

environment that is repeatedly returned to after exploration of the territory (see 

Eilam & Golani, 1989 for an in depth description; Szechtman et al, 1998). Rats 

return to the home base periodically before setting out into the environment again. 

Compulsive checking is defined by changes in the properties associated with the 
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home base (defined as the zone in which the animal spends the longest cumulative 
time). Specifically, rats chronically administered quinpirole show compulsive 

checking behaviour because compared with saline controls they display: excessive 

return to home base, excessive speed of return to home base, excessive lack of 

exploration between returns to the home base and demonstrate ritualised 
behaviour at the home base (indexed as a shorter visit time to home base). 

5.3.3.3 Experimental protocol: 

Animals were first sensitised to quinpirole to establish compulsive checking 

behaviour (twice weekly injections for 5 weeks). Control animals received saline. 

To examine the effects of restraint stress on compulsive checking I employed a 

two-experiment full crossover design. In the first part of the experiment, half of 

the quinpirole-sensitised and half of the saline animals received restraint stress, 

whilst the remaining animals were in the non-stressed condition. In the second 

part of the experiment, the animals that had previously received restraint stress 

were now in the non-stress condition whilst those previously in the non-stress 

condition now received restraint stress. One hour prior to behavioural testing, 

animals were carried to a novel laboratory in their home cage and in the stress 

condition, were placed in the restraint tube for one hour. Animals in the non- 

stressed condition were left in their home cage. All animals were subsequently 

carried to the open field lab in their home cage. 

'/2 QNP animals administered restraint stress + QNP acutely 
'/2QNP animals remained in home cage + QNP acutely 
'/ý Saline animals administered restraint stress + saline acutely 
'/z Saline animals remained in home cage+ saline acutely 

Experimental time 10 

T 
Injection I Injection 10 Injections 11+12 

5.3.3.4 Statistics 

All data were log transformed and tested for normal distribution. All statistical 

analysis was performed using SPSS for Windows version 11.5. Univariate 
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ANOVA was used to analyse the data, the dependent variable being the checking 

parameter in question and the fixed factor was treatment, either quinpirole alone, 

quinpirole + stress, saline alone and saline + stress. Post hoc analysis was 

performed using Dunnett's, significance was set at p< 0.05. 

5.3.4 Experiment 2 

5.3.4.1 Apparatus: 

The testing apparatus consisted of a black polyethelene circular pool (140 cm 
diameter, 50 cm deep) filled with water (water temperature 21-22°C, water level 

35 cm high). A black plexiglas escape platform (10 cm diameter) was placed in 

one of the four quadrants of the pool, its surface 1 cm below the surface of the 

water. Numerous, constant, visual cues surrounded the tank for orientation. A 

computer connected to a tracking system and image analyzer (EthoVision(g 

3.0.15, Noldus, Wageningen, The Netherlands) was used to monitor swim 

patterns. The camera hung perpendicular to the centre of the pool. The image 

analyser tracked the centre of each animal with a sampling rate of 25 Hz. 

5.3.4.2 Procedures: 

The protocol was based on De Bruin et al (2003) but was adjusted so that animals 

were tested on every other day rather than on consecutive days. This was to match 

the injection schedule employed on the open-field. Animals were administered 

either saline or quinpirole 30 minutes prior to testing in the colony room and 

placed back in their home cage. At testing time, animals were carried in their 

home cages to the testing lab. The pool was divided into four quadrants (on the 

computer). The escape platform, positioned in the centre of one of the quadrants, 

remained in a fixed position. Four different starting positions were spaced around 

the perimeter of the pool (one position per quadrant). For each trial, the animals 

were put into the water, facing the wall, at pseudo-randomly chosen starting 

positions. 
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5.3.4.3 Acquisition 

This consisted of a series of 24 training trials, lasting 90 seconds each (6 trials per 
day for 4 alternate days, the inter-trial interval was approximately 30 seconds). 
Animals failing to find the platform within the 90 seconds were gently placed on 

the platform and left there for about 15 seconds to orient. Animals that 

successfully located the platform were also allowed to stay on the platform before 

being removed. The latency to find the submerged platform, the frequency of 

visits to the platform, the swim velocity, the distance travelled and time spent in 

the periphery during the trial were registered. (The periphery was defined as the 

circular zone that was 5 cm or less from the edge of the pool). 

5.3.4.4 Probe trial 

On the 5th testing day, (trial 25), the platform was removed for the probe trial. 

Animals were placed in the quadrant opposite to that where the platform was 

previously located and were allowed to swim in the pool for 90 seconds. This 

probe trial was performed approximately 48 hours after the final acquisition trial, 

for each animal. The first 30 seconds of the 90 second probe trial were analysed 

because it is thought that any preference for the target quadrant will be most 

pronounced during the first 30 seconds of the trial, and analysis of the animal's 

behaviour after this time is likely to underestimate the spatial ability of the animal 

(Blokland et al 2003). The percentage of time spent in the quadrant where the 

platform was previously located (target quadrant) and the number of platform 

crossings were used as a measure of spatial memory. The number of crossings can 

be considered as a measure for accuracy. Again swim velocity, distance travelled 

and time in the periphery were also registered. 

5.3.4.5 Statistical analysis 

All statistical analysis was performed using SAS. All data were log transformed 

and tested for normal distribution. For the acquisition phase data, suitable linear 

mixed models were fitted for each of the responses of interest. Specifically, the 

evolution of the responses over time were examined and I investigated if this 
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relation was different within the different treatment groups. Day, treatment, trial 

number and their interaction were used as fixed effects parameters in the model. 
Fixing the effect of time, contrast analyses were performed between the treatment 

groups at trials 6,12,18 and 24. Finally, a within treatment comparison between 

trial 6 and trial 24 was conducted to determine the evolution of response from the 

end of day 1 to the end of day 4. For the probe trial, statistical analysis was 

conducted using an univariate ANOVA. Significance was set at p<0.05. 
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5.4 Results 

5.4.1 Experiment 1-The effect of acute restraint stress on the open field 

behaviour 

Rats were clearly distressed when placed in the restrainers; they vocalised, 

defecated and struggled to move whilst restrained. The behaviour of animals on 

the open field is shown in Figure 5.1. Consistent with previous results, animals 

chronically administered quinpirole (dotted bars) display compulsive checking 

because compared to saline-treated control animals (clear bars) they make an 

increased number (panel A- 220.1 ± 21.9 versus 12.9 ± 3.8 visits [F (3,42) = 

111.7, p <0.000]) and an increased rate (panel B- 5.3 ± 0.7 versus 1.9 ± 0.3) of 

visit to home base. Further, quinpirole-treated animals returned faster to home 

base (panel C- 9.4 ± 1.6 versus 64.7 ± 12.6 seconds [F (3,42) = 16.419, p<0.001]) 

and make fewer visits to other places on returns to the home base (panel D- 5.2 ± 

1.3 versus 15.3 ± 2.2 visits [F (3,42)= 11.584, p=0.005]). Finally, quinpirole- 

treated animals spend significantly less time in the home base per visit to the 

home base when compared with saline administered control animals (9.1 ± 1.5 

versus 428.1 ± 83.8 seconds [F (3,42) = 131.373, p<0.001]). 

Restraint stress did not affect the behaviour of saline-treated control animals. 

Specifically, restraint stress did not affect the number of visits (12.9 + 3.8 visits 

under saline no stress versus 15.3 ± 2.9 visits under saline and stress, p=0.873) 

nor the rate of return to home base (1.9 + 0.3 under saline alone versus 3.0 ± 0.8 

under saline and stress, p =0.457) in saline animals. Also, restraint stress had no 

effect on the return time (64.7 ± 12.6 seconds under saline alone versus 53.3 ± 

18.1 seconds under saline and stress, p=0.524), level of exploration (15.3 ± 2.2 

visits under saline versus 14.1 ± 4.1 visits under saline and stress, p=0.652) or 

duration per visit to the home base (428.1 ± 83.8 seconds under saline versus 287 

+ 48.4 seconds under saline and stress, p=0.356) measures. 

In contrast, restraint stress significantly increased the frequency of visits to home 

base in quinpirole-treated animals (220.1 f 21.9 visits under quinpirole no stress 

versus 325.1 + 23.5 visits under quinpirole and stress, p=0.044). Surprisingly, 
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this effect of stress did not carry over in the rate of return to home base (5.3 ± 0.7 

in the quinpirole alone condition versus 6.1 ± 0.6 under quinpirole and stress, p= 
0.767). This was probably due to the concurrent stress-induced increases in the 

total number of visits to the field (1171.5 ± 126.6 under quinpirole versus 1420 ± 

136.8 under quinpirole and stress), which although not significant (p = 0.731), is 

probably of a large enough magnitude to disrupt the home base revisit ratio. 

Restraint stress did not however further exacerbate quinpirole-induced faster 

return time to home base (9.4 ± 1.6 seconds under quinpirole alone versus 7.1 ± 

0.6 seconds under quinpirole and stress, p=0.358) nor further decrease the reduced 

levels of exploration of quinpirole-treated animals (5.2 ± 1.3 under quinpirole 

versus 3.4 ± 0.4 under quinpirole and stress, p=0.75). However, restraint stress did 

significantly exacerbate the quinpirole-induced reduction in duration of visit time 

to home base (9.1 ± 1.5 seconds under quinpirole versus 4.4 ± 0.7 seconds under 

quinpirole and stress, p=0.043). 

In summary, prior differences in the checking behaviour between saline treated 

and quinpirole treated animals were evident. An acute episode of restraint stress 

did not significantly affect the open field behaviour of saline animals. In 

quinpirole-treated animals, one-hour acute restraint stress significantly increased 

the frequency of returns to the home base as well as significantly decreasing the 

mean visit time in the home base. Although there was a trend for restraint stress to 

increase the rate of returns to the home base, further reduce the return time to 

home base and decrease the level of exploration on trips to home base in 

quinpirole-treated animals, these did not reach statistical significance. 

5.4.2 Experiment 2, Morris Water Maze - Acquisition phase 

Figure 5.2 shows the evolution of escape latency response for the different 

treatment groups over the course of the acquisition phase. Quinpirole-treated 

animals displayed lower levels of learning as indexed by longer escape latencies 

when compared with saline control responses. There was an overall significant 

trial by day by treatment 3-way interaction [F(8,162)=4.08, p=0.0002]. This 

means that the effect of treatment on the escape latency response differs both 

114 



across test days (start of acquisition phase versus end of acquisition phase) and 

within a test day across individual trials (start of the day versus end of the day). 

This last effect of trials is interesting because it appears that there is a degradation 

in learning between test days. No difference between treatment groups was 

observed at trial 6 [t(0.41), p=0.69], however contrast analysis revealed a 

significant difference between treatment groups at trials 12 [t(2.06), p=0.04], 18 

[t(3.77), p=0.0003] and 24 [t(4.65), p<0.0001]. Finally, a significant difference 

between trials 6 and 24 was only observed in the saline group [t(5.71), p<O. 0001]. 

The learning deficits observed in the quinpirole-treated group is unlikely to be due 

to an inability to swim or learned helplessness as Figure 5.3 shows. The mean 

swim velocity across trials indicates that quinpirole-treated animals swam as fast 

as saline treated control animals on the first day of acquisition (no difference 

observed at trial 6, t(0.32), p=0.75). Over acquisition days, a significant reduction 

in swim speed was only observed in the saline-treated group (trial 6 versus trial 

24, t(5.78), p<0.0001). A significant 3-way interaction between trial, day and 

treatment [F(8,162)=5.37, p <0.0001] indicates that the effect of treatment on 

swim speed is determined within a test day as well as across test days. 

The spatial learning deficits in the quinpirole group are likely to be due to 

differences in the percentage time spent in the periphery as shown in Figure 5.4. 

Although there is no difference on the first day of acquisition between treatments 

(trial 6, t(1.44), p=0.15), quinpirole-treated animals spent more time in the 

periphery across the entire phase compared with saline controls (differences 

observed at trials 12, t(3.78), p=0.0002,18 t(4.55), p<0.0001 and 24 t(4.02), 

p=0.0001. No difference in the percentage time in periphery was observed in the 

quinpirole group between trials 6 and 24 [t(0.75), p=0.45]. A significant 3 way 

interaction between trial, day and treatment [F(8,102)= 5.8, p<0.0001] again 

indicates the effect of treatment on this measure is dependent upon both test days 

and trials within test days. 
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5.4.3 Experiment 2, Morris Water Maze - Probe trial 

As the quinpirole treated rats have not acquired the water maze task to the same 

level of proficiency as the controls, it is not possible to directly compare their 

performance in the probe test. The learning deficits seen in the acquisition phase 

were carried over into the probe trial. As the left-hand panel in Figure 5.5 clearly 

shows, a significant difference in the % time spent in the target quadrant between 

saline-treated animals versus quinpirole-treated animals was observed [F(1,20) = 

13.64, p=0.0014]. Moreover, the one sample T-test revealed that the saline-treated 

group spent significantly greater time in the target quadrant than chance 

[t(11.116), p<0.000], in contrast, quinpirole-treated animals did not [t(1.955), 

p=0.08]. Finally as the right panel in Figure 5.5 shows, statistical analysis also 

revealed a difference in the number of platform crosses between treatment groups 

[F(1,20)=8.6, p=0.0082]. During the probe trial, quinpirole-treated animals had 

significantly higher levels of swim speed, distance travelled and % time in the 

periphery compared with saline controls (data not shown). 
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5.5 Discussion 

One hour of restraint stress followed immediately by introduction to the open field 

resulted in differential effects on animal behaviour according to drug treatment. In 

animals administered saline, there was no effect of restraint stress on open field 

behaviour. In contrast, in quinpirole-administered animals, restraint stress 

significantly increased the number of visits made to the home base and 

significantly decreased the time spent per visit to the home base. Consistent with 

the notion that stress exacerbates compulsive checking, there was a trend for 

restraint stress to increase the rate of return, reduce the return time and the extent 

of exploration from home base, but these did not reach statistical significance. 

There are 3 possible interpretations for the lack of significance in these 

parameters: (1) a lack of statistical power prevented the detection of otherwise 

statistically significant differences, (2) a ceiling effect in these checking 

parameters prevented changes due to restraint stress from being detected or (3) 

that restraint stress had no effect on these particular checking parameters. 

A ceiling effect is a plausible explanation for a lack of significance at these 

checking parameters. Supporting evidence comes from the saturation effect seen 

in checking parameters after 10 injections of quinpirole (e. g. Szechtman et al, 

1998, Chapter 3 results) and the low absolute values involved, for example, the 

average return time to home base in the present study is only 9.4 seconds and the 

average number of visits from the home base is only 5.2, consequently there is not 

much room for modulation. Also despite visiting the home base more frequently 

as well as nominally making more visits to the field in total, quinpirole animals in 

the restraint stress condition did not travel any further than their quinpirole alone 

counterparts (428.4 +/- 39.2 metres versus 417.3 +/- 37 metres respectively), nor 

did they travel any faster (mean velocity of travel 12.3 +/- 1.2 cm / second versus 

12.6 +/- 1.3 cm / second respectively), suggesting that maximal locomotion has 

been reached. It should be noted that the changes in the mean scores in these 

parameters, although not significant, are all in the direction that is consistent with 

increased levels of compulsive checking. 
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One possible solution to determine if there is a real presence of a ceiling effect is 

to examine possible changes in other locations in the open field. For example, a 
logical step might be to examine behaviour at the second home base (defined 

simply as the zone where the animal spends the 2nd longest cumulative time) but 

statistical analysis revealed no significant difference in the rate of return between 

saline and quinpirole-treated animals (F [3,44] = 0.796, p =0.503). Although 

differences between chronically treated saline and quinpirole animals were present 

when examining the mean return time to any locale on the field [F (3,42)= 3.127, 

p =0.037 and the mean number of visits from any locale [F (3,42) = 17.725, p 

<0.001], no corresponding differences between the quinpirole conditions were 

seen. It appears that compulsive checking is defined and confined to changes that 

occur in relation to the home base. 

Another solution would be to test the effects of restraint stress half-way through 

the sensitisation period. This would give a "window" with which to see any 

possible modulation effects of the stress. 

The final interpretation, that restraint stress simply had no effect on the rate of 

return, the return time or the number of stops on trips from the home base also 

bears merit. Each parameter for compulsive checking will have a differential 

susceptibility to modulation and perhaps these particular parameters are 

impervious to the effects of restraint stress. It would probably be unrealistic to 

expect all checking parameters to be significantly modulated by this manipulation 

of stress. One problem with experimenter-applied stress is a lack of control over 

individual differences in hypothalamic-pituitary-adrenal (HPA) axis activation 

and therefore, corticosterone (CORT) levels (Gregus et al, 2004). Stressful stimuli 

can not only differ in their physical (i. e. actual) qualities but importantly, in their 

perceived qualities as well (Jesberger & Richardson, 1985), potentially leading to 

increased experiment variability. It has been suggested that one way to avoid this 

problem may be to administer exogenous CORT (Gregus et al, 2004) but then one 

bypasses HPA axis activation and then one has other issues of validity to answer. 
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Is it valid to say that an acute episode of restraint stress enhances the level of 

compulsive checking in this animal model for obsessive-compulsive disorder? 

Based on the assumption that all these parameters for checking carry equal weight 
for the definition of compulsive checking then one would have to answer no, 

restraint stress only modulates some of the parameters of compulsive checking in 

a manner that is consistent with the expression of an increased intensity of 

compulsive checking. If one assumes that the duration of each visit to the home 

base is the most important measure of compulsive checking as it indirectly 

represents the level of ritual performance and that the other parameters are 

secondary, then perhaps it is possible to suggest that restraint stress may have 

increased the level of compulsive checking because it is the level of ritualising 

that is the ultimate outcome measure for compulsive checking. This view is 

strengthened if one accepts the assumption that the rate, the return time and the 

number of stops before returning to home base are all at ceiling and therefore 

cannot be modulated any further. Thus, in agreement with the clinical literature, 

this experiment demonstrates that stress exacerbates obsessive-compulsive 

symptoms in this animal model. 

The aim of experiment 2 was to determine if quinpirole treatment altered the 

efficiency of rats to reach a hidden platform in the water maze. In the acquisition 

phase, over time I observed that quinpirole-treated animals had impaired learning 

compared with saline administered controls as indexed by longer escape latencies 

to platform. Quinpirole-treated animals also failed to locate the platform in 

significantly more trials than saline controls. This deficit in learning was carried 

over into the probe trial where quinpirole treated animals not only spent 

significantly less time in the target quadrant compared to controls, but at a level 

that was not significantly different from chance. This indicates that quinpirole- 

treated animals did not use the same search strategy nor develop the same level of 

spatial memory as saline controls. Quinpirole-treated animals also displayed 

significantly longer latencies to reach the platform area and also made fewer 

platform crosses in the probe trial, indicative of impaired spatial learning 

performance. 
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The obvious conclusion to draw is that quinpirole-treated animals displayed 

inferior learning ability and deficits in spatial memory compared with saline 

controls. However, there are some points that need to be clarified. Successful 

acquisition of the water maze task involves mastery of two main components. The 

first involves learning behavioural strategies that are required for coping with this 

task, termed the strategies procedures learning component (Gerlai, 2001; Cain & 

Boon, 2003). This involves for example learning to swim, learning to search 

away from the pool wall and learning that the hidden platform provides the only 

refuge in the pool (Whishaw, 1989). Success in this first component requires the 

animal to make a selection from many instinctive responses. The second 

component is the spatial learning component during which the specific spatial 
location of the hidden platform must be learnt so that the rat can generate an 

accurate swim trajectory from any point around the wall of the pool. Success in 

this second phase requires prior learning of the behavioural strategies component 
(Bannerman et al, 1995). 

Compared with saline controls, quinpirole-treated animals displayed excessive 

swimming in the periphery. Suppression of the thigmotaxic response (the natural 

tendency for rodents to stay close to walls) is an essential behavioural strategy in 

the water maze task (Schenk & Morris, 1985). Excessive thigmotaxic swimming 

can artificially inflate search times, rendering it less informative as a measure of 

spatial memory (Baldi et al, 2003). Under such conditions, elevated search time is 

best interpreted as a behavioural strategy impairment (Whishaw, 1989) and as 

quinpirole-treated animals had parallel impairments in both search time and 

periphery swimming, one could suggest that they were impaired in the learning of 

the procedures strategy component. This is supported by other observations. For 

example, saline-treated animals accepted the premise that the platform was the 

only means of escape in the pool, as indicated by the extremely fast escape latency 

times. In contrast, quinpirole-treated animals appeared to actively search for 

alternatives, many of these animals for instance, made repeated dives to the 

bottom of the pool, deliberately bumped into, repeatedly clawed the sides of the 

pool and some even tried to escape from the maze by leaping from the platform to 
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the outside edge of the maze. It appears then that quinpirole-treated animals failed 

to employ the appropriate water maze strategies. 

This situation appears to mirror the situation found in patients with obsessive- 

compulsive disorder. As outlined in the Introduction, many studies have identified 

a performance deficit in OCD patients on tests of visual / spatial memory. In 

particular, Savage et al (1999) observed that OCD patients had impaired 

immediate nonverbal memory, due, according to the authors, "to impaired 

strategic organization", a finding echoed by Mataix-Cols et al, (2003) who 

attributed deficits in non-verbal memory in OCD patients not only to 

organisational deficits but to possible complex motor regulatory problems as well. 

It appears that a similar inability to organise an appropriate strategy mediates 

impaired performance in both chronically quinpirole-treated animals run in the 

water maze and patients with OCD tested in specific neuropsychological tests of 

spatial memory. Moreover, both groups may share similar neurobiological 

mechanisms. Deficits in executive function in patients are believed to be 

consistent with / reflect frontal striatal dysfunction (Purcell et al, 1998) that has 

been reported in the disorder. In particular, patients may not be impaired on 

visuospatial function per se, but have difficulty in executive tasks such as 

planning (Shin et al, 2004). In the water maze, rats with lesions in the prefrontal 

cortex displayed impaired acquisition (Mogensen et al, 1995); importantly; these 

animals were shown to be able to use distal cues to locate the hidden platform but 

planning processes seemed to be impaired, thus preventing these animals from 

forming an adequate representation of the required course of movement (Granon 

& Poucet, 1995; Mogensen et al, 1995). It is possible that the inability of 

quinpirole-treated animals to adopt an appropriate strategy is due to abnormalities 

in prefrontal cortex (see Chapter 8 for a discussion of possible abnormal 

glutamate signalling). 

Although this is an attractive hypothesis, an equally plausible factor, though not 

mutually exclusive, may be a differential response to stress. Despite being 

ethological valid, one of the main disadvantages of the Morris water maze test is 

that it requires the tested animal to flight from an aversive environment that is 
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for patients, an inability in strategy organisation. These results serve to enhance 

this animal preparation as a model for obsessive-compulsive disorder. 
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seemingly devoid of escape routes (D'Hooge & De Deyn, 2003). The immersion 

of the animals into the water and the initial sensation of being trapped in it may 

cause considerable stress during the first stages of the test (D'Hooge & De Deyn, 

2003). Saline animals were clearly able to overcome this stress and develop their 

spatial memory. It is possible that quinpirole-treated animals did not; as 

demonstrated in experiment 1, acute restraint stress served to exacerbate some 

compulsive checking measures of quinpirole-treated animals on the open field 

without affecting the behaviour of saline controls. 

Another factor that may account for the poor learning ability of quinpirole-treated 

animals may be the effects of the drug on sensory systems. Quinpirole treatment 

for example, might induce visual impairment, leading to poor distal cue detection 

and therefore impaired learning. However, a single dose safety pharmacology 

study of 0.5 and 5 mg/kg quinpirole in Sprague Dawley rats revealed no general 

toxicity at up to 7 days post administration as indexed by the modified Irwin's 

Test (Teuns, personal communication, 2005). 

Interestingly, there was an indication of "compulsive checking" like behaviour in 

the water maze as indexed by the number of platform entries made per trial. As 

observed previously, there was no difference between treatment groups at Day 1 

of acquisition, however the quinpirole-treated animals displayed an increasing 

frequency of platform entries over time. 

5.6 Conclusion 

Consistent with the literature, an episode of acute stress served to exacerbate 

compulsive checking measures in this model. There was a significant increase in 

the frequency of returns to the home base and a decrease in the time spent per 

visit. In addition, spatial memory deficits reported in patients with OCD were 

demonstrated in quinpirole-treated animals run in the Morris Water Maze. 

Importantly, these deficits may be due to the same underlying cause as reported 
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Chapter 6: The contribution of different dopamine 
D2 receptor subtypes in mediating quinpirole- 
induced compulsive checking behaviour 
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6.1 Introduction 

As shown in the chapter 4, compulsive checking behaviour induced by quinpirole 

requires both chronic and acute exposure to the drug for it's expression. Since 

quinpirole is a selective agonist at Dopamine D2-like receptors (but with greater 

selectivity for D3 and D4 over D2 receptors - Missale et al, 1998), I was 

interested in determining the contributions of each receptor subtype in mediating 

the compulsive checking response. 

Dopamine receptors are classified into two subfamilies according to their 

pharmacological profiles and sequence homologies: the D1-like receptor subtypes 

which consist of the Dl & D5 receptors and the D2-like subtypes, comprising of 

D2, D3 and D4 receptors (Sibley & Monsma, 1992). In vitro, D1-family receptors 

couple to Gs stimulatory proteins and activate adenylyl cyclase whereas the D2- 

family couple to Gi inhibitory proteins and inhibit adenylyl cyclase. In addition, 

all dopamine receptors couple to a wide range of signalling cascades in vitro such 

as calcium channels, phospholipase C, potassium channels amongst others 

(Missale et al, 1998) which suggests that dopamine may mediate a complex array 

of neural signalling pathways in vivo (Richtand et al, 2001). 

6.1.1 Brain distribution 

The D2 receptor is expressed abundantly and widely in all major dopaminoceptive 

brain areas (Boyson et al, 1986; see Jackson & Westlind-Danielsson, 1994 for 

review) but is found mainly in the striatum, olfactory tubercle and the core of the 

nucleus accumbens (Bouthenet et al, 1991). In these areas, D2 receptors are 

expressed by GABAergic neurones co-expressing enkephalins (Le Moine et al, 

1995) and in the septal pole of the shell of the nucleus accumbens where they are 

expressed in neurotensin-containing neurones (Diaz et al, 1994). D2 receptor 

mRNA is also found in the prefrontal, cingulate, temporal and enthorinal cortex, 

the septal region, amygdala and in the granular cells of the hippocampal formation 

(Bouthenet et al, 1991). Finally, D2 receptors are also found in the hypothalamus, 

substantia nigra pars compacta and in the ventral tegmental area where they are 

expressed by dopaminergic neurones (Missale et al, 1998). 
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The D3 receptor shows preferential localisation in the mesocorticolimbic system 
(Levant, 1998) and is expressed at fairly high levels in the nucleus accumbens, the 

islands of Calleja, the ventral pallidum and in lobules 9 and 10 of the cerebellum 
(Stanwood et al, 1997). Lower levels of D3 expression are detected in 

dopaminergic cell bodies in the substantia nigra (Stanwood et al, 2000). 

The D4 receptor is expressed preferentially in the limbic system and cortical areas 

with particularly high levels in the prefrontal cortex (Oaks et al, 2000; Tarazi & 

Baldessarini, 1999) as well as in the amygdala, hippocampus and mesencephalon 

(O'Malley et al, 1992; Van Tol et al, 1991). Low levels of D4 receptor mRNA 
have also been observed in the basal ganglia (Missale et al, 1998). 

6.1.2 Physiological role 

Homozygous D2 receptor knockout mice show hypomotility (Balk et al, 1995; 

Wang et at, 2000) and Parkinson like symptoms including akinetic and 

bradykinetic behaviour (Calabresi et al, 1997). These observations suggest that the 

D2 receptor may have a role in mediating the effects of dopamine in motor 

behaviour. Parkinson's disease may be a result of D2 receptor dysfunction 

although it may also be due to non-specific loss of dopaminergic neurones. The 

cataleptic effects of the antipsychotic haloperidol are absent in these D2 receptor 

deficient mice (Usiello et al, 2000). D2 receptor knock-out mice demonstrated 

lower horizontal locomotor activity and rearing frequency but displayed increased 

scanning durations (time spent rearing) in novel environments compared with 

wild type controls (Vallone et al, 2002). Finally, these mice display slower 

acquisition in a place-learning task (Tran et al, 2002). 

Due to it's association with limbic loci, the D3 receptor has been suggested to 

play a role in emotional, motivational and reinforcement functions (Pilla et al, 

1999). D3 receptor mutant mice show exploratory hyperactivity and increased 

locomotion and rearing behaviour (Baik et al, 1995; Accili et al, 1996, Xu et al, 
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2000) as well as lower levels of anxiety in the open field and elevated plus maze 

(Steiner et al, 1998). This suggests that D3 receptors are responsible for capping 

locomotor behaviour and also for the expression of anxiety. Finally, extracellular 

dopamine levels in the nucleus accumbens and striatum were twice as high in the 

knockout mice than in the controls (Koeltzow et al, 1998) indicating that D3 

receptors may also be responsible for inhibiting dopaminergic neuron activity / 

dopamine release. This is consistent with the reported observation that the D3 

receptor inhibits action potentials and spontaneous secretion by activation of G- 

protein-coupled inward rectifier potassium (GIRK) channels and inhibition of 

P/Q-type calcium channels (Kuzhikandathil & Oxford, 1999,2000). 

There are indications that D2 and D3 receptors have functionally opposing 

properties. It is generally accepted that postsynaptic D2 receptors activate 

locomotor activity in the nucleus accumbens and D3 receptor stimulation inhibits 

locomotion (Stanwood et al, 2000). There is also evidence that D2 receptors 

facilitate and D3 receptors inhibit memory consolidation (Sigala et al, 1997). The 

differential roles of D2 and D3 receptors in modulating activity were assessed in 

D2/D3 receptor double knockout mice, which demonstrated lower levels of 

activity than wild types indicating that the D2 knockout is the dominant 

phenotype. The spatial working memory deficit observed in mice lacking D2 and 

D3 receptors was suggested to be due to decreased prefrontal cortical Dl receptor 

activation (Glickstein et al, 2002). 

The physiological role of the D4 receptor is currently still unclear. This receptor 

was initially implicated in schizophrenia after it was discovered that clozapine, the 

gold standard antipsychotic, had high affinity for the D4 receptor (Oaks et al, 

2000). However, clinical trials with selective D4 antagonists have failed to 

demonstrate antipsychotic efficacy (Corrigan et al, 2004). Further, selective D4 

receptor antagonism appears to be unimportant for the clinical action of clozapine 

(Kramer et al, 1997). Presently, genetic studies have implicated dopamine D4 

receptor polymorphism in attention-deficit hyperactivity disorder (ADHD - La 

Hoste et al, 1996; Faraone et al, 2001). Human D4 receptors occur in multiple 
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forms with 2-11 copies of a 16-amino acid sequence in the putative 3`d 

intracellular loop of the peptide (Asghari et al, 1994). The D4.7 allele contains 7 

repeats and has been associated with ADHD, novelty seeking and impulsivity 

(Benjamin et al, 1996; Barr et al, 2000). 

6.1.3 Selective D2-receptor subtype ligands 

The neuroleptic butyrophenone, clofuperol (Bobon et at, 1968) was picked as the 

selective D2 receptor antagonist based upon binding data from the Johnson & 

Johnson PIR database. In vitro binding data indicates that clofuperol has 

approximately 100 fold greater selectivity for D2 over D3 receptors, and more 

than 350-fold greater selectivity for D2 over D1 receptors (Johnson & Johnson 

PIR database). Clofuperol also has moderate affinity for the 5-HT2 receptor. 

SB-277011-A, (trans-N- [4-[2-(6-cyano- 1,2,3,4-tetrahydroisoquino lin-2- 

yl)ethyl]cyclohexyl]-4-quinolininecarboxamide (Reavil1 et al, 2000; Stemp et al, 

2000) has been shown to have high affinity for human and rat D3 receptors with 

80 to 100-fold selectivity over D2 receptors and 66 other receptors, enzymes and 

ion channels (Reavill et al, 2000), thus satisfying criteria for a pharmacological 

agent with unambiguous D3 receptor antagonist selectivity (Vorel et al, 2002). 

SB277011-A readily enters the rat brain following systematic administration 

(Reavill et al, 2000). Central occupancy data produced by Johnson & Johnson 

PRD showed that at 40 mg/kg s. c. one hour post administration, there is 86% 

occupancy of D3 receptors and 23% occupancy of D2 receptors in the rat brain 

(Langlois, personal communication). 

L-745870, (3-{[4-(4-chlorophenyl)piperazin-1-yl}methyl-IH-pyrollo[2,3-b] 

pyridine has been identified as a selective D4 receptor antagonist with good oral 

bioavailability and brain penetration (Patel et at, 1997). Specifically, L-745870 

exhibits high selectivity for the dopamine D4 receptor (>2000 fold) compared to 

other dopamine receptor subtypes and has moderate affinity for 5-HT2, sigma and 

alpha adrenergic receptors (IC50<300 nM - Patel et al, 1997). The compound is 
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predicted to occupy greater than 90% of central D4 receptors in the rat at doses of 
0.1 to 0.3 mg/kg p. o. (Patel et al, 1997) and to occupy 50% at doses of 5 to 60 

µg/kg p. o. (Bristow et al, 1997). In contrast, the predicted dose that would occupy 
50% of D2 receptors is 36 mg/kg (Bristow et al, 1997). 

6.2 Aim 

The aims of this experiment were to delineate the respective contribution of each 

dopamine D2-like receptor to the expression of compulsive checking induced by 

quinpirole. As dopamine receptor blockade can lead to inhibition of locomotion 

and at higher doses catalepsy, a dose response curve on spontaneous locomotion 

in experimentally naive Long-Evans rats was first generated for each test 

compound. These data, together with other information then dictated the dose of 

each antagonist that was administered to test the effects on compulsive checking. 
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6.3 Materials and Methods 

6.3.1 Animals: 

The effects of the selective dopamine D3, D2 and D4 receptor antagonists on 

spontaneous locomotion were assessed in 72 male, experimentally naive, Long- 

Evans rats (Janvier, France). In order to reduce the number of experimental 

animals, the effects of dopamine D3 receptor blockade on compulsive checking 

behaviour was assessed in a cohort of 22 rats that were sensitised to quinpirole 

and weighed 300-370 g at the start of the study. These animals had been 

previously used in the experiments described in chapter 5. The effects of selective 

dopamine D2 and D4 receptor blockade on compulsive checking were examined 

in a second cohort of 24 quinpirole-sensitised animals, weighing 250-300 g at the 

start of the experiment. These animals were administered the D4 antagonist, left 

undisturbed for 2 weeks, before being administered with the D2 antagonist. 

Animals were housed in identical conditions as described in Chapter 3. 

6.3.2 Drugs: 

(-) Quinpirole hydrochloride (Sigma-Aldrich) was prepared and administered as 

described in Chapter 3. The selective dopamine D3 receptor antagonist SB- 

277011-A was dissolved in saline with 10% cyclodextrin solution at 

concentrations of 0,0.25,0.1 and 0.4 mg / ml. The selective dopamine D2 

receptor antagonist clofluperol was dissolved in saline containing 10% 

cyclodextrin and IM tartaric acid at concentrations of 0,0.004,0.016 and 0.063 

mg / ml. Finally, the selective D4 receptor antagonist L-745870 was dissolved in 

saline containing 10% cyclodextrin and 3H2T at concentrations of 0,0.016,0.063 

and 0.25 mg / ml. All of these compounds were administered subcutaneously in a 

volume of 10 ml / kg body weight. Thus, SB-277011-A was administered at doses 

of 0,2.5,1 and 4 mg; clofluperol was administered at 0,0.04,0.16 and 0.63 mg 

and L-745870 was administered at 0,0.16,0.63 and 2.5 mg. 
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6.3.3 Locomotor activity testing 

Spontaneous locomotion was assessed in two setups, each consisting of four non- 

transparent plastic cylinders (internal diameter of 29 cm and a height of 33 cm). A 

computer connected to a tracking system and image analyzer (EthoVision® 

3.0.15, Noldus, Wageningen, The Netherlands) was used to monitor walking 

patterns. The camera hung perpendicular to the centre of the setup and the image 

analyzer tracked the centre of each animal with a sampling rate of 25 Hz. The 

total distance travelled was calculated. Animals were administered different doses 

of the relevant test compound (n=6 per dose) and immediately placed into the 

cylinders where their behaviour was monitored for 2 hours. 

6.3.4 Compulsive checking on the open field 

The measurement of compulsive checking behaviour was as described in Chapter 

3. Rat behaviour during the trial was measured using the EthovisionTM system 

version 3.0 (Noldus, The Netherlands). Rats organise their exploration of an 

environment from a home base, home base being defined as a locale in the 

environment that is repeatedly returned to after exploration of the territory (see 

Eilam & Golani, 1989 for an in depth description; Szechtman et al, 1998). Rats 

return to the home base periodically before setting out into the environment again. 

Compulsive checking is defined by changes in the properties associated with the 

home base (defined as the zone in which the animal spends the longest cumulative 

time). Specifically, rats chronically administered quinpirole show compulsive 

checking behaviour because compared with saline controls they display: excessive 

return to home base, excessive speed of return to home base, excessive lack of 

exploration between returns to the home base and demonstrate ritualised 

behaviour at the home base (indexed as a shorter visit time to home base). 

6.3.5 Experimental protocol: 

This was as described in Chapter 3. For behavioural testing in the open field, SB- 

277011-A was administered at 40 mg /kg, clofluperol at 0.16 mg / kg and L- 

745870 at 0.63 mg / kg. All of these compounds were administered 60 minutes 
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prior to behavioural testing. The effect of each compound on quinpirole-induced 

compulsive checking behaviour was evaluated in a two-part full cross-over design 

such that half of the test cohort received solvent, the other compound with the 

treatments being reversed such that all animals received both test compound and 

solvent. 

6.3.6 Statistics 

All statistical analysis was performed using SAS for Windows via the Johnson & 

Johnson PRD biostatistics web interface. To comply with analysis of variance 

(ANOVA) assumptions; (1) gaussian distribution and (2) equal variance between 

treatment groups, data were first box-cox transformed and the SAS MIXED 

PROC procedure was used (this takes into account any unequal variance between 

treatment groups). A two factor ANOVA was used to analyse each compulsive 

checking parameter - (1) was there an effect of quinpirole, (2) was there an effect 

of the selective antagonist and (3) was there an interaction? Statistically 

significant interaction was followed up with pair-wise comparisons, significance 

was set at p< 0.05. 
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6.4 Results 

Rats chronically administered quinpirole show compulsive checking behaviour 

because compared with saline controls they display: excessive return to home 

base, excessive speed of return to home base, excessive lack of exploration 
between returns to the home base and demonstrate ritualised behaviour at the 

home base (indexed as a shorter visit time to home base- e. g. see Figure 6.2). 

6.4.1 Effect of dopamine D2 receptor blockade on compulsive checking 

As illustrated in panel A, Figure 6.1, there was a trend for the D2 receptor 

antagonist clofluperol to inhibit spontaneous locomotion at the highest (0.63 

mg/kg) dose. I therefore administered the compound at the 0.16 mg/kg dose to 

assess its effects on checking, even though there was no significantly statistical 

effect [F(3,20)=0.09, p=0.9636] and pair-wise comparison revealed no difference 

between saline and 0.63 mg/kg [t=0.43,0.6747]. 

6.4.1.1 Frequency of returns 

As shown in Figure 6.2 panel A, there was a significant QNP *clofluperol 

interaction [F(1,40)=7.71, p=0.0083]. Pair-wise comparison revealed that 

clofluperol significantly reversed quinpirole-induced increases in the frequency of 

returns to the home base (quinpirole alone animals made 239 ± 49.4 visits to home 

base versus 55 ± 37 made by quinpirole + clofluperol, t=5.36, p<0.0001). In fact, 

clofluperol returned the number of visits to home base to levels indistinguishable 

from saline-treated control animals (33.5 ± 16.2 visits, t=0.77, p=0.468). Finally, 

clofluperol did not affect the behaviour of saline-treated animals (t=0.81, 

p=0.4228). 

6.4.1.2 Rate of returns 

There was a significant QNP *clofluperol interaction [F(1,39)=5.16, p=0.0287] 

but clofluperol treatment did not significantly exacerbate quinpirole-induced 

increases in the rate of return (rate of return in quinpirole alone animals 4.8 ± 0.3 
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versus 9.3 ± 1.9 in quinpirole + clofluperol treated animals, t=-3.89, p=0.0678). 
Finally, as illustrated in Figure 6.2 panel B, there was no effect of clofluperol on 
the behaviour of saline-treated animals (t=1.36, p=0.1803). 

6.4.1.3 Return time 

The return time to home base results are shown in Figure 6.2, panel C. There was 

no interaction but significant effects of QNP [F(1,36)=44.27, p<0.0001] and 

clofuperol [F(1,36)=4.4, p=0.0431] alone. Clofuperol appeared to decrease the 

return time to home base in saline-treated animals (124.7 ± 41.6 seconds versus 
70.3 ± 16.2) but increase the return time in quinpirole-treated animals (9.7 ± 1.3 

versus 14.6 + 8.3 seconds). 

6.4.1.4 Stops before returning 

This is an index for the level of exploration. There was a significant QNP 

*clofluperol interaction [F(l, 33)=8.66, p=0.0059], pair-wise comparisons 

revealed that clofluperol significantly exacerbated quinpirole-induced reduction in 

the level of exploration [t=4.72, p<0.0001]. There was no effect of clofluperol on 

the behaviour of saline-treated animals (t=-0.49, p=0.6275). The results are 
illustrated in Figure 6.2, panel D. 

6.4.1.5 Duration of visit 

As shown in Figure 6.2, panel E, there was a significant QNP*clofluperol 

interaction [F(1,40)=9.24, p=0.0042]. Clofluperol significantly reversed 

quinpirole-induced reduction in duration per visit time (quinpirole alone animals 

spent 7.3 ± 1.8 seconds per visit to the home base versus the 942.9 ± 366.6 

seconds shown by quinpirole + clofluperol animals, t=-5.28, p<0.0001). 

Surprisingly, clofluperol did not significantly elevate the time spent in the home 

base of saline-treated animals (saline alone animals spent 192.6 ± 50 versus the 

538.4 ± 123.6 seconds displayed by saline + clofluperol treated animals, (t=-1.35, 

p=0.1385). 
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6.4.1.6 Locomotion in the open field 

As shown in Figure 6.5, Panel A, there was a significant QNP*clofluperol 

interaction [F(1,40)=7.34, p=0.0012]. Pair-wise comparison revealed that 

cloflupero1 significantly reversed quinpiro le- induced hyperlocomotion (t=2.35, 

p=0.036), to levels that were not significantly different to saline controls (t=-1.81, 

p=0.165). Clofluperol by itself had no effect on the locomotor behaviour of saline 

animals (t=-1.62, p=0.1122). 

6.4.2 Effect of dopamine D3 receptor blockade on compulsive checking 

As shown in Figure 6.1 panel B, SB-277011-A did not significantly alter 

spontaneous locomotion at any of the doses tested [F(3,16)=0.79, p=0.515]. We 

therefore used the highest dose (40 mg /kg) to assess the contribution of dopamine 

D3 receptors in mediating compulsive checking behaviour. 

6.4.2.1 Frequency 

As shown in Figure 6.3 panel A, there was a significant QNP*SB-277011-A 

interaction [F(1,40)=4.15, p=0.0483]. Pair-wise comparisons revealed that SB- 

277011 -A significantly reversed quinpirole-induced increases in the frequency of 

visits to the home base (quinpirole alone animals made 267.3 ± 35.8 visits to the 

home base versus 137.4 ± 26 made by animals treated with quinpirole + SB- 

277011-A, t=2.68, p=0.0105). SB-277011-A did not affect the behaviour of 

saline-treated animals (11.7 ± 2.7 visits to home base in saline alone animals 

versus 25 ± 13.2 visits made by saline + SB-277011-A, t=-0.08, p=0.9356). 

6.4.2.2 Rate of return 

Statistical analysis revealed significant main effects of quinpirole [F(l, 41)=19.71 

p<0.0001 ] and SB-277011-A [F(l, 41)=5.15, p=0.0285] but no interaction. SB- 

277011 -A appeared to reduce the rate of return in quinpirole treated animals (6.9 

± 1.0 versus 4.2 ± 0.6), see Figure 6.3, panel B. 
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6.4.2.3 Return time 

There was a significant QNP* SB-277011-A interaction [F(1,39)=17.42, 

p=0.0002 and pair-wise comparison revealed that SB-277011-A significantly 

reversed quinpirole-induced reduction in return time to home base (9.1 + 3.5 

seconds under quinpirole alone versus 23.8 ± 5.0 seconds under quinpirole + SB- 

277011-A, t=-3.23, p=0.0025). Again, SB-277011-A had no effect on the 

behaviour of saline-treated animals (t=-0.45, p=0.6561), see Figure 6.3, panel C. 

6.4.2.4 Stops before returning 

There was only a significant effect of quinpirole alone [F(l, 41)=17.42, p=0.0002] 

as SB-277011-A was ineffective [F(l, 41)=1.87, p=0.1793], see Figure 6.3, panel 
D. 

6.4.2.5 Duration of visit 

There was a significant effect of quinpirole only [F(1,41)=175.94, p<0.0001]. 

SB-277011-A was ineffective [F(1,41)=1.87, p=0.1794]. 

6.4.2.6 Locomotion in the open field 

As shown in Figure 6.5, panel B, there was a significant QNP*SB-277011-A 

interaction [F(1,40)=5.91, p=0.0196], but pair-wise comparison revealed that SB- 

27701 1-A did not significantly reverse quinpirole-induced hyperlocomotion 

(t=1.81, p=0.0797), nor significantly affect the locomotor activity of saline-treated 

animals (t=-1.62, p=0.1122). 

6.4.3 Effect of dopamine D4 receptor blockade on compulsive checking 

As shown in Figure 6.1, panel C, there was a significant inhibition on spontaneous 

locomotion [F(3,20)=2.85, p=0.049] and pair-wise comparison revealed a 

significant effect at the 2.5 mg/kg dose of L-745870 (t=2.87, p=0.0095). I 
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therefore used the 0.63 mg/kg to assess compulsive checking. The behaviour of 

animals in the open field is shown in Figure 6.4. 

In the open-field, quinpirole administered animals were significantly different 

from saline-treated animals on all scores of compulsive checking. There was a 

significant effect of quinpirole in the frequency [F(1,40)=88.5, p<0.0001] and 

rate [F(1,40)=11.34, p=0.0017] of returns to the home base. Quinpirole treatment 

also significantly affected the return time to home base [F(1,40), p=0.0007], the 

level of exploration between returns to the home base [F(l, 40), p=0.0375] as well 

as the duration of visit to the home base [F(1,40)=1 14, p<0.0001]. Finally, 

quinpirole also significantly enhanced the locomotor activity of animals in the 

open field [F(l, 41)=34.26, p<0.0001], Figure 6.5 panel C. On all of these 

measures, the selective D4 receptor antagonist L-745870 failed to show any 

significant effects. 
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6.5 Discussion 

The acute effects of quinpirole, a dopamine D2-like receptor agonist, were to 

induce a compulsive checking phenotype in Long-Evans rats following chronic 

administration of quinpirole. The D2-like receptor subtypes are D2, D3 and D4 

and their respective contributions to the expression of the compulsive checking 

phenotype were assessed by the use of selective antagonists against each of these 

receptor subtypes. Care was taken to choose concentrations of each compound 

that would not inhibit the spontaneous locomotion of experimentally naive Long- 

Evans whilst ensuring that an adequate level of selective receptor occupancy was 

achieved. 

At 0.16 mg/kg s. c. the selective dopamine D2 receptor antagonist clofluperol had 

no effect on the behaviour of saline-treated animals on the open field. Clofuperol 

did significantly normalise quinpirole-induced increases in the frequency of visits 

to home base to the levels observed in saline-treated animals. However, there was 

no corresponding decrease in the rate of visit to the home base and there was no 

reversal of quinpirole-induced reduction in return time. Moreover, clofuperol 

exacerbated quinpirole-induced reduction in the number of visits parameter. 

However, clofluperol was completely effective in reversing the quinpirole- 

induced reduction in the duration of visit to home base measure. In fact 

clofluperol returned the duration of visit parameter to levels shown by saline 

control animals. A weakness with my clofluperol findings is the lack of central 

occupancy data. Although in vitro binding indicates that the compound is 

selective, the relative occupancy of different receptors is unknown. Therefore, at 

the test dose of 0.16 mg/kg, one cannot be certain that the effects observed are due 

exclusively to D2 receptor blockade. 

The selective dopamine D3 antagonist SB-277011-A at 40 mg/kg also did not 

modify the open field behaviour of saline-treated animals. In contrast, SB- 

277011-A decreased quinpirole-induced increases in the frequency and rate of 

return to the home base and also significantly increased quinpirole-induced 

reduction in return time. SB-277011-A did not however reverse the quinpirole- 

148 



induced reduction in the number of visits or in the duration of visit to home base 

parameters. I observed that SB-27701 1-A did not inhibit spontaneous locomotor 

activity at doses up to and including 40 mg/kg. This is in agreement with literature 

where it has been reported that the compound had no effect on spontaneous 
locomotor activity at up to 90 mg/kg (Reavill et al, 2000). Although there was a 

trend for SB-27701 1-A to inhibit quinpirole-induced hyperlocomotion on the 

open field, this was not significant and also in agreement with literature where 90 

mg/kg of the compound failed to inhibit stimulant-induced locomotion (Reavill et 

al, 2000). 

Finally, the selective D4 receptor antagonist L-745870 at 0.63 mg/kg was 

ineffective in reversing any of the quinpirole-induced changes in compulsive 

checking or hyperlocomotion. I found that the selective D4 receptor antagonist L- 

745870 significantly inhibited spontaneous locomotor activity in experimentally 

naive Long-Evans rats at 2.5 mg/kg. This is in contrast to the findings reported by 

Bristow et al (1997) who only observed a significant reduction at 30 mg/kg. 

Different methodologies and strains of rats tested may explain this discrepancy. 

Crucially, in the Bristow study animals were habituated for at least 2 hours in the 

locomotor activity cages prior to administration of L-745870. 

There are some obvious weaknesses in this study that need to be addressed; (1) 

the lack of a dose response profile for each tested antagonist against compulsive 

checking parameters, (2) confidence regarding receptor selectivity and occupancy 

in vivo of compounds in this particular model system and (3) the lack of 

replication with other selective receptor antagonists. One-dose pharmacology is 

limiting simply because information is not available, one can not derive the 

confidence of observing a "real effect" from seeing an increasing trend / 

magnitude of effects in response to escalating concentrations of compound. 

Individual compounds and their doses were selected based on their described 

receptor binding profiles generated in vitro, their reported central receptor 

occupancy in vivo and by their effects on spontaneous locomotion in experimental 

naive, Long-Evans rats. Aside from this last criterion, tests were performed in 

biologically different/diverse systems than from my test model, and therefore 
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come with the obvious problems of extrapolation. Simply put, one cannot be 

100% confident regarding the selectivity and time course of central receptor 

occupancy of each antagonist during behavioural testing. More confidence can be 

generated by performing dose response studies and time course central receptor 

occupancy studies in Long Evans rats for each compound. Finally, maximal 

confidence in these findings can be provided by replication using other selective 

antagonists. 

In spite of these shortcomings, the current findings are robust enough to warrant 

interest in their possible implications. These results suggest that quinpirole 

induced compulsive checking is mediated by specific receptors. From the present 

findings it appears that quinpirole-induced increases in the frequency of return to 

the home base is mediated by both dopamine D2 and D3 receptor activation. In 

contrast, quinpirole induced increases in the rate of return to home base and faster 

return time to home base appears to be mediated exclusively via dopamine D3 

receptor activation. Perhaps most interestingly, the quinpiro le- induced reduction 

in the level of exploration between visits to the home base appears to be mediated 

independent of D2, D3 or D4 receptor activation. Finally, quinpirole-induced 

decreases in the duration per visit to home base and increases in horizontal 

locomotion appears to be mediated exclusively via activation of dopamine D2 

receptors. 

Thus, the present findings suggest that a combination but preferential D3 and D2 

receptor antagonist will be beneficial in tackling three out of the four measures of 

compulsive checking behaviour. Combination D3 and D2 antagonists include the 

neuroleptics haloperidol and risperidone. Appearing to contradict the present 

hypothesis, neuroleptic monotherapy has no efficacy in reducing OCD symptoms 

(Dougherty et al, 2004) and may in fact result in de novo emergence or 

exacerbation of OC symptomatology (Lykouras et al, 2003). However, although 

both compounds display equal affinity for the D2 and D3 receptors in binding 

assays, this does not translate in vivo. As demonstrated by Schotte et al, (1996), 

endogenous dopamine limits the binding of antipsychotic compounds to dopamine 
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D3 receptors in the rat brain. For example, ex vivo quantitative radiography 

revealed that for risperidone, the compound was three times less potent for the 

occupancy of D3 receptors in the islands of Calleja than in the cerebellum, an area 
lacking endogenous dopamine (ED50 28 versus 10 mg/kg respectively). Based on 

these observations, it is hypothesised that therapeutic doses of antipsychotic drugs 

will induce in patients only a minor occupancy of D3 receptors in brain areas 

containing high dopamine concentrations. Therefore although neuroleptics have 

been found to be ineffective in the management of OCD, the present hypothesis, 

that a preferential D3 and D2 dopamine receptor antagonist may be useful in 

treating OCD, still has not been tested in the clinic. 

As the D3 receptor antagonist SB-277011-A demonstrated an ability to reverse 

quinpirole-induced changes in compulsive checking parameters, it is interesting to 

speculate it's mechanism of action. It has been reported that acute administration 

of SB-277011 produced a significant increase in the extracellular levels of 

dopamine, noradrenaline and acetylcholine without affecting 5-HT in the anterior 

cingulate cortex in freely moving rats (Lacroix et al, 2003). Cortical acetylcholine 

has been suggested to play an important role in cognition (Lacroix et al, 2003). 

Specifically, prefrontal acetylcholine has been implicated in working memory 

processes indexed by behavioural tasks such as delayed nonmatching to sample 

(Broersen et al, 1995) and object recognition (Giovannini et al, 1998). Cognitive- 

enhancing drugs can increase acetylcholine release in the prefrontal cortex (Scali 

et al, 1994) and direct application of the muscarinic cholinergic receptor 

antagonist scopolamine into the frontal cortex (Mouton et al, 1988) or 

hippocampus (Messer et al, 1991) impairs working memory. Finally, 

acetylcholine release in the prefrontal cortex is increased during and after 

performance in a delayed alternation task (Hironaka et al, 2001). 

It therefore seems reasonable to suggest that SB-277011 may reverse compulsive 

checking behaviour induced by quinpirole by improving cognitive performance. 

In agreement are the findings that the relatively selective dopamine D3 receptor 

antagonist nafadotride blocks scopolamine-induced memory disruption (Sigala et 
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al, 1997) and that R(+)-7-OH-DPAT may impair passive avoidance learning 

through dopamine D3 receptors alone (Ukai et al, 1997). Most convincingly is the 

finding that SB-277011 is protective against the learning and memory deficits 

caused by scopolamine in a water labyrinth test (Laszy et al, 2004). This 

hypothesis, that dopamine D3 receptor antagonism may alleviate compulsive 

checking by enhancement of cognition can be further refined by the finding that 

L-745870 did not reverse quinpirole-induced compulsive checking. As L-745870 

was found to significantly improve working memory in a delayed alternation task 

in animals with poor baseline memory (Zhang et al, 2004), this suggests that 

dopamine D3 receptor enhancement of cognition in reversing quinpirole-induced 

compulsive checking occurs independent of improvements in working memory. 

This position is supported by the Morris Water Maze results obtained in Chapter 5 

where it was observed that for quinpirole-treated rats, escape latencies did 

decrease from the first trial to the last trial per acquisition day but not across 

acquisition days indicating a failure of long term memory rather than short-term, 

working memory. This is in agreement with clinical data that indicates that 

deficits in the nonverbal memory of OCD patients is a result of "impaired 

strategic organisation" (Savage et al, 1999) due to impaired executive function 

(Shin et al, 2004) and not due to deficits in nonverbal memory per se. Further, the 

lack of effect of L-745870 in the present study combined with the association of 

dopamine D4 receptors in ADHD (Barr et al, 2000) provides evidence of 

predictive validity for this animal paradigm for modelling OCD. 

The involuntary performance of motor behaviour is not exclusive to OCD, but is 

also shared, amongst others, by the closely linked neuropsychiatric disorder Giles 

de la Tourette's syndrome (TS). This disorder is characterised by multiple motor 

and vocal tics, mild cases may include repetitive bouts of sniffing, eye blinking 

with more serious cases taking the form of hitting, biting and socially 

unacceptable utterances such as shouting obscenities (Leckman, 2002). Tics may 

share similar elements with the ritual-like behaviour observed in OCD because (1) 

both sets of patients report feeling momentary relief following performance of 

rituals (Stein, 2001) and tics (Bliss, 1980) and (2) both tics and rituals are elicited 

by highly idiosyncratic cues (Leckman, 2002). Interestingly, between 45% and 
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90% of TS patients have obsessions and compulsions and if these symptoms were 

considered alone, many TS patients would meet criteria for OCD. Genetic studies 

point to co-morbid OCD and TS leading some to believe that TS is tics of the 

body whereas OCD is tics of the mind (Leckman, 2002). 

Frontline pharmacotherapy for TS lies in low dose neuroleptics (Freeman et al, 

2000) such as haloperidol and risperidone. Efficacy of these drugs is associated 

with blockade of postsynaptic dopamine D2 receptors (Shapiro et al, 1989; Dion 

et al, 2002). Further evidence of predictive validity in this animal paradigm is 

therefore provided by the present fording that the selective dopamine D2 

antagonist clofluperol completely normalises quinpirole-induced ritualised 

behaviour (as indexed by reversal of quinpirole-induced decreases in the time 

spent in the home base per visit) without improving the other measures of 

compulsive checking. It would be interesting to determine if a SSRI and 

neuroleptic combination could reverse all measures of quinpirole-induced 

compulsive checking and thereby suggest that this animal paradigm might be a 

model of tic-related obsessive compulsive disorder. 

It is interesting to note that D3 receptor blockade did not completely normalise the 

behaviour of quinpirole-treated animals back to saline-treated levels. Clearly, 

although quinpirole-driven behavioural changes are mediated by more than 

dopamine D3 activation, the results are consistent with the hypothesis proposed 

by Richtand et al (2001) who suggest that downregulation of the dopamine D3 

receptor function contributes to behavioural sensitisation. As dopamine has a 70- 

fold greater affinity for D3 over DI and D2 receptors, there will be greater 

occupancy for the D3 receptor at typical dopamine concentrations following 

stimulant drug administration. This results in differences in the relative tolerance 

at D3 vs. D1 and D2 receptors. Sensitisation, they suggest, is a result of 

diminished inhibitory influence of the D3 receptor `brake' resulting in activation 

of DI and D2 receptors running `unchecked' (Richtand et al, 2001). Consistent 

with their hypothesis, the administration of a D3 receptor antagonist prevented the 

expression of some elements of behavioural sensitisation. 
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Finally, the neural site of action of SB277011-A is currently unknown. As the 

candidate structures are relatively few in number because in rats, the distribution 

of the D3 receptor is restricted to the postsynaptic sites in the nucleus accumbens, 

amygdala and mesolimbic dopamine cell bodies (Diaz et al, 1994,1995), it would 
be interesting to follow-up this study by delineating the site of action of this 

dopamine D3 receptor antagonist. 

6.6 Conclusion 

In conclusion, the study has shown that quinpirole-induced "compulsive 

checking" behaviour is mediated via activation of dopamine D2 and D3 receptors. 

Although quinpirole is also a D4 receptor agonist, the present results indicate that 

dopamine D4 receptors do not contribute to the compulsive checking phenotype. 

The findings suggest that a mixed dopamine D3 and D2 receptor antagonist may 

be of value for the treatment of OCD but further experiments using different doses 

and compounds will be required to fully validate these results. 
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Chapter 7: DNA microarray analysis of differentially 

expressed genes in chronic 

compulsive checking rats 

quinpirole-induced 
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7.1 Introduction 

7.1.1 The value of analysing genes in the search for understanding Obsessive- 

compulsive disorder 

If the genotype automatically led to the expression of the phenotype then all 
identical twins would suffer from identical diseases (Joos et al, 2003). As this is 

not the case, it is clear that phenotypic expression of obsessive-compulsive 
disorder (OCD) can be influenced by environment-gene interactions. 

Nevertheless, there is substantial evidence to support a definitive role of 
background genes underlying the expression of OCD (see Chapter 1- General 

Introduction). 

One of the major limiting factors in understanding the genetic contribution to 

OCD is the time needed to screen the large number of potential genes involved. 

To illustrate the task in hand, when the human genome project is finally finished it 

is expected that it will consist of approximately 35,000 genes (e. g. Das et al, 

2001) and each of these genes can be present in different variants (polymorphisms 

- mostly single nucleotide polymorphisms). The number of these polymorphisms 

has been estimated to be greater than 11 x 106 for the entire human genome (Joos 

et al, 2003). Of course, not all of these genes will be relevant to OCD (despite the 

fact that genes may have back-up functions and may interact with one another) 

and the challenge is to screen and find those that are. The technique of a highly 

parallel screening tool such as microarray, which allows the screening of tens of 

thousands of genes in a short time span (Eisen & Brown, 1999) , 
is one way of 

tackling this issue. This use of microarray technology is adopting a so called 

hypothesis-generating approach in that using a screening method can lead to the 

identification of a set of candidate genes associated with a specific condition. 

These identified genes still need to be tested for their function and relevance via 

so-called classical hypothesis-driven research (Murphy, 2002). Thus, microarrays 

are a useful tool for generating targets and form only one part of a multi-discipline 

process in the drive to understand the influence of genes upon phenotype. 
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7.1.2 What is a microarray? 

The central dogma states that genomic DNA is transcribed into messenger RNA 

(mRNA) and that this mRNA is then translated into protein. Microarrays monitor 

the transcriptome, the collection of mRNA in a cell. Changes in mRNA 

expression may lead to phenotypical and morphological alterations. It is these 

changes in the pattern of expression of multiple genes that can offer up new 

understanding of regulatory pathways (Bunney et al, 2003). The basic concept of 

a microarray is simple. RNA is collected from a cell or tissue sample and labelled 

to generate the target- a free nucleic acid sample whose identity and abundance is 

being detected. This is then hybridised to the tethered probe DNA sequences 

corresponding to specific genes that have been affixed, in a pre-determined 

configuration, onto a solid matrix. Quantitative hybridisation, based on Watson 

and Crick base pairing, between probe and target provides a measure of the 

abundance of a particular sequence in the target population. This information is 

then digitised and analysed in various different permutations in order to extract 

biological information. A simple comparison of the hybridisation patterns enables 

the identification of mRNAs that differ in abundance in two or more target 

samples (Joos et al, 2003) 

7.1.3 Affymetrix Oligonucleotide Probe arrays 

The industry standard microarray platform is the Affymetrix system (Affymetrix 

Inc., Santa Clara, California, USA- Murphy, 2002). Their high-density GeneChip 

arrays contain oligonucleotides (probes) that are synthesised on a derivatised glass 

slide (Lockhart & Winzeler, 2000; Lipshutz et al, 1999). Generating 

oligonucleotides entails adding one base at a time in sequence, this synthesis 

involves the use of photolithography-directed combinatorial chemical synthesis 

(protective chemistry and lithographic masks) to allow the placement of specific 

nucleotides in preferred locations to form multiple arrays on a single glass wafer. 

Using the Affymetrix hybridisation system, GeneChips are hybridised with 

fragments (35-200 residues long) of biotinylated target RNA derived from 5 µg of 

total cell RNA or 0.2 µg of poly(A)-selected mRNA. After washing and scanning, 

the computer registers where each fragment or specific gene is located on the slide 
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matrix and the hybridised probe is recognised by a streptavadin-phycoerythrin 

conjugate. Data are retrieved by scanning with a laser and the pattern of 
fluorescence captured via a confocal scanner. The resulting fluorescent image can 

then be processed to extract relevant information. 

By using probes in regions of the gene sequence that significantly diverge it is 

possible to distinguish mRNA transcripts that are up to 90% identical. For each 

gene of interest, Affymetrix have designed 11 unique probes that are 100% 

complementary to various regions on the target gene (known as Perfect Match - 
PM- probes), and these 11 probes are placed throughout the surface of the gene 

chip. In addition to these 11 perfect match probes, each gene chip also includes 11 

partner probes that are identical to the corresponding perfect probe except that 

each contains a single base mismatch in the centre (these are known as the 

Mismatch -MM- probes). The use of multiple probes for each transcript, together 

with the use of the mismatch strategy minimises the effects of non-specific 

hybridisation and background noise and therefore increases the reliability of the 

system. 

7.1.4 Interpreting microarray output 

This is the single most problematic issue regarding microarray data and although 

there are rapidly evolving statistical approaches, none are routine or standardised. 

Nevertheless, when using the Affymetrix platform there are three generalised 

steps. 

7.1.4.1 Summation 

On any individual gene chip, there are as many as 22 readings of relative 

abundance for any one gene located on that chip, and there may be as many 22, 

000 genes in total. The first step that is needed is to condense/summarise the data 

such that each individual gene has only one output measure of abundance. 

Although this sounds simple, the reality is anything but, with the field divided as 

to the most appropriate statistical method of achieving this aim. Affymetrix 

advocate the use of their own program MAS 5.0 that uses the match versus 
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mismatch strategy. Other statistical packages such as RMA (Robust Microarray 

Analysis - Irizarry et al) and dCHIP (Li & Hung Wong, 2001) ignore this method 

and only use the values generated from the perfect match probe sets. Current 

thinking in the field is concerned with addressing the binding kinetics of the 

probes themselves, the consensus being that each individual probe is chemically 

unique and will therefore have unique binding properties and this is not addressed 
in currently available statistics packages. One algorithm in development, 

CGRMA, assesses probes based on their guanine and cytosine content. 

7.1.4.2 Normalisation 

Once individual gene readings per chip are established, values need to be 

normalised across gene chips so that comparisons of gene expression can be made 

across gene chips. The two most popular methods are quartile normalisation and 

variance stabilisation normalisation. The aims of summation and normalisation 

are background elimination, filtration and normalization, all contributing to the 

removal of systematic variations between chips and thus enabling group 

comparisons. 

7.1.4.3 Detecting differentially expressed genes 

This is often termed "data mining" and represents the revealing of relevant 

patterns of interest in data. The aim of a microarray experiment is to determine if 

there are differentially expressed genes between defined groups. In theory then, an 

investigator should examine every one of the 20,000 odd genes found on a chip. 

As this is not a very practical idea, the solution is to use statistics as a tool to aid 

analysis. Statistics are used to achieve two aims: (1) omit genes that were not 

differentially expressed and (2) prioritise the most interesting gene changes. The 

basic approach used by all statistical tests is to establish a statistic for each gene 

and from that calculate the null distribution of the statistics. (If the null and the 

observed statistic are identical then there was no significant effect). The next step 

is to determine the significance threshold for calling genes differentially expressed 

- this then gives an arbitrary ranking of the genes according to the magnitude of 
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the difference between null and observed. Finally an appropriate measure of 

significance for each gene is needed, taking into account the multiple comparisons 

problem. A traditional statistical problem typically concerns one variable and lots 

of samples - microarrays turn this situation on its head so that there are multiple 

variables and relatively few samples. The upshot of this is that the likelihood of 

finding a significant result due purely to chance is increased dramatically when 

one is performing upwards of 10,000 t-tests compared with just one. A number of 

different options have been developed to address this problem such as the Q-value 

and SAM (Pan, 2001) analysis. 

7.1.5 Confirmation of microarray findings 

Ultimately, these tools are used to interpret microarray data within the context of 

gene function and the functional relationships between genes, in other words, 

relating data with existing biological knowledge. Due to the statistical problems 

associated with microarray data, it is important that any findings are confirmed 

using independent techniques, preferably with separate samples rather than with 

the tissue or RNA used to derive the original targets. This avoids generating 

technical replicates and instead only the biological variation is addressed. One 

such method is real-time quantitative PCR (RTQ-PCR) where an attempt is made 

to quantify the amount of mRNA to the level of fluorescence detected via the 

generation of standard curves (see Introduction in Chapter 2). 

7.1.6 Animal model for obsessive-compulsive disorder 

As already outlined in previous chapters there is a lack of knowledge regarding 

the pathophysiology of OCD and an urgent need to develop new and more 

effective pharmacotherapy. One way of overcoming these problems is via the use 

of animal models and one such model is the chronic quinpirole-induced 

compulsive checking paradigm (Szechtman et al, 1998). Animals are administered 

0.5 mg/kg quinpirole and immediately run on a large open field that contains four 

fixed objects. Over the course of 10 injections, animals develop a phenotype that 

fit criteria for compulsive checking (see Introduction Chapter 3). As such, this 

animal paradigm has been advocated as a model for OCD. 
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There are several observations that suggest that there is a strong transcriptomic 

component in the animal model. Firstly, as shown in Chapter 3, the compulsive 

checking phenotype does not fully manifest itself until after eight exposures to 

quinpirole and the open field, indicating strongly that there is a sensitisation 

component. Learning requires modification of neuronal connections and may 
involve processes that include long-term potentiation and long-term depression 

and these require changes in gene expression. Further, the compulsive checking 

phenotype appears to be long-lasting as the sensitised response to quinpirole is not 

blunted even after a 17 day non-manipulation period. Thus, a neuronal "hard- 

wiring" that accompanied the development of compulsive checking may be 

permanent - again suggestive of changes in gene expression. 

7.2 Aim 

Having set-up a potential animal model for OCD, the aim of the present 

experiment was to probe the transcriptomic contribution to the quinpirole-induced 

compulsive checking phenotype by means of a microarray analysis. Based upon 

the available literature implicating specific brain circuitry in mediating OCD (see 

Introduction) I decided to examine the prefrontal cortex, striatum and thalamus for 

gene changes. 
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7.3 Materials and Methods 

7.3.1 Experimental history: 

Two groups of rats were tested using a repeated measures design; one group was 

treated chronically (twice weekly for 5 weeks, total 10 sessions) with yuinpirole 

(N=12) and the other group were administered saline (N=12) to establish 

compulsive checking. At time of behavioural testing, individual animals were 

injected and immediately placed on the open field where their behaviour was 

recorded for 60 minutes. 

Animals were then left undisturbed in their respective home cages before being 

challenged again 17 days later with either saline or QNP (session 11). 

Confirmation of the compulsive checking phenotype in the QNP administered 

group resulted in the daily administration of an SSRI (or solvent), paroxetine (10 

mg / kg, s. c. ) for 21 days to all animals before challenge with either QNP or saline 

(session 12). No reversal of the compulsive checking phenotype was observed in 

animals treated with paroxetine but as a precaution, animals were left undisturbed 

in their home cages for a period of 22 days to allow the drug to wash-out. Animals 

were then challenged for the final time (session 13) with QNP or saline to elicit 

the appropriate behavioural response. 

7.3.2 Tissue collection: 

Upon completion of the final test session on the open-field, the animal was 

returned to its home cage and carried to the dissection lab. Exactly 20 minutes 

after the end of the test session the animal was sacrificed by decapitation. The 

brain was rapidly removed and separated in half along the midline. Following a 

counter-balanced schedule, one half-brain was immediately frozen in isopentane 

(maintained at -40°C on dry-ice) and stored at -70°C. The prefrontal cortex, 

striatum and thalamus were removed from the remaining half-brain, placed in 

individual 2 ml Eppendorf tubes and snap frozen in liquid nitrogen for 5 minutes 

before being stored at -70°C. Between dissections, all equipment was scrubbed 

clean with hot water and soap, followed by application of ethanol spray and 
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RNase-free spray. Fresh gloves, towels, RNase-free water and scalpel blade were 

used for each new dissection. Tissue samples were sent to the Genomics 

department where they were processed according to the following methods. 

7.3.3 RNA isolation 

Total RNA was extracted from brain tissue using Trizol (Invitrogen) followed by 

a clean-up step using the Qiagen RNeasy mini kit (Qiagen) following the 

manufacturer's instructions and eluted in 6Oµ1 of RNase-free distilled H2O. RNA 

concentration was determined spectrophotometrically and RNA integrity was 

confirmed by 1% agarose gel electrophoresis. 

7.3.4 Target preparation 

Double-stranded DNA was synthesised using the Superscript Choice System 

(Invitrogen). Typically, 5 pg of total RNA was used in a reverse transcription 

reaction to synthesise (-) strand cDNA with a primer containing poly dT and T7 

RNA polymerase promotor sequences. Double-stranded cDNA was phenol- 

chloroform extracted followed by ethanol precipitation. The cDNA was 

resuspended in 14 µL RNase-free water and 12 µL was used as a template for in 

vitro transcription in the presence of biotinylated uridine 5'-triphosphate to 

generate labelled antisense RNA. This labelled RNA was purified using the 

Qiagen Rneasy Minin Kit spin columns (Qiagen) and quantified 

spectrophotometrical ly. 

7.3.5 Array hybridisation and scanning 

Labelled cRNA was fragmented in fragmentation buffer (5X buffer: 200 mM 

Tris-acetate, pH8.1,500 mMKOac, 150 mM MgOAc) and hybridised to the 

microarrays in 300 µl of hybridisation solution containing 15 pg of labelled target 

in IX hybridisation buffer together with herring sperm DNA (10 mg/ml), 

acetylated BSA (50 mg/ml) and 10% DMSO. 
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Samples were hybridised on a Rat Genome-U34A Array (Affymetrix). This array 

contains probes derived from more than 4500 full length / annotated genes as 
8000 expressed sequence tags (Lopez et al, 2003). Arrays were placed on a 

rotisserie and rotated at 60 rpm for 16 hours at 45°C. After hybridisation, the 

arrays were washed with 6X SSPE-T (3M NaCl, 0.2M NaH2PO4,0.02 M EDTA) 

at 25°C on a fluidics station (Affymetrix) and subsequently with 12X MES wash 
buffer. The arrays were then stained with a streptavidin phycoerythrin conjugate 
followed by a set of wash cycles. To further enhance the signals, the arrays were 

subsequently stained with anti-streptavidin antibody and after additional wash 

cycles, the arrays were scanned using a confocal scanner (Affymetrix). 

7.3.6 Data processing 

Raw data were acquired using Microarray Analysis Suite 5.0 (Affymetrix) and 

normalised using the standard practise quartile normalisation method. The 

resultant output was loaded into the OPE software package (OmniViz) which used 

Significant analysis of microarray (SAM) statistical analysis (Pan, 2001) to 

identify differential expressed gene transcripts between the chronic quinpirole and 

chronic saline treatment groups. The SAM method was chosen to limit the 

number of false positives identified, our cut-off delta value criteria was chosen 

when we expected one false positive to be identified in the dataset. 

7.3.7 Pathway analysis tools and data mining 

All gene transcripts that were significantly altered between treatment groups were 

clustered into functional categories and where possible into pathways based on 

Affymetrix gene ontology, KEGG, OmniViz Pathway Enterprise, GenMapp, 

Biocarta, Ingenuity, PathArt, GeneGo and literature searches. 

7.3.8 Supplementary data processing 

On an individual gene chip there are as many as 22 readings of relative abundance 

for any one gene located on that chip and there may be as many 22,000 genes in 

total. The first step that is needed is to summarise the data such that each 
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individual gene has only one output measure of abundance per chip. Current 

thinking in the field suggests that this summation step may be the most crucial in 

determining subsequently identified differentially regulated transcripts and there 

is controversy as to which statistical method should be used. With this in mind, 

raw data were re-acquired using 3 different summation techniques; RMA, dCHIP 

and CGRMA. Data were then normalised and processed as before, gene 

transcripts that were common to all 4 summation methods were identified. 

7.3.9 Confirmation of microarray findings 

Follow-up RTq-PCR experiments were not performed due to time constraints. 

Reported findings must therefore be regarded as preliminary. 
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7.4 Results and Discussion 

The aim of the present study was to identify changes in gene expression in the 

pre-frontal cortex, thalamus and striatum induced by the chronic quinpirole- 
induced compulsive checking phenotype. By identifying these genes, I hoped to 

identify a gene pathway that underlies the compulsive checking phenotype and 

ultimately to identify possible genes that may be implicated in obsessive- 

compulsive disorder. The microarray revealed a relatively small number of 
differentially expressed genes and the low number of commonly regulated genes 
between brain regions suggests that chronic quinpirole treatment induced different 

changes in different brain areas. 

7.4.1 Genes significantly called by MAS5.0 

Concordance correlation analysis on the entire data set of 72 samples revealed that 

samples correlated into 3 clusters according to tissue type (Figure 7.2), providing 

quality control for the sample collection process as well as confirmation of SSRI 

non-efficacy. SAM analysis identified 119 significantly differentially expressed 

transcripts between treatment groups, corresponding to 93 unique gene 

annotations (see Appendix 1). The relationship between gene changes and tissue 

type is illustrated in Figure 7.2. A first glance shows that the prefrontal cortex 

was the brain region with the most number of gene changes (32 sequences up and 

26 down-regulated). In contrast, the thalamus was the least genetically active 

region with only 10 up and 9 down-regulated sequences. Finally, in the striatum 

there was mostly down-regulation with only 2 up but 36 down-regulated 

transcripts. 

The number of commonly regulated gene transcripts was small. The only gene to 

be up-regulated in all 3 brain regions was H3 Histone, family 3B (H3fb3) and 

only Heat Shock 70kD protein IA (Hspala) and proyl-4-hydroxylase alpha 

subunit (P4hal) were downregulated in all 3 tissue types. 
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Histones are the basic nuclear proteins responsible for the nucleosome structure of 

the chromosomal fiber in eukaryotes. Two each of the core histones (H2A, H2B, 

H3, and H4) form an octamer, as the protein moiety of the core structure of the 

nucleosome. The linker histone H1 is involved in sealing 2 rounds of nucleosome 
DNA at the surface of the nucleosome core and is also involved in the formation 

of higher order structures of chromatin. Because of their function in organizing 

chromosomal structure, histones contribute to virtually all chromosomal 

processes, such as gene regulation, chromosome condensation, recombination, 

and replication (OMIM entry *142711). The up-regulation of H3fb3 probably 

reflects chromatin remodelling that is required for transcriptional activity which 

ultimately leads to gene changes. The role of Hspala is to stabilise existing 

proteins and mediate the folding of newly translated proteins, as such it is anti- 

apoptotic and its downregulation in all three brain regions may reflect general 

apoptotic processes. P4hal has been implicated in collagen synthesis and also 

exoskeleton formation and its downregulation may reflect general intracellular 

reorganisation. 

Figures 7.3,7.4 and 7.5 illustrate the pathways of gene changes occurring in the 

prefrontal cortex, thalamus and striatum respectively. These pathways are based 

on a variety of sources including pathway analysis tools as well as from 

quinpirole related literature. For example, Yan et al (1999) reported that acute 

incubation of quinpirole in rat brain slices ex vivo resulted in rapid 

phosphorylation of mitogen-activated protein kinase (MAPK) and cAMP response 

element-binding protein (CREB). MAPK activation was dependent upon an 

elevation in intracellular Cat+, protein kinase C activation and MAPK kinase 

activation but not on protein tyrosine kinase (Prk2). CREB activation was 

mediated by activation of protein kinase C and Cat+/calmodulin-dependent kinase. 

Culm et al (2004) found that daily administration of 0.1 mg/kg quinpirole 

significantly increased cAMP-dependent protein kinase (PKA) activity and 

phosphorylation of CREB in the nucleus accumbens. 
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7.4.1.2 Prefrontal cortex changes 

In the prefrontal cortex there appears to be an abundance in the up regulation of 

pro-apoptotic gene signals in the prefrontal cortex of chronic-quinpirole treated 

animals (e. g. Dual specificity phosphatase 1 (DUSP1), rhoB gene (ARHB), NF- 

kappa-beta inhibitor A (NFKBIA), B-cell translocation gene 2 (BTG2-Rouault et 

al, 1996) and Kruppel-like factor 4 (KLF4 -Shields et al, 1996). Moreover, Duspl 

is inducible by oxidative stress (Keyse & Emslie, 1992) and specifically 

inactivates mitogen-activated protein kinase in vitro (Alessi et al, 1993). ARHB 

has been implicated in actin cytoskeleton remodelling (Maekawa et al, 1999). 

Finally, KLF4 has also been implicated in creating a surface seal in the epidermis 

protecting against microbial infections and dehydration in animals (Segre et al, 

1999). 

A second process that is occurring in the prefrontal cortex appears to be an up- 

regulation in energy demand with increased mRNA expression of ARHB which 

also regulates endocytic traffic; solute carrier family 2 member 1 (Slc2al), which 

is the major glucose transporter through the mammalian blood brain barrier (Agus 

et al, 1997) and solute carrier family 12, member 4 (Slcl2a4), a potassium- 

chloride cotransporter. Also upregulated are glycerol-3-phosphate acyltransferase 

(GPAM), which catalyses the initial and committing step in glycerolipid 

biosynthesis (Shin et al, 1991), phoshoserine aminotransferase 1 (PSAT1) and 

hyaluronidase 2 (HYAL2), which all have roles in biosynthesis and metabolism 

pathways. Up-regulation of three antioxidants, Metallothionein (Mtla -Masters et 

al, 1994; Beattie et al, 1998), catalase (Cat) and protein tyrosine phosphatase 16 

(Ptpn16- which also serves to inhibt mitogen activated kinase phosphorylation), as 

well as the putative immune response signals, LPS-induced TNF-alpha factor 

(Litaf), interferon-induced transmembrane protein 3-like (Ifitm3l) and Prkal, a 

metabolic-stress sensing protein kinase (Minokoshi et al, 2004), suggest that there 

is perhaps increased toxicity and an immune response in the prefrontal cortex. 

Finally, structural genes such as smooth muscle alpha-actin (Acta2-found in 

cytoskeleton and used for assembly and contraction), aminolevulinic acid 

synthase 1 (Alasl- the first and rate-limiting step in the mammalian heme 

biosynthetic pathway) and Plat (alternatively known as tissue plasminogen 
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activator and involved in cell migration, tissue remodelling and recovery from 

injury) and are also up-regulated. Tissue plasminogen activator is particularly 
interesting, it is a serine protease that catalyses the conversion of plasminogen to 

plasmin. It plays an important role in fibrinolysis (Astrup, 1991) and is also 

expressed abundantly in the brain (Qian et at, 1993; Seeds et at, 1995). In the 

CNS, tissue plasminogen activator is stored in synaptic vesicles and released into 

the extracellular space by a depolarisation stimulus (Gualandris et at, 1996; 

Parmer et at, 1997) followed by up-regulation of its mRNA (Carroll et at, 1994). 

Recent studies demonstrate that tissue plasminogen activator participates in 

neurite outgrowth and neuronal development by cleaving proteins of the 

extracellular matrix and potentially forming a path for extending processes 
(Jacovina et at, 2003; Wu et at, 2000). This protease is also involved in late phase 
long-term potentiation (Baranes et at, 1998; Frey et at, 1996), learning and 

memory (Calabresi et at, 2000), excitotoxic neurodegeneration (Siao et at, 2003; 

Tsirka et at,, 1995) and regeneration or recovery from injury in the nervous system 
(Siconolfi & Seeds, 2001). On it's mechanism of action, tissue plasminogen 

activator is involved in synaptic plasticity by remodelling directly by itself (e. g. in 

LTP-Zhuo et at, 2000) or indirectly by converting plasminogen to plasmin (e. g. in 

neurite outgrowth or cell migration -Krystosek et at, 1981; Seeds et at, 1999). It 

therefore appears that there is substantial tissue remodelling occurring in the 

prefrontal cortex in chronically-administered quinpirole animals. 

Complementing this hypothetical remodelling in prefrontal cortex is the 

observation of reduced vesicle transport and synaptic transmission gene signals. 

Key findings are the reduced mRNA expression of phosphatidylinositol 4-kinase 

(Pik4ca), which plays an important role in phosphatidlinositol biosynthesis as well 

as in synaptic transmission and signal transduction; reduced synaptosomal 

associated protein (Snap25) signal, which mediates the regulation of 

neurotransmitter release (Zhao et al, 1994; Grabs et al, 1996) and 

calcium/calmodulin-dependent protein kinase II alpha subunit (Camk2a), a 

protein which is responsible for Ca 2+ signalling and plasticity at glutamate 

synapses (Bayer et al, 2001). A homozygous null mutation of Camk2a has been 

found to block hippocampal long-term potentiation and learning (Silva et al, 
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1996) and disrupts experience-dependent plasticity in the sensory cortex (Gordon 

et al, 1996). Frankland et al (2001) found that mice heterozygous for a null 

mutation of Camk2a showed normal learning and memory 1 to 3 days after 

training in 2 hippocampus-dependent tasks but that their memory was severely 
impaired at longer retention delays (10 to 50 days). These results indicate that 

Camk2a may modulate the synaptic events required for consolidation of memory 

traces in cortical networks. Additionally, GTPase Rab 14 (Rabl4), a regulator of 

vesicular transport and Scn2al, a principal subunit of voltage gated sodium 

channel type II, whose dysregulation is implicated in epilepsy and febrile seizures 

(Heron et al, 2002; Berkovic et al, 2004), were also downregulated. 

Finally in the prefrontal cortex, there is downregulation of anti-apoptotic gene 

signals (Arc and Dyrkla, but also the pro-apoptotic gene signal prohibitin (Phb)) 

and down regulation of various genes involved in modificational processes (Nrdl 

and Psmb4 which activate protein precursors; P4ha1 which is important in 

collagen synthesis, PDPI which is involved in maintaining pyruvate 

decarboxylase levels and Hsj2 which is implicated in protein folding, proteolysis, 

phosphorylation and replication of phage (all referenced from OMIM and 

references found within). 

7.4.1.3 Changes in the thalamus 

Although there are a smaller number of differentially expressed genes in the 

thalamus, there is a similar pattern of gene regulation as seen in the prefrontal 

cortex. There also appears to be an increased energy demand in the thalamus of 

chronic quinpirole-treated animals (up-regulation of Slc2al and solute carrier 

family 11 proton coupled divalent metal ion transporter Slc II a2) and toxicity and 

tissue remodelling (suggested by up-regulation of Ptpnl6 and Plat mRNA 

respectively). In contrast to gene changes observed in the prefrontal cortex, there 

is an absence of downregulation in vesicle transport/synaptic transmission signals 

in the thalamus. Instead there is inconsistent up-regulation and downregulation of 

both pro-apoptotic and anti-apoptotic gene signals. 
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7.4.1.4 Changes in the striatum 

The striatum of chronic-quinpirole-treated animals is almost devoid of up- 

regulated gene signals, although the up-regulation of Vdupl mRNA suggests the 

presence of toxicity in this brain region. The majority of gene regulation appears 

to be a reduction in signals mediating cell differentiation/proliferation. There is a 

downregulation of VEGF (vascular endothelial growth factor) mRNA -a critical 

factor mediating cell proliferation. In addition, downregulation of the early growth 

response transcription factors Egrl, Egr2 and Egr4 was observed, as was CCND3 

which controls CDK kinases and is required for G1/S transition. Finally, Jun-B, c- 

fos, Nr4al and Arc (Li et al, 2002), all immediate early genes and transcription 

factors were also downregulated - suggesting decreased transcriptional activity. 

Decreased protein modification and vesicle transport/synaptic transmission also 

appear to be occurring in the area of the striatum with a downregulation of 

Homerl, Rnf28, Tnfrsfl 1b and Fzd2 all potentially significant findings in signal 

transduction. 

7.4.2 Genes significantly called by MAS5.0, dCHIP, RMA and GCRMA 

As outlined in the Methods section, one method to delineate the most robust gene 

changes associated with the compulsive checking phenotype induced by chronic 

quinpirole treatment, is to re-analyse the dataset using three different statistical 

summation methods. Table 4 shows the genes that were called significant by all 4 

summation techniques. Strikingly, the number of genes called is significantly 

lower compared with the MAS5.0 method alone (19 unique genes versus 93) and 

the striatum was the brain region with the highest number of significantly 

differentially regulated genes (1 up and 10 downregulated). This is in apparent 

contradiction to earlier findings with SAM analysis, which identified the striatum 

to be the brain region with the least number of differentially expressed transcripts. 

However, the present findings simply suggest that the most reliable gene changes 

occur in the striatum. 

The majority of gene changes were downregulated in the chronic quinpirole 

treatment group and none of the 19 genes were significantly called in all three 
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brain regions. However, LOC245963 (estrogen-regulated protein CBL20,20.4 

kD) was up-regulated in both prefrontal cortex and thalamus, Arc and Tnfrsfl 1b 

were significantly downregulated in prefrontal cortex and striatum, and Hspala 

and Hspbl were both significantly downregulated in thalamus and striatum. 

Overall, these gene changes tell the same story as before. In the prefrontal cortex 

and thalamus, there are indications of increased apoptosis, increased energy 
demand, toxicity and decreased neuronal activation. In the striatum the inhibition 

of cellular activity is particularly pronounced with 7 out of the original 14 genes 

identified in the cell growth/differentiation group being called significant. Finally, 

Homerl downregulation is also picked up by all 4 summation techniques. 

7.4.3 Gene pathways mediating quinpirole-induced compulsive checking 

The present microarray findings do not easily lend themselves to the identification 

of pathway(s) that underlie the quinpirole-induced compulsive checking 

behaviour. This is partly due to the lack of knowledge associated with these 

genes. Most of these genes can only really be clustered together by similar 

biological functions. 

7.4.4 Links with the Online Mendelian Inheritance in Man (OMIM) database 

None of the reported genetic underpinnings associated with Obsessive-compulsive 

disorder in the OMIM database were identified in the present study. Specifically, 

a single-nucleotide polymorphism (1425V) in the SLC6A4 serotonin transporter 

gene has been associated with the disorder (Ozaki et al, 2003). Another single 

nucleotide polymorphism in the promoter region of the 5-HT2A receptor gene is 

also associated with susceptibility to OCD (Enoch et al, 1998; Walitza et al, 

2002). Finally, a protective effect of the met66 allele of brain-derived 

neurotrophic factor (BDNF) - has been identified (Hall et al, 2003). The present 

microarray study identified upregulated mRNA expression of several 

carbohydrate carriers but none were for serotonin. No receptor change were 

identified in the microarray nor was BDNF differentially regulated. Interestingly 

however, the present findings are in alignment with recent clinical data suggesting 

172 



an altered immune function in OCD patients (Denys et al, 2004). Specifically, 

there was decreased TNF-alpha and Neurokinin activity in these patients versus 

controls. 

7.4.5 Limitations and confounds 

Although the present findings warrant discussion, caution must be exercised in 

their interpretation. Firstly, the microarray experiment identified 93 differentially 

expressed genes between the chronic quinpirole and chronic saline treated 

animals. I have concentrated the analysis and constructed hypotheses based on 

only a small subset of these genes. What role do the other genes played in 

mediating quinpirole-induced compulsive checking? Secondly, despite attractive 

features of microarray technology there are a number of intrinsic technical 

problems such as low sensitivity of detection of expressed genes, cross- 

hybridization, interarray variability as well as diverse methods of data processing 

that affect the reliability of microarray data (Murphy, 2002). Without follow-up 

replication of present findings using supplementary microarray experiments or 

validation using RTq-PCR, these reported differentially expressed genes must be 

considered preliminary at best. 

Thirdly, this experiment only examined genetic changes at one single time point. 

As shown in Chapter 4, the full expression of the compulsive checking phenotype 

requires both the chronic and the acute exposure to quinpirole. In this experiment, 

it is impossible to differentiate the gene changes caused by these different 

manipulations. It would assist the interpretation of the present results if the 

identity of genes that were differentially expressed due to acute quinpirole alone 

were known. 

In summary, microarray analysis revealed 93 differentially regulated genes 

between compulsive checking chronic quinpirole-treated animals versus saline 

controls. These genes do not automatically lend themselves to the easy 
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identification of pathways underlying 

checking phenotype. 

the quinpirole-induced compulsive 
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Chapter 8: General Discussion of findings 
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8.1 Summary of results 
The core features of obsessive-compulsive disorder (OCD) are repetitive and 
intrusive thoughts with disagreeable, threatening, aggressive and /or imperative 

content (obsessions) and ritualistic behaviour such as checking, counting, 
handwashing (compulsions) or "neutralising" thinking (mental compulsions) 
(Carlsson, 2001). The patient knows that these thoughts originate from his/her 

own mind and is painfully aware of the exaggerated and meaningless nature of 
both obsessions and compulsions. It is possible that OCD personality traits were 
beneficial for the survival of an ancestral community where it would have been 

valuable to have members that were cautious, hypervigilant and constantly 

checking for dangers (Carlson, 2001). However, OCD is now recognised as a 

psychiatric disorder that results in suffering and poor quality of life for both the 

patient and his/her immediate family. With a lack of truly effective anti-OCD 
drugs available, the aim of my PhD project was to identify novel drug targets for 

the disorder. I reviewed the available literature surrounding the clinical 

manifestation of OCD. Of course, an animal paradigm cannot model OCD in it's 

entirety. Nevertheless, two animal models looked promising; the first was the 

HoxB8 knockout mice (Greer & Capecchi, 2002) which displayed excessive 

grooming and the second was the chronic quinpirole-induced compulsive 

checking model in Long-Evans rats (Szechtman et al, 1998). 

8.1.1 HoxB8 knockout mice evaluation using RNAi 

The HoxB8 mutant mice were interesting because they groomed themselves 

excessively, to the point of hair removal and lesions in a manner that appeared 

very much like compulsive grooming behaviour in OCD and in the OCD- 

spectrum disorder tricotillomania. However, given its role in development and in 

tumourgenicity, it is difficult to suggest a convincing argument to explain why 

knocking out HoxB8 would lead to a compulsive grooming phenotype in mutant 

mice. Moreover, HoxB8-gain-of-function transgenic mice appear to display only 

anatomical differences in their peripheral nervous system as no overt behavioural 

differences have been reported (Fanarraga et al, 1997). The working hypothesis 

was that the OCD-like phenotype was due to the action of gene(s) that lie 
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downstream of HoxB8. To delineate the downstream targets of HoxB8 I used the 

new technique of RNA interference (RNAi) to downregulate the endogenous 

expression of HoxB8 in cell lines. My rationale was that gene changes due to this 

downregulation could be subsequently assessed by microarray analysis. However, 

using the technique of RTq-PCR, I was unable to demonstrate consistently that 

the endogenous expression of HoxB8 was knocked down. Without this 

confirmation, I was unable to proceed to the microarray stage and this part of the 

project was stopped. 

8.1.2 Chronic quinpirole-induced compulsive checking in male Long-Evans 

rats 

This led to the bulk of the study being concentrated upon the second model, 

chronic quinpirole induced "compulsive checking" in Long-Evans rats. This 

animal model caught attention because (i) it models compulsive checking, the 

number one symptom in OCD (present in 63% of patients- Henderson et al, 

1988), (ii) the phenotype appears to develop only with chronic quinpirole 

treatment and (iii) the phenotype appears to resemble in part what is seen 

clinically and can be identified by discrete and objective parameters. Based upon 

self-reports of checking behaviours (e. g. see Rasmussen et al, 1991), the authors 

(Szechtman et al, 1998) indicate that a human / animal displaying `compulsive 

checking' would: 

1. return excessively to a key location in the environment 

2. return excessively fast to the key location 

3. return excessively directly to the key location 

4. display unique behaviours at the key location (rituals) that are not 

displayed either at other locations in the environment nor by normal, 

control animals 
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For rats, the key location in the environment is always the home base. Criteria (iv) 

can be assessed indirectly by taking the duration of visit to the home base as an 

index for ritual behaviour. The authors also stressed that compulsive checking 

behaviour could be modulated by changes in the environment to distinguish it 

from stereotyped behaviour. The model requires 10 injections (twice weekly for 5 

weeks) of quinpirole, a dopamine D2 receptor like agonist, to elicit the 

compulsive checking phenotype in male Long Evans rats. 

8.1.2.1 Set-up of the model and evaluation of the evolution of compulsive 

checking parameters over time 

I was able to demonstrate similar results as reported in the literature- chronic 

quinpirole increased the number and rate of revisit, increased the speed of return, 

decreased the extent of explorations and decreased the visit time to home base. 

Therefore the animal model was successfully set-up in the lab. In addition I 

provided a time course of changes of compulsive checking parameters from the 

first injection to the last, information that was lacking from the literature. 

Quinpirole-induced changes in compulsive checking measures displayed 

sensitization (increasing magnitude of response following increasing exposure to 

the drug). Significant treatment differences were observed from session 2 in the 

regime and the quinpirole effects did not reach asymptote until session 8. These 

results suggest that 8 rather than 10 injections are required for compulsive 

checking, thereby reducing the sensitization period from 5 weeks down to 4. 

Locomotor sensitization developed concomitantly with changes in compulsive 

checking measures and thus it is possible that compulsive checking is due to 

hyperlocomotion. However, statistically I observed that a treatment*time 

interaction or a locomotor*treatment interaction significantly determined response 

outcome. This indicates that the development of compulsive checking is not 

simply due to quinpirole-induced hyperlocomotion as otherwise there would be 

significant effects of locomotion alone. Furthermore, as there is a significant 

treatment effect underlying compulsive checking, this behavioural phenotype may 

be unique to quinpirole. Finally, a 17-day non-treatment period after the 10th 
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injection of quinpirole did not blunt the sensitized behavioural response (i. e. 

compulsive checking) upon subsequent challenge to quinpirole. This was an 
important finding because (i) it gives a time-window with which to administer 
drugs chronically to try to reverse the compulsive checking phenotype and (ii) 

suggests that permanent changes have occurred in the brains of these animals, 
likely to be a result of gene expression, which therefore allows probing with 

microarray analysis. 

8.1.2.2 Evaluation of the animal model's predictive validity 

In the clinic, OCD patients are administered selective serotonin re-uptake 
inhibitors (SSRIs) as frontline pharmacotherapy to alleviate symptoms. I 

administered paroxetine at 10 mg/kg s. c. daily for 19 days but there was no 

reversal of quinpirole-induced compulsive checking behaviour. Furthermore, I 

was unable to reverse quinpirole-induced compulsive checking with an acute dose 

of 10 mg/kg paroxetine. Thus, no predictive validity was shown for this animal 

model although it is important to bear in mind that I only tested one SSRI at one 
dose and that not all OCD patients respond to SSRI therapy. 

8.1.2.3 Evaluation of symptom similarity 

Due to the lack of predictive validity, I aimed to extend the validity of the animal 

paradigm for modelling OCD by extending the symptom similarity. In the human 

disorder, stress serves to exacerbate existing obsessive-compulsive symptoms and 

patients show deficits in visual / spatial memory due to impaired organizational 

strategy. I evaluated the role of restraint stress on compulsive checking measures 

in the proposed animal model and determined the spatial learning ability of these 

animals in the Morris Water maze. 

One-hour restraint stress prior to behavioural testing on the open field did not 

significantly affect the behaviour of saline administered control animals. In 

contrast, stress exacerbated compulsive checking measures in quinpirole- 

sensitized animals. There was a significant increase in the frequency of returns to 
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the home base and a decrease in the time spent per visit. There was also a trend 

for restraint stress to increase the rate of visits, decrease the return time and 

decrease the extent of exploration to home base. In the Morris Water Maze, 

quinpirole-treated animals showed impaired learning as indexed by longer escape 

latencies to platform. This was attributed to an inability to suppress the instinctive 

thigomotaxic response as quinpirole-treated animals displayed excessive 

swimming in the periphery. These results therefore served to enhance this animal 

paradigm as a model for obsessive-compulsive disorder. 

8.1.2.4. Evaluation of induction mechanisms for the model 

The time-course data revealed that chronic quinpirole administration induced 

behavioural sensitization, a phenomena where a progressive increasing magnitude 

of response is seen with subsequent drug injections. I aimed to characterize some 

of the mechanisms involved. Undrugged animals, sensitized to quinpirole did not 

display compulsive checking. Further, animals chronically administered saline 

injected with quinpirole failed to display compulsive checking when compared to 

the behaviour of chronically administered quinpirole animals. Compulsive 

checking therefore requires both acute and chronic exposure to quinpirole. 

I next probed the relative contributions of different receptors in mediating 

quinpirole-induced compulsive checking. As quinpirole is an agonist at dopamine 

D2, D3 and D4 receptors, I evaluated the contribution of each receptor subtype by 

administration of selective receptor antagonists. Care was taken to choose 

concentrations of each compound that would not inhibit the spontaneous 

locomotion of experimentally naive Long-Evans whilst ensuring that an adequate 

level of selective receptor occupancy was achieved. 

The selective dopamine D3 antagonist SB-27701 1-A did not modify the open 

field behaviour of saline-treated animals. In contrast, SB-27701 1-A decreased 

quinpiro le- induced increases in the frequency and rate of return to the home base 

and also significantly increased quinpiro le- induced reduction in return time. There 
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was only a trend for SB-27701 1-A to reverse the quinpirole-induced reduction in 

the number of visits and duration of visit parameters 

The selective dopamine D2 receptor antagonist clofluperol significantly reduced 

quinpirole-induced increases in the frequency of visits to home base to the levels 

observed in saline-treated animals, but did not decrease the rate of visit to the 

home base. Moreover, clofluperol did not reverse the quinpirole-induced 

reduction in return time and in fact exacerbated quinpirole-induced reduction in 

the number of visits parameter. However, clofluperol was effective in reversing 

the quinpirole-induced reduction in the duration of visit to home base measure, to 

levels that as high as saline controls. 

Finally, the selective D4 receptor antagonist L-745870 was ineffective in 

reversing any of the quinpirole-induced changes in compulsive checking or 

hyper loco motion. These results suggest that quinpirole-induced compulsive 

checking behaviour in this animal paradigm is mediated by activity at D3 and D2 

but not D4 receptors. These results help extend the predictive validity of the 

paradigm as a model for OCD as a role for D4 antagonism has been suggested for 

attention-deficit hyperactivity disorder (Zhang et al, 2004). Further, if one accepts 

the premise that quinpirole-induced compulsive checking is valid as an animal 

model for obsessive-compulsive disorder then a mixed, preferential D3 and D2 

receptor antagonist may have benefit in treating the disorder. 

8.1.2.5 Evaluation of underlying neurobiology of the animal model 

To assess the neurobiology underlying compulsive checking, I performed a 

microarray analysis. I collected 3 brain regions per animal (prefrontal cortex, 

striatum and thalamus -these areas are implicated in mediating OCD) and 

compared the gene expression of compulsive checking animals versus saline 

controls. 
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The 93 genes that were identified to be significantly differentially regulated 

between treatment groups did not lend themselves easily to the identification of 

pathways underlying quinpiro le- induced compulsive checking. Different 

biological processes appeared to be occurring in the different brain regions 

sampled such as altered neuronal activity, metabolic dysfunction and tissue 

remodelling. 

8.2 Does the quinpirole-induced behavioural paradigm model obsessive- 

compulsive disorder? 

The primary question to address is whether this animal paradigm is, as advocated 

in the literature, a model for some of the aspects of obsessive-compulsive 

disorder. Animal models are by their very nature a compromise between 

experimental design simplicity and disease complexity. No animal model is likely 

to fully embody the human condition it attempts to represent because of inherent 

problems in defining patient profiles, in phenotypic differences of clinical 

presentation and of differing levels of expression between species (Overall, 2000). 

Various classification systems exist for determining the suitability of animal 

preparations for modelling human disease states -I have decided to use 

Ellenbroek & Cools (1990) system which examines: 1) symptom similarity, 2) 

predictive validity, 3) similarity of induction mechanisms and 4) similarity of 

underlying neurobiology. 

To an observer, the behaviour in the open field of animals sensitised to quinpirole 

is paradoxical (Szechtman et al, 1993). Sensitised animals run hurriedly from 

location to location, apparently exploring the environment with an intense 

curiosity that does not ablate due to habituation or fatigue. There is perhaps a 4- 

fold increase in activity that is confined to a restricted part of the test 

environment, seemingly reflecting shrinkage of the explored space. This 

behaviour appears well organised though impoverished in its diversity 

(Szechtman et al, 2001). 

187 



8.2.1 Similarity of symptoms 

Szechtman et al (1999,2001) present convincing arguments showing that the 

similarity between the animal model and the human disorder is high. In fact, a 

recent paper reports that the spatial-temporal form of the ritual-like behaviour 

performed by quinpirole-treated animals is comparable to the compulsive nose 
blowing of an OCD patient (Eilam & Szechtman, 2005). The present results 

extend the symptom similarity of the model by showing that stress exacerbates the 

checking response and that deficits in visual-spatial memory are likely due to an 
inability to organise a suitable strategy, both of which are seen in patients with 
OCD. Thus, symptom similarity is good between model and disorder. 

8.2.2 Predictive validity 

Although neither acute nor chronic administration of paroxetine reversed the 

compulsive checking phenotype, a lack of predictive validity can be off-set by the 

clinical fording that between 30-50% of OCD patients do not respond to SSRI 

monotherapy. Further testing with different SSRIs and perhaps using drug 

augmentation strategies will be required to fully elicit if the animal model has 

predictive validity for OCD. 

8.2.3 Similarity of induction mechanisms 

Functional brain imaging studies have shown that OCD is characterised by 

increased activity in orbitofrontal cortex, anterior cingulate cortex and elements of 

the basal ganglia and thalamus, both at rest and especially during exposure to 

feared stimuli (Stein, 2001). All of these brain structures are linked together by 

well-described neuroanatomic (Alexander) circuits connecting prefrontal cortex to 

the striatum to the globus pallidus and thalamus (Alexander & Crutcher, 1990, see 

Figure 8.1). The striatum (split into the caudate putamen and nucleus accumbens) 

and subthalamic nucleus comprise the major input structures of the basal ganglia 

and receive excitatory input from the cerebral cortex. The globus pallidus pars 

interna and substantia nigra pars reticulta are the primary output nuclei and send 

inhibitory output to the thalamus and brainstem targets (Mink, 2001). Ninety to 
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ninety-five percent of caudate putamen striatal neurones are medium sized 

GABAergic cells with dendrites containing a dense population of spines. These 

spines receive synaptic contacts from glutamatergic afferents, each spiny cell 

receives synapses from thousands of distinct cortical neurons (Kincaid et al, 

1998). Striatal projections are GABAergic and can be subdivided into two 

pathways. The direct pathway projects to the globus pallidus pars interna / 

substantia nigra pars reticulata and contains GABA, dynorphin, substance P and 

dopamine D1 receptors (Gerfen et al, 1990). As the D1-like receptors bind to Gs 

and therefore stimulate adenyl cyclase activity, activation of these receptors 

potentiates the effect of cortical input into the striatum (Surmeier et al, 1993). 

The second population projects to the external segment of the globus pallidus 

(known as the globus pallidus pars externa) and comprises of GABA, enkephalin 

and dopamine D2 receptors (Gerfen et al, 1990). This is known as the indirect 

pathway and as D2-like receptors couple to Gi and therefore inhibit adenyl 

cyclase, activation of this pathway serves to decrease the effect of cortical input 

into the striatum (Hernandez-Lopez et al, 1997). 

The subthalamic nucleus receives an excitatory glutamatergic input from areas of 

the motor cortex as well as inhibitory GABA input from the globus pallidus pars 

externa (Fujimoto & Kita, 1993). The output from the subthalamic nucleus is 

excitatory and projects to the globus pallidus pars interna (Rinvik et al, 1993). 

Finally, the outputs from globus pallidus pars interna / substantia nigra pars 

reticulta are GABAergic and inhibitory and project to the thalamus (Penney et al, 

1983). The thalamus in turn projects glutamatergic input to the frontal cortex. 

During normal function, both pathways are activated and striatal dopamine levels 

modulate the "behavioural reactivity" of the organism (Salamone, 1996). For 

example, striatal D2-like receptors are tonically (continuously) stimulated by 

basal levels of dopamine and this tonic activity is important for normal motor 

behaviour (Berke & Hyman, 2000). For example, mice lacking D2 receptors show 

Parkinson's symptoms such as tremor, rigidity and bradykinesia, (Baik et al, 

1995) as do animals administered D2 antagonists. 

189 



It is hypothesised that the involuntary movement symptoms seen in OCD are 

mediated by increased activation of the direct versus the indirect striatal pathways 

(Saxena et al, 1998). This results in excessive activity in fronto-cortical areas and 

the positive feedback loop ensures that the circuit remains activated (Albin et al, 

1989; DeLong, 1990). It is important to remember that other brain structures input 

into this circuit, especially the dopaminergic projection from the ventral tegmental 

area (VTA) into the caudate putamen known as the nigrostriatal projection. 

Based upon previously published literature, a working hypothesis can be 

generated regarding quinpirole which can then explain some of the present results. 

It has been reported that chronic quinpirole decreases the level of dopamine D2 

receptors in the striatum and ventral tegmental area whilst simultaneously 

increasing the expression of dopamine D3 receptors in the ventral tegmental area 

(Subramaniam et al, 1992; Stanwood et al, 2000). In transfected C6 glioma cells, 

quinpirole saturation can induce a 5-fold increase in dopamine D3 receptors (Cox 

et al, 1995). Finally, chronic quinpirole administration decreases the basal 

concentrations of dopamine in the striatum. Importantly, this effect does not 

tolerate upon repeated administration (Koeltzow et al, 2003). 

Dopamine receptor localisation in the Alexander Circuit is shown in Figure 8.2. 

Based upon Tarazi & Baldessarini, (1999) and Levant (1997), at the cortical- 

caudate putamen and ventral tegmental area synapse, dopamine D1 receptors are 

exclusively located postsynaptically on neurones comprising the direct pathway. 

Dopamine D2 receptors are located both postsynaptically on GABA striatal 

neurones of the indirect pathway and also presynaptically on the VTA neurones. 

Dopamine D3 receptors are exclusively located presynaptically on VTA neurones 

in this circuit (although they are found postsynaptically in the nucleus accumbens) 

and dopamine D4 receptors are found both presynaptically on glutamatergic 

neurones of the prefrontal cortex as well as on both sets of striatal GABAergic 

neurones. Stimulation of the VTA neurons results in dopamine release in the 

synapse. This extracellular dopamine binds to dopamine receptors activating both 

the indirect and direct pathways. 
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The hypothesised changes in these receptors upon repeated quinpirole 

administration are presented in Figure 8.3. The reduced number of dopamine D2 

receptors, together with the increased number of dopamine D3 receptors and the 

resultant decreased level of extracellular dopamine means that there is relatively 

less dopamine D2 receptor activation. This "shunts" dopaminergic tone towards 

the dopamine D1 receptor direct pathway. 

This proposed model can account for the behavioural effects seen on application 

of selective dopamine receptor antagonists. As dopamine D4 receptors are located 

on neurons of both the indirect and direct pathways, blockade will not correct the 

proposed increase in direct pathway tone. Thus, as the model predicts, the D4 

antagonist L-745870 did not reverse quinpirole induced compulsive checking 

behaviour (Figure 8.4). In contrast, blockade of D3 receptors would firstly 

decrease the total number of available receptors that can bind dopamine as well as 

increase the level of dopamine in the synapse. Both factors would increase the 

level of dopamine binding to the D2 receptor, thereby returning dopaminergic 

tone back towards the indirect pathway (Figure 8.5). Thus, the model predicts that 

D3 receptor blockade would alleviate quinpirole-induced compulsive checking 

and that is what is observed upon administration with SB-277011-A. Finally, the 

model predicts that dopamine D2 receptor blockade would serve to exacerbate 

compulsive checking symptoms as blockade would serve to "shut" dopaminergic 

tone even further towards the direct pathway (Figure 8.6). Upon administration of 

clofluperol, although this drug does exacerbate further quinpirole-induced direct 

return to home base, it also significantly reverses quinpirole-induced ritual-like 

behaviour, thereby contradicting the proposed model. 

Aside from these observations, the proposed mechanism of action is consistent 

with the reported low levels of dopamine D2 receptor binding in the basal ganglia 

of OCD patients (Denys et al, 2004) and is also consistent with the reported lack 

of efficacy of neuroleptic monotherapy in OCD. Moreover, this proposed 

dopaminergic action in OCD is consistent with the consensus that "dopaminergic 
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and autoimmune mechanisms are also implicated in the pathogenesis of OCD" 

(Zohar et at, 2000). The primary question to address however, is whether the 

dopaminergic perturbations produced by chronic quinpirole treatment are similar 

to the neurochemical changes underlying OCD? 

I believe that by demonstrating the possibility of an identical "shunting" of 
dopamine towards the excitatory, direct pathway that is believed to underlie OCD 

provides very compelling grounds that this animal paradigm does possess similar 
induction mechanisms as the human disorder. Clearly, further refinement will be 

required, as for example, the model can not explain the therapeutic usefulness of 

neuroleptics with SSRIs in SSRI-treatment refractory OCD patients. However, as 

the model stands, it predicts that a dopamine D1 receptor antagonist will have 

benefit in treating OCD symptoms and that a combined dopamine D1 and D3 

receptor antagonist may be the most useful therapeutic agent in alleviating 

symptoms - predictions that can be assessed in the animal paradigm. 

8.2.4 Similarity of underlying neurobiology 

Results from the microarray experiment provide some supporting evidence of a 

similar underlying neurobiology between the animal model and the human 

disorder. Consistent with the proposed increased glutamatergic signalling between 

thalamus and prefrontal cortex in an overactive Alexander circuit, evidence of 

excitotoxicity is evident - genes implicated in apoptosis, tissue remodelling and 

metabolic dysfunction are all upregulated in quinpirole-treated animals (see 

Figure 8.7). Signals implicated in a reducing prefrontal cortex neuronal output are 

also observed. I propose that this reduced glutamate signalling to the striatum is 

dysfunctional due to the suppression of expression of immediate early genes in the 

striatum- the functional consequence of which is a reduced expression of Homerl 

in quinpirole-treated animals. 

The differential expression of Homerl is an important finding because this protein 

is responsible for among other functions, glutamate and phoshatidylinositol (IP3) 
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receptor signalling (Emptage et al, 1999) and a dysfunction in both have been 

implicated in OCD. Dietary inositiol has been shown to alleviate the symptoms of 

OCD in clinical trials (Fux et al, 1996; Koponen et al, 1997). In the Koponen et at 

study for example, 18 grams of inositol daily for 6 weeks significantly improved 

OCD symptoms compared to placebo. This improvement was comparable with 

improvements seen with fluvoxamine and fluoxetine. Moreover, a recent study 

reported that OCD patients had higher platelet IP3 content compared to controls 

which was subsequently normalised following successful SSRI treatment 

(Delorme et al, 2004). Altered glutamatergic neurotransmission in cortico-striatal- 

thalamic-cortico circuits has been suggested as playing a critical role in the 

pathogenesis of OCD (Rosenburg et al, 2001). The anti-glutamatergic agent 

riluzole, used to treat amyotrophic lateral sclerosis, may be useful in combination 

with SSRIs in the treatment of OCD (Corie et al, 2003). Indirectly, transgenic 

mice with increased glutamate output to the striatum show generalized 

behavioural perservation, compulsive leaping (Phillips, 2002) and tics (Nordstrom 

& Burton, 2002). Finally, glutamatergic drugs exacerbated repetitive climbing and 

leaping behaviours in another transgenic model of comorbid Tourette's and OCD 

(McGrath et al, 2000). 

Homer proteins are encoded by three genes (Homer 1,2 and 3) and act to co- 

ordinate synaptic proteins for a variety of functions including calcium signalling 

(Shin et al, 2003), glutamate receptor signalling / trafficking (Shiraishi et al, 2003) 

and activity dependent synaptic remodelling (Sala et al, 2003). The Homerl 

isoforms are enriched at postsynaptic sites and coimmunoprecipitate with the 

group I metabotropic glutamate receptors (mG1uR1 and mGluR5 - Xiao et at, 

1998). The Homer proteins can bind to and regulate the cellular distribution of 

these (mGluRs) receptors (Kato et al, 1998). Homer also associates with the 

Shank-PSD-95-NMDA complex thus allowing mGluRs and Homer to modulate 

NMDA (N-methyl-D-aspartate) receptors (Tu et at, 1999). Finally Homer can also 

bind to inositol-1,4,5-triphosphate (IP3) receptors, TRP cation channels and 

Shank (see Szumlinski et al, 2004). 
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The long isoforms of Homerl (Homerlb and Homeric) but not the short isoform 

Homerla, are constitutively expressed (Soloviev et al, 2000b). Homerlb and 

Homeric contain a carboxyl terminal coiled-coil domain that allows them to form 

mulitmeric Homer complexes (Kane et al, 2005). This formation of Homer- 

dependent protein complexes is regulated in part by the expression of Homerla. 

This form lacks the coiled-coil domain and the ability to multimerize (Bottai et al, 
2002). Homerla is an immediate early gene that is induced by long term 

potientation (Kato, 1997) and functions as a natural dominant negative of Homer 

multimers. It has been shown to influence synaptic plasticity by disruption of 

normal mGluR signalling complexes formed by Homerib and Homeric (Hennou 

et al, 2003; Sala et al, 2003). 

In vivo studies show that in the rat striatum, which constitutively express 

Homerlb but not Homerla (Ango et al, 2000), more than 80% of mGluR5 

receptor proteins were located intracellularly (Hubert et al, 2001). Induction of 

Homerla triggered cell surface localisation of the receptor without affecting 

postsynaptic clustering (Ango et al, 2002). The role of the Homerl isoforms in 

mediating mGluRl physiology is less clear. Immunogold studies in the rat 

striatum revealed that the bulk of mGluRlwas attached to the plasma membrane 

(Hubert et al, 2001) and induction of Homerla has been shown to increase its cell 

surface expression (Ciruela et at, 1999). Group I mGluR activation has been 

described to cause rapid increases in functional cell surface expression of NMDA 

receptors (Lan et al, 2001), increasing glutamate signalling and also promote a 

rapid mobilization of AMPA receptors into previously glutamate silent synapses 

(Liao et al, 2001). Thus, Homerla promotes an increased pool of functional 

glutamatergic synapses (but see Snyder et al, 2001 for negative comment). 

The hypothesised functional consequence of Homerl downregulation is illustrated 

in Figures 8.8 and 8.9. The localisation of glutamate receptors are sourced from 

Tarazi & Baldessarini, 1999; Rouse et al, 2000 and Marino et al, 2002 and 

references within)-Of most importance the group I mGluRs have been identified 

in striatal medium spiny neurons (Testa et al, 1998) and behavioural studies 
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involving group I mGluR agonists suggest that activation of these receptors 

selectively increases transmission through the indirect striatial pathway (Kaatz & 

Albin, 1995; Kearney et al, 1997,1998; Sacaan et al, 1991,1992). Essentially, 

glutamate signalling through the cortico-striatal synapse becomes dysfunctional 

such that glutamate is no longer able to regulate the circuit. Thus, the 

hypothesised signals reducing circuitry drive from the prefrontal cortex are not 

passed on to the striatum and dopaminergic modulation induced by quinpirole 

administration is unopposed (Figure 8.10). Quinpirole induces a "shunt" towards 

the direct pathway leading to excitation of the Alexander circuit via activity at the 

VTA-striatal synapse. In addition, quinpirole resists normal homeostatic 

mechanisms to dampen down the circuit (reduced excitatory glutamate output 

from the prefrontal cortex) by downregulating Homerl in the striatum, thereby 

disrupting normal glutamate transmission from prefrontal cortex to the striatum. 

This hypothesis provides an explanation why paroxetine was ineffective in 

reversing the quinpirole-induced compulsive checking behaviour. As the 

hypothesised site of action of SSRIs in OCD is in the prefrontal cortex, and since 

the glutamate signalling from this brain region to the striatum is dysfunctional, 

there is no input for SSRIs into the Alexander circuit. The obvious weakness of 

this explanation is that it does not adequately explain the therapeutic effects of 

SSRIs in patients that respond favourably to such treatment. 

In terms of similarity of underlying neurobiology, the proposed brain circuitry 

underlying quinpirole-induced behaviours does not match that which is proposed 

to underlie classical OCD. Although the induction mechanism may be similar, the 

brain regions driving this mechanism are different in the two disorders. A theory 

advocates that enhanced prefrontal glutamatergic activity is the primary defect in 

OCD (Carlsson 2001). This excessive glutamate leads to overactivity in both 

direct (behaviourally stimulating) and indirect (behaviourally inhibitory) orbito- 

frontal -subcortical circuits; a hypothesis that can account for both the 

behaviourally-activating symptoms of OCD (repetition etc) as well as the 

behaviourally-inhibited symptoms (obsessional slowness, overly cautious 

attitude). 
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Nevertheless, a possible mechanism of action for benefical effects may have been 

identified. The group I mGluRs, mGluRl and mGluR5, couple to Gq and increase 

phosphoinositide hydrolysis (Rouse et al, 2000). As their signalling is 

hypothesised to be compromised in the model, perhaps administration of inositol 

would reverse quinpirole-induced behaviour changes? In support of this 

hypothesis, chronic inositol has been observed to increase dopamine D2 receptors 

in the striatum (Harvey et al, 2001). 

8.3 Summary 

Thus, quinpirole-induced compulsive checking may not model OCD completely 

in that predictive validity and similarity of underlying neurobiology appear to be 

lacking. However, the strong similarity of symptoms suggest that that the 

quinpirole preparation is still useful to examine some aspects of OCD. With the 

"OCD spectrum" disorders such as Giles de la Tourette syndrome (TS), body 

dysmorphic disorder (BDD) and grooming behaviours (Bienvenu et al, 2000) 

sharing similar symptoms, as well as vulnerability genes, the quinpirole-induced 

compulsive checking may model overlapping mechanisms between these related 

disorders. The link between OCD and TS appears most striking, 30% of OCD 

patients also have a tic disorder (usually chronic tics or TS - Miguel et al, 1995; 

Miguel et al, 1997), over 60% of TS patients may develop obsessive-compulsive 

symptoms and 30-50% of TS patients meet diagnostic criteria for OCD (Pauls et 

al, 1991). An inability to distinguish OCD symptoms and tics based on clinical 

presentation alone (Leckman, 2002) also serves to underline the overlapping 

nature of the disorders. Further experiments will be of value to determine if the 

quinpirole paradigm serves to model a TS or a co-morbid OCD+TS phenotype. 

Aside from the "OCD-spectrum" disorders there may also be a link between OCD 

and drug addiction. Obsessive thoughts and feelings of loss-of-control or need to 

consume are salient characteristics of drug cravings (O'Brien et al, 1998; 

Tuomisto et al, 1999; Volkow & Fowler, 2000) as are the performance of 

ritualistic drug seeking / taking behaviours (Modell et al, 1992). 
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Behavioural sensitisation has been advocated as a direct analogue animal model 

of drug addiction (Phillips & Fibiger, 1990; Fenu & Di Chiara, 2003; Volkow et 

at, 2004), and as repeated quinpirole results in behavioural sensitisation, a link 

with drug addiction is obvious. Moreover, similar to the present findings in the 

microarray experiment, a downregulation of Homer gene products in the striatum 

(specifically the nucleus accumbens) mediates the long-lasting effects of repeated 

cocaine administration (McFarland et al, 2003). Homerl b and Homeric were 

shown to be reduced in the accumbens of rats withdrawn from repeated cocaine 

administration (Swanson et al, 2001). This adaptation appears important for 

cocaine-induced sensitisation as reduction of Homerl expression in the nucleus 

accumbens augmented cocaine-induced motor stimulation (Ghasemzadeh et al, 

2003). More recently, the deletion of Homerl and Homer2 in mice resulted in the 

same increase in sensitivity to cocaine-induced locomotion, conditioned reward 

and augmented extracellular glutamate in nucleus accumbens as that elicited by 

withdrawal from repeated cocaine administration (Szumlinski et al, 2004). Further 

investigation of the quinpirole model in drug addiction would therefore warrant 

interest. 

To conclude, this thesis has provided data that advocate the suitability of the 

quinpirole-induced compulsive checking paradigm as an animal model for 

obsessive compulsive disorder. Specifically there is strong predictive validity and 

possible mechanisms underlying this behavioural phenotype have been explored 

pharmacologically and via the use of microarray analysis. This has generated 

some putative novel targets for modulating the compulsive checking behaviour as 

well as also perhaps providing novel therapeutic mechanisms for the treatment of 

clinical OCD. One prominent and exciting finding is Homerl, which is heavily 

downregulated in quinpirole-treated animals. Homerl is responsible for group 1 

metabotropic glutamate receptor and inositol-1,4,5-triphosphate signalling, 

dysfunction of both systems have been implicated in mediating OCD. 

Upregulation of Homerl may prevent quinpirole-induced compulsive checking 

and may be an important base point for identifying new treatments for OCD. 

Lastly, the animal model may be useful in examining possible overlapping 

features of OCD, OCD-spectrum disorders and drug addiction. 
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OCD remains a severe psychiatric disorder for which there are limited treatments. 

This work has attempted to model this disorder in rats and although has 

limitations has provided valuable insights into this condition that affects a 

substantial proportion of the human population. 
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Appendix 1 

List of differentially expressed genes according to 
SAM analysis of microarray experiment 

, 
Frontal cortex upregulated 

Functions grouping Gene Symbol Gene Title 
Blood Alasi aminolevulinic acid synthase 1 
Cell growth / differentiation Arhb rhoB gene 
Cell growth / differentiation - 
growth inhibiting Btg2 B-cell translocation gene 2, anti-proliferative 
Cell growth / differentiation - nuclear factor of kappa light chain gene enhancer in B-cells 
growth inhibiting Nfkbia inhibitor, alpha 
Cell growth / differentiation - sirtuin 2 (silent mating type information regulation 2, homolog) 
growth inhibiting Sirt2 2 (S, cerevisiae) 
Cell growth / differentiation - 
growth promoting Vdupl upregulated by 1,25-dihydroxyvitamin D-3 
Cell growth / differentiation - 
growth promoting KIf4 Kruppel-like factor 4 (gut) 
Cell growth / differentiation - 
growth promoting Prkabl protein kinase, AMP-activated, beta 1 non-catalytic subunit 
Cell signalling - protein 
modification Plat plasminogen activator, tissue 
Cell signalling- muscle 
development Acta2 smooth muscle alpha-actin 
Cell signalling -nuclear 
assembly / biogenesis H1fO DNA binding 
Cell signalling -nuclear 
assembly / biogenesis H3f3b H3 histone, family 3B 
Energy metabolism / 
biosynthesis pathways Slc2a1 solute carrier family 2, member 1 
Energy metabolism / 
biosynthesis pathways Gpam glycerol-3-phosphate acyltransferase, mitochondrial 
Energy metabolism / 
biosynthesis pathways Hyal2 hyaluronidase 2 
Energy metabolism / 
biosynthesis pathways Psat1 phosphoserine aminotransferase 1 
Energy metabolism / 
biosynthesis pathways SIc12a4 solute carrier family 12, member 4 

Stress + immune response lfitm3l interferon induced transmembrane protein 3-like 

Stress + immune response Litaf LPS-induced TNF-al ha factor 

Toxicity Mt 1a Metallothionein 

Toxicity Ptpn16 protein tyrosine phosphatase, non-receptor type 16 

Toxicity Cat catalase 
Vesicle transport / synaptic 
transmission L als9 lectin, galactose binding, soluble 9 

Unknown biological function LOC245963 Estrogen-regulated protein CBL20,20.4kD 
Similar to RNA-binding region (RNP1, RRM) containing 2; 
splicing factor (CC 1.3); coactivator of activating protein-1 and 

Unknown biological function --- estrogen receptors (LOC362251), mRNA 

Unknown biological function RT1-DMa RT1 class II, locus DMa 
Transcribed sequence with weak similarity to protein 
pir: T08700 (H. sapiens) T08700 hypothetical protein 

Unknown biological function --- DKFZp564GO13.1 - human 

Unknown biological function --- Transcribed sequences 
Similar to smooth muscle myosin phosphatase regulatory 
subunit homolog family member, Maternal Effect Lethal MEL- 

Unknown biological function --- 11 (110.6 kD) (mel-11) (LOC366002), mRNA 
Similar to Tumor necrosis factor ligand superfamily member 
13 (A proliferation-inducing ligand) (APRIL) (LOC287437), 

Unknown biological function --- mRNA 

Unknown biological function --- Similar to tubulin, alpha 6; tubulin alpha 6 (LOC300218), 
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mRNA 

LUnknown biological function 

Frontal cortex 
down regulated 

Similar to KIAA1064 308385), mRNA 

Functional grouping Gene Symbol Gene Title 
Blood Hdlbp lipoprotein-binding protein 
Cell growth / differentiation - tumor necrosis factor receptor superfamily, member 11 b 
growth inhibiting Tnfrsf11b (osteoprotegerin) 
Cell growth / differentiation - 
growth promoting Arc activity regulated cytoskeletal-associated protein Cell growth / differentiation - dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 
growth promoting D rk1a 1A 
Cell signalling - protein 
modification Nrdl N-arginine dibasic convertase 1 
Cell signalling - protein 
modification Psmb4 proteasome (prosome, macro ain subunit, beta te 4 
Cell signalling -collagen 
synthesis P4hal prolyl 4-hydroxylase alpha subunit 
Energy metabolism / 
biosynthesis pathways PDP1 pyruvate dehydrogenase phosphatase isoenzyme 1 
Nuclear assembly / 

_biogenesis 
Phb prohibitin 

Stress + immune response Hspala heat shock 70kD protein 1A 
human immunodeficiency virus type 1 enhancer-binding 

Stress + immune response Hivep2 protein 2 
Stress + immune response Hsj2 DnaJ-like protein 
Vesicle transport / synaptic 
transmission Camk2a calcium/calmodulin-dependent protein kinase II alpha subunit 
Vesicle transport / synaptic 
transmission Pik4ca phosphatidylinositol 4-kinase 
Vesicle transport / synaptic 
transmission Rab14 GTPase Rabl4 
Vesicle transport / synaptic 
transmission Scn2al sodium channel, voltage-gated, type 2, alpha 1 polypeptide 
Vesicle transport / synaptic 
transmission Snap25 synaptosomal-associated protein 

Transcribed sequence with weak similarity to protein 
Unknown biological function --- sp: P00722 (E. coli) BGAL_ECOLI Beta-galactosidase 
Unknown biological function --- Similar to heat shock protein 40 (LOC361384), mRNA 

Similar to cysteine and histidine-rich domain (CHORD)- 
Unknown biological function --- containing, zinc-binding protein 1 (LOC315447), mRNA 

Similar to mitochondrial ribosomal protein S6 (LOC288253), 
Unknown biological function --- mRNA 
Unknown biological function LOC245925 CTD-binding SR-like protein rA9 
Unknown biological function PORF-2 preoptic regulatory factor-2 

Unknown biological function --- Similar to cDNA sequence B0003324 (LOC288652), mRNA 
Similar to heat shock protein 84 - mouse (LOC301252), 

Unknown biological function --- mRNA 
Transcribed sequence with moderate similarity to protein 

Unknown biological function --- pdb: 1 LBG (E. coli) 

Thalamus upregulated 

Functional grouping Gene Symbol Gene Title 
Cell growth / differentiation - 
growth inhibiting Sfrs5 splicing factor, arginine/serine-rich 5 
Cell growth / differentiation - 
growth promoting Cyr6l cysteine rich protein 61 
Cell signalling - protein 
modification Plat plasminogen activator, tissue 
Energy metabolism / 
biosynthesis pathways Slc2al solute carrier family 2, member 1 
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Energy metabolism / 
biosynthesis pathways Slcl 1a2 solute carrier family 11 member 2 
Nuclear assembly / 
biogenesis H3f3b H3 histone, family 3B 

Toxicity Pt n16 protein tyrosine phosphatase, non-receptor type 16 

Unknown biological function LOC245963 Estrogen-regulated protein CBL20,20.4kD 
Similar to RNA-binding region (RNP1, RRM) containing 2; 
splicing factor (CC 1.3): coactivator of activating protein-1 and 

Unknown biological function --- estrogen receptors (LOC362251), mRNA 

Unknown biological function Znf386 zinc finger protein 386 Kru el-like 

, Thaaamus downregutated 

Functional grouping Gene Symbol Gene Title 
Cell growth / differentiation - 
growth promoting Nr4al immediate early gene transcription factor NGFI-B 
Cell signalling -collagen 
synthesis P4hal prolyl 4-hydroxylase alpha subunit 

Stress + immune response Hspal a heat shock 70kD protein 1A 

Stress + immune response Hspbl heat shock 27kDa protein 1 
Transcribed sequence with weak similarity to protein 

Unknown biological function --- sp: P00722 (E. coli) BGAL_ECOLI Beta-galactosidase 

Unknown biological function --- Similar to heat shock protein 40 (LOC361384), mRNA 
Similar to mitochondrial ribosomal protein S6 (LOC288253), 

Unknown biological function --- mRNA 
Unknown biological function --- Transcribed sequences 
Unknown biological function --- Similar to mmDj4 LOC300721 

, mRNA 

Striatum upregulated 

Functional grouping Gene Symbol Gene Title 
Cell growth / differentiation - 
growth promoting Vdupl u re ulated by 1,25-dih dro vitamin D-3 
Nuclear assembly / 
biogenesis H3f3b H3 histone, family 3B 

Striatum dowruegulated 

Functional grouping Gene Symbol Gene Title 

Blood Thbd thrombomodulin 

Cell growth / differentiation Egr2 early growth response 2 

Cell growth / differentiation Egr4 early growth response 4 
Cell growth / differentiation - tumor necrosis factor receptor superfamily, member 11 b 

growth inhibiting Tnfrsf11b (osteoprotegerin) 
Cell growth / differentiation - 
growth inhibiting Egr1 early growth response 1 

Cell growth / differentiation - 
growth promoting Arc activity regulated cytoskeletal-associated protein 

Cell growth / differentiation - 
growth promoting Nr4al immediate early gene transcription factor NGFI-B 

Cell growth / differentiation - 
growth promoting Ccnd3 cyclin D3 

Cell growth / differentiation - 
growth promoting c-fos c-fos oncogene 
Cell growth / differentiation - 
growth promoting G10 maternal G10 transcript 

Cell growth / differentiation - 
growth promoting Junb Jun-B oncogene 
Cell growth / differentiation - 
growth promoting Nr4a3 nuclear receptor subfamily 4, group A, member 3 
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Cell growth / differentiation - 
growth promoting Slipr scaffolding protein SLIPR 

Cell growth / differentiation - 
growth promoting Vegf vascular endothelial growth factor 
Cell signalling - protein 
modification Cryab crystallin, alpha B 
Cell signalling - protein proteasome (prosome, macropain) 26S subunit, non- 
modification Psmd4 ATPase, 4 
Cell signalling -collagen 
synthesis P4hal roll 4-h dro lase alpha subunit 

Stress + immune response Hspala heat shock 70kD protein 1A 

Stress + immune response Hspb1 heat shock 27kDa protein 1 

Stress + immune response Ftl1 ferritin light chain 1 

Stress + immune response Ser inhl serine (or c steine proteinase inhibitor, Glade H, member 1 
Vesicle transport / synaptic 
transmission Homerl homer, neuronal immediate early gene, 1 
Vesicle transport / synaptic 
transmission Rap1 b RAP1 B, member of RAS oncogene family 
Vesicle transport / synaptic 
transmission Rnf28 ring finger protein 28 

Transcribed sequence with weak similarity to protein 
Unknown biological function --- sp: P00722 (E. coli) BGAL_ECOLI Beta-galactosidase 

Unknown biological function --- Similar to heat shock protein 40 (LOC361384), mRNA 
Similar to cysteine and histidine-rich domain (CHORD)- 

Unknown biological function --- containing, zinc-binding protein 1 (LOC315447), mRNA 

Unknown biological function Fzd2 frizzled homolog 2 (Drosophila) 

Unknown biological function Porf 1 preoptic regulatory factor-1 

Unknown biological function Rps14 ribosomal protein S14 
Transcribed sequence with moderate similarity to protein 
ref: NP_061109.1 (H. sapiens) CS box-containing WD protein 

Unknown biological function --- [Homo sapiens] 

Unknown biological function --- Similar to RIKEN cDNA 4121402D02 (LOC303514), mRNA 

Unknown biological function --- Similar to heat shock protein hsp40-3 (LOC313811), mRNA 

Unknown biological function --- Similar to QIL1 (LOC301124), mRNA 

Unknown biological function --- Similar to FKSG27 (LOC292708), mRNA 
Similar to heat shock protein 105 kDa alpha (LOC288444), 

Unknown biological function --- mRNA 

Genes significantly called 
by MAS5.0, dCHIP, RMA & 
GCRMA 

Cn. a*.. 1 rn. in.. . Inrnnl ilo+nd "' 
Miau. vv. S fl r 

Functional grouping Gene Symbol Gene Title 
Cell growth / differentiation - 
growth promoting Klf4 Kruppel-like factor 4 (gut) 

_ Energy metabolism / 
biosynthesis pathways Slc2al solute carrier family 2, member 1 

FUnknown 
biological function LOC245963 Estrogen-regulated protein CBL20,20.4kD 

Frontal cortex 
UUWIIIt9 UIOLt; U 

Functional grouping Gene Symbol Gene Title 
Cell growth / differentiation - tumor necrosis factor receptor superfamily, member 11 b 

growth inhibiting Tnfrsf11b (osteoprotegerin) 

Cell growth / differentiation - 
Arc activity regulated cytoskeletal-associated protein 

growth promoting 

i naiamus u re uuawu 
Functional grouping. Gene Symbol Gene Title 

Cell growth / differentiation - C r61 cysteine rich protein 61 
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growth promoting 

Unknown biological function LOC245963 Estrogen-regulated protein CBL20,20.4kD 

Thalnmii rlnuinrnniilatRd ý. 
. 

Fun 
. 
tional grouping Gene Symbol Gene Title 

Cell signalling -collagen 
synthesis P4hal prolyl 4-hydroxylase alpha subunit 

Stress + immune response Hspala heat shock 70kD protein 1A 

Stress + immune response Hspbl heat shock 27kDa protein 1 

Striatum u re ulated 

Functional grouping' Gene Symbol Gene Title 
Nuclear assembly / 
biogenesis H3f3b H3 histone, family 3B 

Striatum downreaulated 

Functional rou in Gene Symbol Gene Title 
Cell growth / differentiation - tumor necrosis factor receptor superfamily, member 11 b 
growth inhibiting Tnfrsf11 b (osteoprotegerin) 
Cell growth / differentiation - 
growth promoting Arc activity regulated cytoskeletal-associated protein 
Cell growth / differentiation - 
growth promoting Nr4al immediate early gene transcription factor NGFI-B 
Cell growth / differentiation - 
growth promoting c-fos c-fos oncogene 
Cell growth / differentiation - 
growth promoting Junb Jun-B oncogene 
Cell growth / differentiation - 
growth promoting Nr4a3 nuclear receptor subfamily 4, group A, member 3 
Cell signalling -collagen 
synthesis P4hal prolyl 4-h dro lase alpha subunit 

Stress + immune response Hspala heat shock 70kD protein 1A 

Stress + immune response Hspbl heat shock 27kDa protein 1 
Vesicle transport / synaptic 
transmission Homerl homer, neuronal immediate early gene, 1 
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Appendix 2 

Publications arising from the present studies 

Papers 

" Saczewski F. Hudson AL. Tyacke RJ. Nutt DJ. Man J. Tabin P. Saczewski J.: 2-(4,5- 
dihydro-lH-imidazol-2-yl)indazole (indazim) derivatives as selective 1(2) imidazoline 

receptor ligands (2003) European Journal of Pharmaceutical Sciences. 20(2): 201-208 

" Man J., Hudson A. L., Nutt D. J., Ashton D.: Animal models for Obsessive- compulsive 
disorder (2004). Current Neuropharmacology 2,169-181. 

Abstracts 

" Man J., Tyacke R. J., Hudson A. L., Nutt D. J.: 2-(4,5-dihydro-IH-imidazol-2-yl)indazole 

(indazim) derivatives as selective 1(2) imidazoline receptor ligands? (2002). J. 

Psychopharm. suppl. vol. 16 

" Man J., Willems R., Hudson A. L., Nutt D. J., Ashton D.: Chronic quinpirole- induced 

compulsive checking behaviour in rats: early onset of long-lasting changes (2004). J. 

Psychopharm. suppl vol. 18 number 3. 

" Man J., Willems R., Hudson A. L., Nutt D. J., Ashton D.: Chronic quinpirole- induced 

compulsive checking behaviour in rats: what is the temporal distribution of compulsive 

checking parameters? (2004). Society for Neuroscience 34'" Annual Meeting, program 

number 1030.8. 

0 Man J., Willems R., Hudson A. L., Nutt D. J., Ashton D.: Chronic quinpirole-induced 

compulsive checking as an animal model for Obsessive-compulsive disorder-compulsive 

checking inhibited by D3 receptor antagonist. Accepted 18`" National Meeting British 

Neuroscience Association April 2005. 

0 Man J., Geys H., Hudson A. L., Nutt D. J., Ashton D.: Further validation of the quinpirole- 

induced compulsive checking paradigm as a model for obsessive-compulsive disorder 

(OCD)-restraint stress exacerbates some compulsive checking measures. Accepted BAP 

Summer Meeting 2005 
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