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ABSTRACT 

Obsessive-compulsive disorder (OCD)1 is a phenotypically heterogeneous psychiatric disorder 

characterised by repetitive and ritualised behaviours (compulsions), that are purportedly enacted 

to attenuate the level of distress induced by persistent intrusive thoughts, images, or urges 

(obsessions). 

From a neurobiological perspective, OCD is associated with cortico-striatal-thalamic-cortical 

(CSTC)2 dysfunction.  The cortex, striatum and thalamus play important roles in goal directed 

behaviour and is pivotal for normal executive functioning.  The CSTC circuit comprises both a 

direct, behaviourally activating, and an indirect, behaviourally inactivating pathway.  As such, one 

proposed mechanism for the symptomology observed in OCD is believed to be related to a bias in 

favour of the dopamine 1 (D1) receptor expressing direct pathway, over that of the indirect, D2 

receptor expressing neurons.  Further, considering the behavioural opponency known to exist 

between dopamine and serotonin, OCD is believed to be associated with hyposerotonergic 

signalling in the CSTC pathways.  In fact, an associative, albeit not causal link between OCD and 

serotonin was first made approximately 50 years ago when the serotonin reuptake inhibitor, 

clomipramine, demonstrated moderate efficacy in treating the symptoms of OCD, a finding which 

has informed the treatment of the disorder ever since. 

In line with the above, chronic (10-12 weeks or longer) high dose selective serotonin reuptake 

inhibitor (SSRI)3 treatment delivers therapeutic response in 40-60% of patients and is regarded as 

the first line pharmacological treatment for OCD.  However, treatment resistance remains a 

profound clinical dilemma.  Common strategies to improve the therapeutic response in OCD include 

the use of low-dose neuroleptic drugs, e.g. risperidone, in combination with SSRIs.  That said, such 

therapy is also only effective in a third of SSRI non-responders.  In line with this, new advances in 

OCD research are pointing to potentially unique perturbations in the psychobiological processes 

that may underlie treatment resistance.  Indeed, it has been demonstrated that certain symptom 

dimensions are associated with higher treatment resistance rates, which may be related to unique 

impairments in specific psychobiological processes, i.e. shifting ability, working memory, and an 

overreliance on habitual responding which potentially contributes to the degree of cognitive 

 

1 obsessive-compulsive disorder 
2 cortical-striatal-thalamic-cortical 
3 selective serotonin reuptake inhibitor 
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impairment shown.  Therefore, an improved understanding of the psychobiological mechanisms 

that may underlie certain obsessive-compulsive symptom dimensions would be valuable for our 

continued development of novel pharmacological interventions. 

Although not as well studied in OCD1 as serotonin and dopamine, adenosine may be of potential 

clinical relevance in OCD as it modulates the neurotransmission of both serotonin and dopamine 

within the CSTC2 circuits, hippocampus, and amygdala.  More specifically the A2A receptor subtype 

is of interest in this investigation, since A2A antagonism has been shown to improve the motor and 

cognitive deficits in Parkinson’s disease patients.  Further, striatal and extra-striatal A2A receptor 

expression are differentially involved in motor control, context appraisal and anxiogenic processes, 

all of which are implicated to varying degrees in OCD. 

Deer mice (Peromyscus maniculatus bairdii) present researchers with a unique avenue to study 

the potential relationships between and mechanisms underlying naturally occurring and 

compulsive-like inflexible behaviour (stereotypy) and cognitive deficits.  Briefly, 40-45% of adult 

deer mice of both sexes present with seemingly purposeless and highly repetitive vertical and 

horizontal motor behaviours, i.e. high stereotypy (H)3 that manifests in a waxing and waning nature 

throughout the dark cycle.  Further, in line with the hyposerotonergic theory of OCD, H deer mice 

present with significant reductions in striatal serotonin transporter (SERT)4 density compared to 

their normal (N)5 behavioural counterparts.  Last, H but not N behaviour is moderately sensitive to 

chronic, high-dose (50 mg/kg/day) intervention with the SSRI6, escitalopram. 

Here, we aimed to employ the deer mouse model of compulsive-like spontaneous stereotypy to 

explore the effects of anti-adenosinergic (i.e. the selective A2A receptor antagonist, istradefylline), 

as opposed to serotonergic (i.e. escitalopram) intervention on the expression of H behaviour.  We 

further aimed to investigate the potential relationship between H stereotypy and cognitive flexibility 

 

1 obsessive-compulsive disorder 
2 cortical-striatal-thalamic-cortical 
3 high stereotypical 
4 serotonin transporter 
5 non-stereotypical 
6 selective serotonin reuptake inhibitor 
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as assessed in the T-maze continuous alternation task (T-CAT)1 and determine how any differences 

in cognitive flexibility between N2 and H3 animals would respond to istradefylline and escitalopram. 

Briefly, 182 deer mice of both sexes, aged 10 – 12 weeks at the onset of investigation, were 

screened for vertical and horizontal stereotypical behaviour (pre-exposure phase) and 

subsequently divided into two behavioural cohorts i.e. N and H (n = 40 per group).  Each cohort 

was then further divided into four subgroups (n = 10 per exposure group; however, final end-point 

group sizes varied between 8 and 10) based on the type of intervention received (vehicle control; 

escitalopram 50 mg/kg/d; istradefylline 10 mg/kg/d and istradefylline 20 mg/kg/d) making for a total 

of eight groups.  Since istradefylline is insoluble in water, all drugs were constituted for oral 

administration via a drinking solution (vehicle) which consisted of a 2% sucrose solution containing 

2% dimethyl sulfoxide, 1.5% polyethoxylated castor oil (Kolliphor® EL) and ≤1.5% mineral oil.  All 

drugs were administered for 28 days before mice were subjected for the first time to T-CAT testing 

and a single round of post-exposure stereotypy testing the subsequent day.  Prior to the onset of 

experimentation, the study was approved by the AnimCare Research Ethics Committee of the 

North-West University (approval number: NWU-00575-19-A5). 

The main findings of this work are that 1) istradefylline broadly reduced the expression of 

stereotypical behaviour in deer mice of both cohorts, 2) no correlation seems to exist between the 

time spent engaging in H behaviour, and spontaneous alternating behaviour, and 3) istradefylline 

significantly improved the alternating behaviour of H expressing animals. 

In terms of our first main finding, chronic istradefylline exposure, irrespective of dose, not only 

reduced the time that H animals spent engaging in H stereotypical behaviour, but also significantly 

increased the time during which no stereotypy was expressed.  Further, istradefylline also reduced 

the whole-night average and the highest intensity of stereotypical expression.  While we showed 

that the effect of escitalopram on the expression of stereotypy is less pronounced than previously 

reported, it is likely that a different methodological framework applied here, i.e. by making use of 

a pre- and post-exposure stereotypy screen instead of weekly screens, could have contributed to 

 

1 T-maze continuous alternation task 
2 non-stereotypical 
3 high stereotypical 
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this result.  That said, a definitive role for adenosinergic signalling in the manifestation of H2 

behaviour is highlighted in this work which should be explored further. 

Although we found no correlation between the expression of stereotypy and cognitive flexibility as 

assessed in the T-CAT1, it is important to note that H2, but not N3 animals did present with drug-

sensitive alterations in alternation behaviour.  Here, istradefylline increased the alternation 

behaviour of H, but not N animals, a finding that implicates adenosinergic signalling in the 

processes that may underlie cognitive flexibility.  That said, continued investigation is needed, since 

it is unclear how istradefylline contributed to this improvement.  In fact, considering its attenuating 

effects on fear processing, anxiety, motor control and contextual appraisal, any or more of these 

processes could likely have contributed to the reported result. 

In conclusion, we have presented evidence for adenosine signalling in the manifestation of both 

repetitive OC4-like behaviour as well as potential cognitive impairment.  That istradefylline improved 

both stereotypy and alternation behaviour, putatively links these two constructs on the level of 

adenosinergic involvement and provides a much-needed platform for future pharmacotherapeutic 

investigations. 

Keywords: obsessive-compulsive disorder; istradefylline; escitalopram; T maze continuous 

alternation task (T-CAT); cognitive flexibility; adenosine; deer mouse; spontaneous alternation 
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CHAPTER 1 – INTRODUCTION 

1.1 Dissertation approach and layout 

The current dissertation is compiled in article format, as specified and approved by the North-

West University (NWU)1, South Africa.  The main body of the dissertation is presented as a 

single manuscript (Chapter 3) with the experimental work, results and main findings presented 

in the form of a journal article that will be submitted for publication in an accredited international, 

peer-reviewed neuroscience journal, i.e. The European Journal of Neuroscience. 

Chapter 1 presents a concise description of the project problem statement, study questions, 

aims, project layout, hypothesis and expected outcomes.  Chapter 2 comprises the applicable 

literature background to support the current project, while Chapter 3 will report the key findings 

of the investigation in the form of a scientific manuscript.  Chapter 4 encapsulates the complete 

project.  Addendum A contains the letters of permission of co-authors for subjecting the 

manuscript for assessment purposes.  Addendum B contains a description of supplementary 

methods. 

The reference style used throughout this dissertation is that prescribed by The European 

Journal of Neuroscience. 

The dissertation is presented in UK2 English. 

1.2 Problem statement 

Obsessive compulsive disorder (OCD)3 is a chronic, debilitating neuropsychiatric condition with 

a global 12-month prevalence rate of 1.8% (American Psychiatric Association, 2013).  OCD is 

characterized by persistent intrusive thoughts, images, or urges (obsessions) that are believed 

to cause significant anxiety and distress in the sufferer, and which are generally associated with 

repetitive, ritualized behavioural acts (compulsions).  The condition is time consuming and has 

a severely negative impact on the social and occupational functionality of patients (Gillan and 

Robbins, 2014; Rachman, 1976).  Briefly, five main phenotypes of OC4 symptomology have 

 

1 North-West University 
2 United Kingdom 
3 obsessive-compulsive disorder 
4 obsessive-compulsive  
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been described, viz. contamination/washing, safety/checking, symmetry/ordering, 

inappropriate, repugnant thoughts related to sex, religion or self-harm, and fears of losing 

objects associated with collecting compulsions (Abramowitz et al., 2004; Markarian et al., 2010; 

McKay et al., 2009; Olley et al., 2007). 

Dysfunction within the cortical-striatal-thalamic-cortical (CSTC)1 circuitry has been suggested 

to play a role in the symptomology seen in OCD2 (Dudchenko, 2001; Moritz et al., 2004; Saxena 

and Rauch, 2000; Stein et al., 2000).  Specifically, neuroimaging studies indicated an imbalanced 

bias in favour of the behaviourally activating and D1 receptor-expressing direct pathway over 

the behaviourally inactivating and D2 receptor-expressing indirect pathway, which is associated 

with an overall hyperactivity of the cortico-striatal loop (Calzà et al., 2019; Saxena and Rauch, 

2000).  The two main neurotransmitters that have been dictating past and still directs present 

research into CSTC neurobiology, are dopamine and serotonin.  Here, consideration is to be 

given to the theory of behavioural opponency between dopamine and serotonin (Daw et al., 

2002), as OCD is proposed to be a condition of hypo-serotonergic signalling, especially as seen 

against the background of CSTC-functioning (Lissemore et al., 2018; Solanto et al., 1995).  In 

fact, the neurotherapeutic link between OCD and serotonin was first made approximately 50 

years ago when the tricyclic antidepressant, clomipramine, was found to demonstrate moderate 

efficacy as an anti-compulsive agent (Fernández Córdoba and López-Ibor Aliño, 1967). 

Considering its role in the planning, execution, and termination of goal-directed action, the CSTC 

circuitry is also a fundamental role player in the cognitive processing of outcome feedback.  

Although research is overly inconclusive, OCD patients have been shown to present with 

cognitive impairments across a number of domains e.g. reversal learning, non-verbal fluency, 

set-shifting and the retrieval of spatial memory (Olley et al., 2007; Purcell et al., 1998; Samuel 

R. Chamberlain  et al., 2007).  However, recent research points to highly specific and focused 

cognitive impairments in specific patients and/or symptom phenotypes only (Bradbury et al., 

2011; Exner et al., 2014; Figee et al., 2011; Gruner and Pittenger, 2017; Morein-Zamir et al., 

2013; Morein-Zamir et al., 2014; van der Wee et al., 2003), a fact that potentially contributed to 

generalised OCD3 research failing to provide conclusive evidence for broad neurocognitive 
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impairments in OCD (Gruner and Pittenger, 2017; Olley et al., 2007; Paast et al., 2016; Purcell 

et al., 1998). 

Since the discovery and application of clomipramine in the treatment of OCD, selective serotonin 

reuptake inhibitors (SSRIs)1, e.g. escitalopram, have been developed and they are still regarded 

as the first-line pharmacological treatment for the condition.  However, treatment resistance is 

common, in which case SSRI therapy is augmented with low-dose atypical neuroleptic agents, 

e.g. risperidone (Kellner, 2010).  That said, such therapy is also only effective in a third of non-

responders (Fineberg et al., 2015) and can even worsen symptoms in some patients (Fineberg, 

2004; Lykouras et al., 2003; Sareen et al., 2004).  Interestingly, considering that OCD is 

generally associated with anxiety, benzodiazepines, the prototypical anxiolytic drug class, have 

no demonstrable therapeutic effect in OCD1 (Fineberg, 2004); however, they may have some 

value to treat acute flares of obsession-induced anxiety (Nutt and Malizia, 2006; Starcevic et al., 

2016).  Importantly, and in line with cognitive research in OCD referred to above, an 

accumulating body of research points to different phenotypes of OCD responding to different 

forms of treatment.  It is likely that some phenotypes of OCD would respond better to 

psychotherapy than to pharmacotherapeutic intervention since cognitive processes may play a 

unique role in different individuals (Rufer et al., 2006; Sookman et al., 2005; Williams et al., 

2013).  With respect to pharmacotherapeutic strategies, it has also been demonstrated that a 

one-treatment-for-all approach may be counterproductive (Brakoulias et al., 2019; Torres et al., 

2016), likely due to a varying degree of interaction between the neurobiology and cognition that 

may underlie OC2 symptoms in different individuals.  Hence, there is an urgent need to gain a 

better understanding of OCD and to improve current treatment approaches. 

Against this background, the current project will focus on the nucleoside, adenosine.  Although 

not as well studied as serotonin and dopamine (Cinque et al., 2018; Huey et al., 2008; Koo et 

al., 2010; Korff et al., 2008; Pittenger and Bloch, 2014; Solanto et al., 1995), adenosine is an 

important neuronal role player that acts as a modulator of central neurotransmission (Soliman 

et al., 2018).  Briefly, the adenosine A1 receptor, being a Gi/o coupled receptor, is inhibitory in 

that, when activated, it reduces cyclic adenosine monophosphate (cAMP)3 production.  It is 

 

1 selective serotonin reuptake inhibitors 
2 obsessive-compulsive 
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generally also regarded as having neuroprotective properties (Preti et al., 2015).  In contrast, 

the Gs coupled adenosine A2 receptor (most notably the A2A subtype) is excitatory and increases 

cAMP production.  In contrast to the A1 receptor, the A2A receptor is linked with 

neurodegeneration (Preti et al., 2015; Stockwell et al., 2017).  Of particular importance for the 

current investigation is that the A2A receptor is expressed on the inhibitory spiny neurons of the 

striatum where it is believed to regulate the functional balance between the direct and indirect 

pathway (Orr et al., 2018).  Since antagonism of the adenosine A2A receptor has previously 

shown promise in the treatment of conditions associated with cognitive impairment, e.g. 

Parkinson’s disease (Chen and Cunha, 2020; Horita et al., 2013; Orr et al., 2018) and 

considering the overall paucity of data pertaining to the adenosinergic system in OCD1, we will 

attempt to explore the potential of istradefylline, a highly selective adenosine A2A receptor 

antagonist on both cognitive performance as assessed in the T-maze continuous alternation 

task (T-CAT)2 (Deacon and Rawlins, 2006; Gerlai, 1998; Spowart-Manning and van der Staay, 

2004) and compulsive-like motor stereotypy (Korff et al., 2008; Wolmarans et al., 2013) as 

expressed in a naturalistic model of compulsivity, viz. the deer mouse. 

The deer mouse (Peromyscus maniculatus bairdii) is a valuable and useful research framework 

for the study of compulsive-like behaviours and their potential association with cognitive 

deficits, since the model is wholly naturalistic and spontaneous (Korff et al., 2008; Wolmarans 

et al., 2013).  The species presents with complex motor stereotypies that are reminiscent of 

OC-like3 symptoms (Korff et al., 2008; Wolmarans et al., 2013; Wolmarans, 2015), while such 

stereotypies appear to share some of the proposed psychobiological mechanisms and 

treatment response profiles which are typical of clinical OCD4 (for a detailed review of the model, 

please refer to Wolmarans et al. (2018)).  In short, deer mice express two main forms of motor 

stereotypy, i.e. repetitive vertical stereotypies, which includes jumping and somersaulting, and 

horizontal pattern running (Wolmarans et al., 2013).  Irrespective of the stereotypy expressed, 

such behaviour seems to be persistent, time-consuming, repetitive, and inflexible (Wolmarans 

et al., 2013; Wolmarans et al., 2018; Wolmarans, 2015).  Further, such spontaneous stereotypy, 

observed in 40-45% of the laboratory-housed deer mouse population, develops across both 
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sexes.  It further presents in a waxing and waning nature, reminiscent of obsessive-compulsive 

symptomology.  While we have previously shown such behaviour to be responsive to chronic 

high-dose oral escitalopram (50 mg/kg/day x 28 days) exposure, it should be reiterated that 

escitalopram fails to suppress stereotypical activity completely (Wolmarans et al., 2013); rather, 

it seems to decrease the time that high stereotypical (H)1 animals spend on stereotypical 

activity.  Nevertheless, that stereotypy is associated with perturbations in cortico-striatal 

serotonergic signalling, points to serotonin being an important role player in the manifestation 

of said behaviours.  What remains to be established is whether H behaviour associates with 

some form of cognitive impairment and how such impairment, if any, will respond to 

escitalopram.  The answer to this question would be important, since it may contribute to our 

understanding of how cognitive processes likely contribute to motor symptom presentation 

and/or treatment resistance.  As alluded to earlier, we will also explore a novel treatment 

approach by investigating the therapeutic potential of istradefylline for the treatment of 

symptoms which are arguably founded within the motor and cognitive domains, respectively. 

In summary, although our knowledge and understanding of OCD has shown some significant 

advancement in recent years, currently available treatments remain inadequate (Hudak et al., 

2012).  Further, while it is known that OCD may be associated with cognitive impairment, no 

definitive correlation between the degree of such cognitive impairment and OCD symptom 

severity or phenotypical domain, has yet been made.  This will be a major focus of the current 

work.  Further, adenosine-modulating drugs, specifically A2A receptor antagonists, may be a 

useful and promising avenue for pharmacotherapeutic studies, since it has shown demonstrable 

efficacy in the treatment of cognitive impairments which are also associated with perturbations 

in CSTC2 signalling (Chen and Cunha, 2020).  Indeed, it may be of significant benefit to identify 

drugs that may act upon both the motor and cognitive domains to improve current treatment 

strategies without the need to resort to polypharmacy. 
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1.3 Study questions 

Referring to the brief review of the literature and the background provided in the problem 

statement above, this research will attempt to answer the following questions: 

i) Is H1 behaviour associated with cognitive rigidity as measured in a validated behavioural 

paradigm for assessing cognitive ability in mice, i.e. the T-CAT2? 

ii) Will manipulation of adenosine signalling via chronic, 28-day selective antagonism of 

the adenosine A2A receptor be associated with improvements in cognitive rigidity and 

attenuated stereotypy? 

iii) Will chronic, 28-day administration of escitalopram, an SSRI3 that has previously shown 

promise in attenuating the expression of stereotypy, also result in improvements in 

cognitive rigidity? and 

iv) Can cognitive rigidity be regarded as a potential target for pharmacological intervention 

in our efforts to develop novel treatments for compulsivity? 
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1.4 Aims and objectives 

To answer these research questions, this work aims to: 

i) Determine whether H1 deer mice of both sexes present with cognitive impairment, i.e. 

reductions in spontaneous alternation as measured in the T-CAT2, when compared to a 

normal behavioural control (N)3; 

ii) Determine whether chronic exposure to istradefylline, a selective adenosine A2A receptor 

antagonist, will attenuate cognitive rigidity, and/or the expression of H behaviour and 

establish how such drug intervention will affect the behaviour of N animals; and 

iii) Compare the efficacy of istradefylline and escitalopram on the levels of both H 

expression and cognitive rigidity. 

 

*** 

 

To realise these aims, we will address the following objectives: 

i) 100 deer mice (from the 182 screened) of both sexes (aged 12 weeks at the onset of 

experimentation) will be separated into two (2) behavioural cohorts, viz. N and H (n = 

40 animals each).  Importantly, since only 40 – 45% of deer mice express H behaviour, 

an initial pool of 100 animals is needed to reach the necessary number of 40 H animals 

required for this investigation (please refer to the ‘Methods’ section of Chapter 3 for a 

detailed overview); 

ii) The selected N and H animals will subsequently be divided into four (4) treatment 

groups each (n = 10 animals per group), i.e. 

a. normal control (vehicle); (Orr et al., 2018) 

b. escitalopram (50 mg/kg/day; (Wolmarans et al., 2013); 

c. lower dose istradefylline (10 mg/kg/day; (Orr et al., 2018); and 

d. higher dose istradefylline (20 mg/kg/day; (Orr et al., 2018). 
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iii) All animals will subsequently be exposed to the different drug interventions for 28 days; 

iv) Following the last day of treatment, all mice will be assessed in the T-CAT1 over a single 

session comprising 15 successive arm choice-trials, or 30 minutes, whichever comes 

first; 

v) Following T-CAT testing, all mice will once again be screened for stereotypical 

expression; and 

vi) comparing the endpoint, post-treatment manifestation of cognitive rigidity and 

stereotypy of N2 and H3 mice, as well as between different treatment groups. 

 

*** 
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1.5 Study layout 

 

1.6 Ethical clearance 

The current investigation has been approved by the AnimCare Research Ethics Committee 

(NHREC1 reg. nr.: AREC2-130913-015) of the NWU3 (approval number NWU-00575-19-A5).  The 

ARRIVE-guidelines for animal experimentation was adhered to as closely as possible (Kilkenny 

et al., 2010). 

  

 

1 National Health Research Ethics Council 
2 Animal Research Ethics Committee 
3 North-West University 

Figure 1-1: Schematic layout of study design 

N: Low-stereotypical animals; H: High-stereotypical animals; ESC: Escitalopram;  

Istra: Istradefylline 
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1.7 Study hypothesis and expected outcomes 

We hypothesise that drug-naïve H1, but not N2 deer mice (Korff et al., 2008; Wolmarans et al., 

2018), may be characterised by reduced cognitive flexibility as assessed in the T-CAT3.  We 

emphasize that this may be the case since no generalised and definitive association between 

cognitive impairment and OCD4 as a broad clinical condition has been reported before.  Also, 

stereotypy has not yet been assessed in terms of cognitive impairment and hence could 

represent a compulsive-like phenotype that may or may not associate with such impairment.  

In the event that impaired altered cognitive flexibility (if evident) is not associated with the 

expression of H behaviour, we believe chronic (28-day) oral exposure to istradefylline, a 

selective adenosine A2A receptor antagonist, but not control treatment, will improve the T-CAT 

performance of deer mice.  However, if changes in cognitive flexibility is associated with the 

expression of H behaviour, improvements will be shown across both domains.  Although 

escitalopram has previously been shown to reduce the number of stereotypical bouts expressed 

by H mice (Wolmarans et al., 2018), we hypothesise that its effect on cognitive performance as 

measured in the T-CAT, will be less pronounced compared to that of istradefylline; we believe 

this to be likely, since at least 40% of OCD patients remain refractory to the effects of SSRIs5, 

while a significant number of these respond to psychotherapy alone.  As such, SSRI intervention 

may potentially be less effective in OCD patients who may present with unique cognitive 

involvement compared to SSRI-sensitive patients, a possibility that will potentially be confirmed 

by this work (Burke and Kratochvil, 2002). 
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CHAPTER 2 – LITERATURE REVIEW 

2.1 OCD in the clinical environment 

2.1.1 Symptomology and epidemiology 

Obsessive compulsive disorder (OCD)1 is a chronic, debilitating neuropsychiatric condition with 

a global 12-month prevalence rate of 1.8% (American Psychiatric Association, 2013).  The mean 

age of onset of OCD is 19 years (American Psychiatric Association, 2013).  However, the 

condition transpires in younger individuals as well, with women being more commonly affected 

in adulthood and men during childhood (American Psychiatric Association, 2013).  Recent 

investigations indicated that, at least in some populations, cultural and demographic background 

does not affect the type of symptoms experienced in OCD (Brakoulias et al., 2019).  OCD has 

recently been classified as the archetype disorder in a new diagnostic class, i.e. ‘Obsessive-

Compulsive and Related Disorders’ (OCRDs)2 (American Psychiatric Association, 2013), as 

opposed to its prior classification as an anxiety disorder. 

OCD is characterized by persistent intrusive thoughts, images, or urges (obsessions) that are 

believed to cause anxiety or distress, and which are mostly associated with repetitive, ritualized 

behavioural acts (compulsions).  Common obsessive-compulsive (OC)3 symptom dimensions 

include contamination/washing, safety/checking, symmetry/ordering, inappropriate thoughts 

related to sex, religion or self-harm, and fears of losing objects associated with collecting 

compulsions (Abramowitz et al., 2004; Markarian et al., 2010; McKay et al., 2009; Olley et al., 

2007).  It is generally considered that patients indulge in compulsive routines in an attempt to 

alleviate obsession-induced anxiety or distress (American Psychiatric Association, 2013).  

Importantly, distinction should be made between ‘normal’ intrusive thoughts that are observed 

in all individuals and those suffered from by OCD patients.  For such intrusions and behaviours 

to be viewed as dysfunctional/pathological, they must be time-consuming (i.e. taking up more 

than 1 hour per day) and cause clinically significant distress or anxiety that impedes normal day 

life (American Psychiatric Association, 2013; Lack, 2012).  Further, patients must be aware that 
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their symptoms are irrational, thereby distinguishing OCD1 from delusions (American 

Psychiatric Association, 2013; Raveendranathan et al., 2012). 

2.2 The neuroanatomy of OCD 

From a neuroanatomical perspective, OCD is associated with cortico-striatal-thalamic-cortical 

(CSTC)2 dysfunction (Dudchenko, 2001; Moritz et al., 2004; Saxena and Rauch, 2000).  

Collectively, the prefrontal cortex (PFC)3, striatum and thalamus play important roles in goal 

directed behaviour and executive functioning (Gruner and Pittenger, 2017; Wolmarans et al., 

2018).  The CSTC circuit comprises a direct, behaviourally activating, and an indirect, 

behaviourally inactivating pathway (Figure 2-1) (Korff et al., 2008; Surmeier et al., 2011).  

Historically, the first indication of the role that the CSTC circuit played in brain function came 

from the case of Mr Phineas P. Gage, who sustained damage to, among other areas, his 

orbitofrontal cortex (OFC)4.  It was noted that he subsequently presented with altered 

emotionality and motivation (Bigelow, 1850).  Although the CSTC circuits play a fundamental 

role in a wide range of neuropsychiatric conditions, it is of major importance in the presentation 

of OCD. 

Looking at its different components, each neuroanatomical structure has a certain role to play 

in realising voluntary behavioural engagement. Here, we will provide a very brief functional 

summary of each component. 
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2.2.1 The prefrontal cortex 

The PFC1, broadly divided into the orbital and medial, lateral, and the mid-dorsal cortices, play 

an important role in virtually all processes related to memory, affect and outcome processing 

and is therefore vital for our ability to think, perceive, appraise outcomes, evaluate different 

behavioural options, plan appropriate action and to direct behaviour towards a specific outcome.  

With respect to OCD2, the OFC3, anterior cingulate and dorsolateral prefrontal cortices are 

especially of relevance (Bonelli and Cummings, 2007).  OCD is sometimes appraised as a 

condition founded upon dysfunctional starting mechanisms (Robbins et al., 2012), in that 

inappropriately excessive behaviours are continuously initiated and propagated.  Since the 

dorsolateral PFC is responsible for the planning of goal-directed action, it is proposed that this 

brain structure may be responsible for propagating an excessive ‘start signal’ (Bonelli and 

Cummings, 2007; Robbins et al., 2012).  On the other hand, if regarding OCD as a condition 

characterised by dysfunctional stopping mechanisms, as proposed by some (Bonelli and 

Cummings, 2007; Hinds et al., 2012), it could be expected that the OFC and anterior cingulate 

cortex, which are responsible for the interpretation of outcome and error detection and the 
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Figure 2-1: The CSTC circuitry in normal controls and patients with OCD 

GABA: Gamma-aminobutyric acid; STN: Subthalamic nucleus; GPe: Globus pallidus externa;  

GPi: Globus pallidus interna; SNr: Substantia nigra reticulata; D1: Dopamine receptor 1 mediated; D2: Dopamine 

receptor 2 mediated 
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subsequent termination of goal-directed action (Robbins et al., 2012; Bonelli and Cummings, 

2007), would be compromised in some way. 

2.2.2 The striatum 

The striatum, comprising of the caudate, putamen, and nucleus accumbens (Meredith et al., 

2008), forms a neuronal bridge between the PFC1 and the thalamus.  Briefly, the striatum 

receives input from the PFC and functions as the main controller of specific motor patterns as 

well as to gate go- and no-go signals (Bahuguna et al., 2015).  It does so via medium spiny 

neurons (MSNs)2 which receive input from the PFC and then relay signals via the D1 receptor 

expressing direct pathway and the D2 receptor expressing indirect pathway to the thalamus.  Its 

main functions therefore pertain to the execution and gating of cortically planned goal-directed 

and habitual behaviour, decision making processes and reward-orientated behaviour (Pennartz 

et al., 2011; Schultz, 2007; Xiao et al., 2018).  From the striatum the direct pathway projects 

directly into the GPi3/SNr4, while the indirect pathway first projects to the GPe5, through the 

STN6 and finally into the GPi/SNr.  Therefore, the GPi/SNr receives inputs from both pathways 

and serves as their integration point.  During its activation, the direct pathway results in 

increased GABA7ergic outflow to the GPi/SNr, slowing subsequent GABAergic currents to the 

thalamus (Groenewegen, 2003; Milad and Rauch, 2012; Stocco et al., 2010). In contrast, the 

indirect pathway, when activated, results in elevated glutamatergic outflow to the GPi/SNr, 

stimulating the inhibitory activity of GABAergic projections to the thalamus (Groenewegen, 

2003; Milad and Rauch, 2012; Stocco et al., 2010). 
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2.2.3 The thalamus 

Following the relay of signals from the PFC1 via the striatal pathways, the GPi2/SNr3 projects to 

the thalamus by means of GABA4ergic interneurons.  Importantly, these interneurons are 

tonically active and therefore result in a net inhibitory effect on the thalamus, i.e. in the absence 

of activation.  As explained above, the direct pathway inhibits these GABAergic interneurons, 

thereby increasing the excitability of thalamic neurons by reducing the amount of tonic inhibitory 

GABAergic signalling; the net result of direct pathway activation is therefore also activation of 

the CSTC5 circuitry to facilitate motor patterns and cognitive action (Groenewegen, 2003; Milad 

and Rauch, 2012).  In contrast the indirect pathway results in increased GABAergic signalling 

to the thalamus thereby lowering thalamic output consequently inhibiting motor patterns and 

cognitive actions (Groenewegen, 2003; Nambu, 2008).  Finally, reciprocal projections between 

the thalamus and the cortex close off the circuit (Nambu, 2008).  Broadly regarded, the thalamus 

can be viewed as a hub for neuronal integration for both sensory and motor functions (Haber 

and Calzavara, 2009). 

*** 

Following from the above, an important question is highlighted.  Since the direct pathway 

favours, and the indirect pathway inhibits behavioural execution, it is important to understand 

how simultaneous activation of both pathways will result in propagating the go-signal.  The 

answer to this conundrum lies in the effects of dopamine and serotonin on CSTC functioning.  

Since a bias in favour of the D1 receptor-expressing direct pathway, over that of the indirect, D2 

receptor expressing pathway (Denys et al., 2004a; Huey et al., 2008) is proposed to be 

associated with compulsivity, we will now afford closer attention to dopamine and serotonin 

against the background of executive functioning.  We will then proceed to review the potential 

levels of crosstalk between dopamine, serotonin, and later also adenosine, to lay the theoretical 

foundation of this project. 
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2.3 The neurotransmission of OCD 

Serotonin has been the major focus of investigation in studies of OCD1 neurobiology ever since 

the therapeutic efficacy of clomipramine was first documented (Katz et al., 1990).  However, 

since OCD shows considerable resistance to serotoninergic drugs, our understanding and 

previous theories of the neurochemistry in OCD is not as well understood as previously 

believed. 

2.3.1 Dopamine 

Dopamine, most notably via its actions on D1 and D2 receptors, plays an important role in our 

ability to execute goal-directed action.  As such, dopamine is a key role player in the 

manifestation of conditions related to aberrant goal-directed action motivation, e.g. OCD (Denys 

et al., 2004a; Denys et al., 2004b; de Wit et al., 2012; Koo et al., 2010).  As alluded to earlier, it 

is widely accepted that a bias in favour of the D1 receptor expressing pathway over the D2 

expressing indirect pathway may underlie OCD (Huey et al., 2008; Saxena and Rauch, 2000).  

It is however imperative to note that these pathways have different roles to play in functional 

processes such as motor behaviour, decision making and motivation.  As explained earlier, 

activation of the direct pathway is linked with the execution of prior planned motor routines, 

whereas the indirect pathway functions to inhibit or attenuate behaviour based upon contextual 

cues and/or actual outcome (Kravitz et al., 2012).  This could theoretically cause an impasse 

between the activation and inhibition of voluntary motor behaviour (Calabresi et al., 2014).  To 

solve this problem, dopamine is paramount.  The direct behaviourally stimulating pathway 

expresses excitatory D1 G-protein coupled receptors that augments the firing of the direct 

pathway neurons (Huey et al., 2008; Saxena and Rauch, 2000).  In contrast the indirect 

behaviourally inactivating pathway expresses inhibitory D2 G-protein coupled receptors which 

prevent the firing of the indirect pathway neurons (Hernández-López et al., 2000; Huey et al., 

2008; Saxena and Rauch, 2000), thus reducing the inhibitory effect of the pathway, allowing the 

go signal to propagate.  Therefore, an increase in dopamine in parallel with a goal directed 

CSTC2 signal propagation, shifts the balance in favour of behavioural activation.  In other words, 

during the execution of planned motor and habitual routines, simultaneous stimulation of the 
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direct and indirect pathways results in behavioural conflict which is momentarily counteracted 

by the motivationally driven phasic release of dopamine (Calabresi et al., 2014).  This interaction 

should also not be regarded as highly rigid, but as a more dynamic system of interplay which 

is adaptable and subject to changing action-outcome contingencies (Calabresi et al., 2007; 

Calabresi et al., 2014). 

Following from the above, dopamine can likely be implicated as a crucial neurobiological role 

player in the manifestation of obsessions and/or compulsions, especially considering the 

modest therapeutic response observed when SSRI1 therapy is augmented with low dose D2 

antagonists (Brakoulias et al., 2019; Fineberg et al., 2015).  This is further exemplified in terms 

of executive functioning, an umbrella term which refers to cognitive functions that regulate our 

ability to adapt to a changing environment by prioritising certain actions and shifting our 

behaviours to attain a specific outcome.  Patients with OCD2 present with varying degrees of 

cognitive impairment that impact on their executive functioning (Chamberlain et al., 2005; Kuelz 

et al., 2004; van der Wee et al., 2003).  Given the role of dopamine in the selection and activation 

of behavioural routines, it is not surprising that the neurotransmitter has also been implicated 

in conditions characterised by perturbations in working memory and set shifting ability (Abi-

Dargham et al., 2002; Cropley et al., 2006; Lars Bäckman et al., 2000; Sawaguchi and Goldman-

Rakic, 1991). 

2.3.2 Serotonin 

As alluded to above, dopamine is responsible for behavioural engagement.  In contrast, 

serotonin is generally accepted to play the opposite role, i.e. facilitating avoidance behaviour 

and impulse inhibition.  Indeed, bolstered serotoninergic signalling plays a key role in the 

treatment of impulsivity and compulsivity (Phillips and Robbins, 2020).  Nevertheless, the 

serotonergic system is a complex and diverse network that exerts effects throughout the central 

nervous system.  It does so via seven main receptor classes (5-HT3
1-7), each characterised by 

various subtypes (Cowen, 1991; Peroutka, 1995).  Through this network, serotonin plays a 

modulatory role on a range of neurocognitive domains, including but not limited to mood and 

executive function, sleep, sexual drive, and general motor coordination (Cowen, 1991; Jacobs 
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and Azmitia, 1992; Murphy et al., 2008).  Against the background of OCD, four specific receptors 

are commonly implicated in the pathophysiology.  They are the 5-HT1A, 5-HT1B/D, 5-HT2A, and 5-

HT2C receptors (Flaisher-Grinberg et al., 2008; Goddard et al., 2008; Pytliak et al., 2011; Pato et 

al., 1991; Shanahan et al., 2011). 

5-HT1A receptors are found in high densities within in the PFC1 and hippocampus, where 

increased serotonin binding has been linked to anxiety and impulsivity.  Indeed, acute 5-HT1A 

receptor stimulation has been shown to bolster OC2-like behaviour (Alkhatib et al., 2013; 

Goddard et al., 2008), possibly since it results in increased dopamine release in the PFC and 

striatal areas (Ago et al., 2003; Haleem, 2015); this corresponds well to the neuropathology of 

OCD3 as described above.  In short, over activation of 5-HT1A receptors may therefore 

perpetuate OC-like behaviour by inhibiting the serotonergic-negative feedback signals.  In 

extension, considering that agents which increase serotonin, e.g. the SSRIs4, are used for the 

treatment of both impulsivity (Braquehais et al., 2010; Pattij and Vanderschuren, 2008) and 

compulsivity (Dell'Osso et al., 2005; Fineberg, 2004; Simeon et al., 1997), it is hypothesised 

that a chronic SSRI challenge down regulates 5HT1A receptors (Blier and Ward, 2003; Gardier 

et al., 1996). 

With respect to the 5-HT1B/D auto-receptor subclass which is also expressed in the PFC and 

striatum, it should be noted that its main function is to inhibit serotonin release, potentially 

contributing to its anxiolytic properties (Pytliak et al., 2011).  Although current research into the 

effects of 5-HT1B/D receptors in OCD and psychiatry in general is incongruent, they are of 

significant interest to the clinical field.  It is hypothesised that SSRIs are slow to elicit a clinical 

effect due to the time needed for 5-HT1B/D auto-receptor downregulation (Briley and Moret, 1993; 

Moret and Briley, 2000; Slassi, 2002).  Clinical trials with sumatriptan, a 5-HT5
1B/D receptor 

agonist which exacerbated compulsivity, support this theory (Gross-Isseroff et al., 2004; Koran 

et al., 2001). 
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5-HT2A receptors are mostly localized to the cortical and striatal sub-regions where its activation 

increases dopamine release (Howell and Cunningham, 2015; Kantrowitz, 2020).  5-HT2A receptor 

activation has been linked to changes in decision making and impaired response inhibition, 

while its inactivation is associated with anxiolytic effects, as well as improved impulse control 

and cognitive flexibility (Aznar and Hervig Mel, 2016; Koskinen and Sirviö, 2001).  These 

properties can most likely be ascribed to its effects on dopaminergic neurotransmission.  

Indeed, a pre-clinical study by Koskinen and Sirviö (2001) showed that ((±)-1-(2,5-dimethoxy-

4-iodophenyl)-2-aminopropane hydrochloride; DOI), a 5-HT2A/2C receptor agonist, increased 

premature responding of rats in a five-choice serial reaction time task, an effect that was 

attenuated by both flupentixol (a D1/2 receptor antagonist) and raclopride (a D2 receptor 

antagonist). 

In contrast to the 5-HT2A receptor subclass, 5-HT2C receptors are widespread throughout the 

brain, with the highest expression density being reported in the choroid plexus (Mengod, 2011; 

Pazos and Palacios, 1985).  Here, its main function is postulated to be modulating dopamine 

release (Howell and Cunningham, 2015; Mengod, 2011).  To a lesser degree, striatal 

dopaminergic neurons also express 5-HT2C receptors, where its pharmacological activation 

inhibits the firing rate of ventral tegmental neurons and the subsequent release of dopamine 

within the nucleus accumbens (Di Matteo et al., 1998; Mengod, 2011; Porras et al., 2002).  This 

highlights a unique role for the nucleus accumbens in the presentation of OCD1, since both 

animal (Chou-Green et al., 2003) and human studies (Zohar et al., 1987) have shown that 5-

HT2C antagonism or knockout exacerbates OC2-like behaviour; this is in line with our current 

understanding of the role of dopamine in the manifestation of compulsivity (Pigott et al., 1991; 

Zohar et al., 1987). 

2.3.3 Adenosine: A new way forward for OCD? 

Although not as well studied in OCD3 as serotonin and dopamine (Cinque et al., 2018; Huey et 

al., 2008; Koo et al., 2010; Korff et al., 2008; Pittenger and Bloch, 2014; Solanto et al., 1995), 

adenosine may be of significant interest for OCD since it acts as an important modulator of 

dopaminergic and serotonergic neurotransmission (Soliman et al., 2018).  Four adenosine 
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receptor subtypes have been described (Fredholm et al., 2001), i.e. A1, A2A, A2b and A3 with the 

greatest affinity shown between the endogenous agonist, i.e. adenosine, and the A1 and A2A 

receptor subtypes (Fredholm et al., 2001; Soliman et al., 2018).  In general, A1 receptor 

stimulation causes bradycardia, antinociception and lowered parasympathetic and sympathetic 

nervous system activity (Stockwell et al., 2017).  A1 receptors are also widely distributed in the 

cerebellum, hippocampus, and the neocortical areas (Fuxe et al., 2010).  In contrast, A2A 

receptor expression is more restricted to the striatum, but are also found in extrastriatal regions, 

e.g. the amygdala and hippocampus.  Some distinction should also be made between the two 

receptor classes based on neurobiological activity.  A1 receptors are inhibitory in that, upon 

activation, they reduce cyclic adenosine monophosphate (cAMP)1 production (Preti et al., 2015).  

In contrast, the A2A receptor is excitatory (Preti et al., 2015; Stockwell et al., 2017).  With respect 

to this investigation in which we will explore the effects of istradefylline, a selective A2A receptor 

antagonist, closer attention will now be afforded to this receptor subclass. 

As referred to above, A2A receptors are mainly expressed in the striatum (Cunha et al., 2008; 

Leffa et al., 2018; Stockwell et al., 2017).  Here, they are co-expressed with D2 receptors on 

the indirect, behaviourally inactivating, GABA2ergic striato-pallidal pathway (Fink et al., 1992).  

Considering the topic of this investigation, which primarily focuses on the potential behavioural 

effects of istradefylline in the deer mouse model of compulsive-like behaviour, it should be 

noted that the actions of adenosine in the central nervous system are complex and that said 

actions can at most be understood as ‘resting state dependent’, i.e. being subject to the baseline 

neurobiological status of the human brain (Fuxe et al., 2010; Rau et al., 2015).  Therefore, to 

contextualise and rationalise the experimental application of an adenosine modifying agent in 

an animal model of compulsive-like behaviour, several important aspects need to be highlighted. 

• Where the A1/D1 and A2/D2 receptor subtypes are co-expressed as heterodimers, they 

demonstrate a functionally antagonistic relationship (Ferre, 1996) in that activation of 

the A1/2 receptor reduces the high affinity binding potential of the respective D1/2 

receptors (Ferre et al., 1991).  However, in addition to said heterodimerisation, it is now 

known that the A1-D1 and A2A-D2 receptor complexes also occur as part of more complex, 
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higher order heteromers or receptor mosaics (RMs)1, which are conglomerates of three 

or more receptors of the same or different kinds.  Focusing on the A2A receptor, the A2A-

D2 heterodimer forms part of two RMs.  The first of these is expressed as a A2A-D2-

mGlu5 RM, where the A2A/D2 receptors are co-expressed with the metabotropic 

glutamate receptor 5 (mGlu2
5) (Fuxe et al., 2008) as the third receptor subtype.  The 

other RM consists of A2A and D2 receptors co-expressed with the cannabinoid CB1 

receptor (Fuxe et al., 2010).  In both instances, the A2A receptor and its respective m-

Glu5 or CB1 receptor counterpart, act as allosteric antagonists of dopamine. 

• The contributions of the respective receptors within a RM to the collective RM signal 

output, are functionally different from that of the individual receptor subtypes being 

activated in isolation.  In other words, the exact biobehavioural actions of the D2 and the 

A2A receptors are different when stimulated in a RM, compared to when they are 

activated alone.  As such, the effects of adenosine are complex and likely transpire as a 

function of the momentary and collective contribution of other receptor subtypes (Agnati 

et al., 1982; Agnati et al., 2003; Fuxe et al., 2010). 

• With respect to compulsive-like motor repetition and cognitive impairment, two 

constructs under investigation in the current work, important distinction should be made 

between the neuroanatomical distribution of A2A receptor expressing cell bodies.  

Although mainly expressed in the indirect dorsal and ventral striato-pallidal pathways 

(Fuxe et al., 2010), the A2A receptor is also located in extrastriatal forebrain regions, i.e. 

the cerebral cortex and hippocampus.  From a biobehavioural point of view, this is 

significant since such distinct neuroanatomical distribution is associated with opposing 

behavioural effects.  For example, with respect to the psychomotor effects of the 

dopamine transporter inhibitor, cocaine, (Shen et al., 2008), extrastriatal A2A receptor 

(eA2A)3 blockade (and knockout) attenuated the ambulatory and rearing responses of 

mice, while such behaviour was exacerbated by the specific blocking and knocking out 

of striatal A2A receptors (sA2A)4 (Shen et al., 2008).  While the latter effect has been well 

documented as a function of increased striato-pallidal D2 receptor activation, the former 
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is less well understood.  Furthermore, increased amygdalar A2A receptor expression and 

activation in the basolateral amygdala (BLA)1 is associated with increased excitability of 

BLA neurons, which may contribute to the expression of anxiety-like behaviour (Rau et 

al., 2015).  Interestingly, it is likely that conditions of chronic stress or using drugs of 

abuse shifts the balance of amygdalar adenosine receptor expression from a normal 

inhibitory A1 receptor dominant phenotype, to an activating A2A receptor expressing 

phenotype (Rau et al., 2015).  That said, findings with respect to the effects of adenosine 

on anxiety-like behaviour remain inconclusive, while research is increasingly pointing to 

the importance of regional, instead of global adenosine receptor expression (Coelho et 

al., 2014; Cunha, 2005; El Yacoubi et al., 2001; Ferre et al., 1991; Fuxe et al., 2010) as 

a determinant of biobehavioural outcome. 

• Last, a brief pharmacotherapeutic explanation of the sA2A and eA2A receptors is needed, 

which can be provided in simple terms against the background of clinical conditions for 

which the study of adenosine-modulating drugs are of most interest, i.e. Parkinson’s 

disease (PD)2, schizophrenia (SCZ)3, and mood disorders, e.g. major depression and 

anxiety.  This will be valuable since we will explore the effects of A2A receptor antagonism 

in a model of compulsive-like behaviour. 

o PD4 is a neurodegenerative condition characterised by neuronal cell loss in the dorsal 

striatum which ultimately progresses to damage in the neocortical areas of the brain 

(Davie, 2008).  While a detailed review of the pathophysiology of PD falls beyond the 

current scope, it suffices to say that the hallmark symptoms of the condition are 

bradykinesia, motor rigidity and resting tremors.  The main goal of therapy is to 

increase D2 receptor stimulation and restore proper motor control via the inactivation 

of the GABA5ergic striato-pallidal neurons (Davies et al., 2000).  However, the response 

is mostly short-lived as the side-effect profile of chronic l-dopa or dopamine agonist 

treatment, which include symptoms of motor fluctuation and dyskinesia, rapidly begins 

to outweigh the therapeutic benefit.  One explanation for this may be related to l-dopa 
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or dopamine agonist induced D2 receptor desensitisation or internalisation, which 

shifts the balance towards increased sA2A
1 activity, further inhibiting the effects of 

dopamine (Fuxe et al., 2010).  This reduction in striato-pallidal dopaminergic tone likely 

also contributes to haloperidol-induced catalepsy often observed in SCZ2 patients.  It 

is to this end that A2A antagonists are increasingly being used as add-on therapy for 

PD; reduced sA2A activation facilitates D2 receptor stimulation (Fuxe et al., 2010; Yu et 

al., 2008) and the restoration of voluntary motor control.  Importantly, sA2A receptors 

require dopamine to have an effect, hence the fact that A2A blockers are being used as 

adjunctive therapy. 

o In terms of SCZ, our attention is shifted to the ventral striatum.  SCZ, which is purportedly 

associated with increased activity of the mesolimbic dopaminergic neurons, is likely 

associated with reduced activity of the cortical glutamatergic pathways (Fuxe et al., 2010).  

This in turn activates the ventral tegmental area which gives rise to the mesocortical and 

mesolimbic dopaminergic projections, which subsequently become highly active; hence, the 

ventral GABAergic striato-pallidal neurons become overly inhibited (Svensson, 2000), 

further reducing glutamatergic signalling to the prefrontal cortex and worsening the 

hyopglutamatergic state in SCZ3.  In this instance, A2A receptor agonists are suggested to 

be useful (Fuxe et al., 2008). 

o Last, looking at mood disorders, it is most likely the effects of eA2A
4 receptors, especially 

those expressed in the hippocampus and amygdala, that are important.  As alluded to earlier, 

A2A receptor antagonism attenuate the biobehavioural effects of chronic stress and improve 

depressive-like behaviour (Kaster et al., 2015; Rau et al., 2015).  Moreover, eA2A blockade 

also maintains synaptic plasticity (Costenla et al., 2011) and improve working memory in 

aging rats (Prediger et al., 2005).  Earlier, brief referral was made to inconclusive findings 

regarding the effects of A2A receptor antagonism on anxiety.  However, it should be noted 

that emerging research points to unique contributions of sA2A
5 and eA2A expressing cell 

bodies on fear conditioning.  For example, Wei et al. (2014) demonstrated sA2A knockout to 
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bolster Pavlovian fear conditioning, i.e. exacerbating anxiety-like responses in rodents, while 

antagonising eA2A receptors in the forebrain, inhibits fear conditioning and attenuates 

anxiety-like behaviour, findings which have since been corroborated by others (Coelho et 

al., 2014). 

In summary, adenosine has broad and diverse neuromodulatory effects which spans both the 

striatal and extrastriatal regions of the brain.  In general, adenosine, via stimulation of the A2A 

receptor, offsets the effects of dopamine acting on the D2 receptor.  The biobehavioural effects 

of such functional antagonism largely depend on the brain region where these interactions 

occur (Stockwell et al., 2017).  Regarding OCD1 and the investigation of A2A receptor antagonists 

in an animal model of compulsive-like behaviour, several potential outcomes may be possible.  

First, since anxiety is often a trigger of obsessions and compulsions, it is possible that 

antagonism of amygdalar eA2A receptors may contribute to symptom amelioration.  Second, 

considering the highly contextual nature of obsessive-compulsive symptoms, i.e. only 

presenting with respect to highly specific themes, it is also possible that hippocampal eA2A 

receptors may contribute to impairments in contextual appraisal and learning ability.  Hence, it 

may be useful to determine the actions of A2A receptor antagonists against this background.  

However, these theories disagree with current obsessive-compulsive theory on the level of 

neurobiology and treatment (see paragraph 2.1.4), which aims to inhibit striato-pallidal D2 

receptor stimulation and hence activate the indirect, behaviourally inhibiting pathway (Fineberg 

et al., 2015).  Also, since compulsions may also be overly habitual and entirely devoid of 

cognitive involvement, hence representing a form of rigid motor stereotypy rather than goal-

directed action (De Wit and Dickinson, 2009; Robbins et al., 2012), it could be that increased 

striato-pallidal D2 receptor activity will contribute to the exacerbation of compulsive-like motor 

stereotypy, especially the highly repetitive behaviours observed in deer mice (Wolmarans et al., 

2013).  This remains to be established. 

2.4 The treatment of OCD 

The treatment of OCD2 can be divided into two distinct approaches, i.e. cognitive and 

pharmacological interventions, either of which can be used in isolation or as combined therapy 
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(Hirschtritt et al., 2017; Perse, 1988).  A third, less explored option involves manipulating brain 

function by means of electric stimuli, i.e. deep brain stimulation.  This is reserved for severe 

cases that do not show response to cognitive and pharmacological intervention (Hirschtritt et 

al., 2017). 

2.4.1 Cognitive behavioural therapy (CBT) 

At present CBT1 seems to be the most effective evidence-based psychotherapy for OCD.  In 

general, CBT aims to address the cognitive processes that may underlie the manifestation of 

obsessions and compulsions via the psychological restructuring of thought routines in 

combination with a series of behavioural interventions (Gava et al., 2007; Hirschtritt et al., 2017).  

Exposure and response prevention (ERP)2 is the most frequently used technique in CBT.  In 

ERP, patients are exposed to contextually relevant stimuli to incite obsessions and trigger 

anxiety and distress with respect to the major symptom phenotype diagnosed.  Patients are 

then instructed not to engage in associated compulsions or avoidance behaviours (Abramowitz, 

1996).  Over time, the goal of therapy is to let patients realise that their fears are irrational and 

that no harm can befall them if they fail to engage in compulsive neutralizing routines (Hirschtritt 

et al., 2017).  ERP3 is often viewed as the superior intervention option for OCD4 because of its 

relatively robust efficacy (Abramowitz, 2006; Whittal et al., 2005).  That said, CBT5 also presents 

some challenges.  The efficacy of CBT seems to be reliant on OCD symptom subtype with 

studies illustrating hoarding symptoms to be overly resistant to both CBT and drug treatment 

(Rufer et al., 2006).  Also, ERP often results in residual symptoms and it can induce significant 

distress in some cases due to its inherent anxiogenic component leading to poor outcomes and 

early patient non-adherence (Abramowitz, 2006; Whittal et al., 2005).  Last, the relative scarcity 

of qualified clinicians, the high costs of therapy, as well as the time needed to deliver the 

therapy, are limiting factors for the use of CBT (Hirschtritt et al., 2017). 
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2.4.2 Pharmacotherapy 

It is well known that OCD responds favourably, though variably to serotonin reuptake inhibitors 

(SRIs)1, e.g. clomipramine, and SSRIs2, e.g. fluoxetine and escitalopram (Brakoulias et al., 2019; 

Fineberg, 2004; Fineberg et al., 2015).  Although the exact neurobiology of OCD remains vague, 

early findings with respect to the efficacy of clomipramine for the treatment of compulsive 

symptoms catalysed research not only into the role of serotonin and its actions in OCD, but 

also into the potential of other pro-serotonergic drugs for its treatment.  Consistent with the 

theory of hyposerotonergic signalling (Wong et al., 2015), chronic (10-12 weeks or longer) high 

dose SRI4/SSRI5 treatment delivers therapeutic response in 40-60% of patients (Freeman et al., 

1994; Goddard et al., 2008; Hirschtritt et al., 2017; Pallanti and Quercioli, 2006).  An ‘adequate’ 

response is usually defined as a reduction of ≥30% in the pre- vs. post-treatment Y-BOCS3 

score (Goodman et al., 1989; Pallanti and Quercioli, 2006; Tolin et al., 2005).  However, as 

referred to earlier, the clinical outcome of SRI/SSRI treatment varies between patients (Albert 

et al., 2018; Gershkovich et al., 2017; Middleton et al., 2019).  Treatment resistant OCD4 is 

defined as the failure of no less than two adequate therapeutic trials of SRIs5/SSRIs6, i.e. being 

used in succession (Goodman et al., 1989; Hollander et al., 2003).  In such cases, several 

approaches may be considered, e.g. increasing the dose of the currently used agent or 

augmentation with low dose anti-dopaminergic drugs, e.g. risperidone, haloperidol or clozapine 

(Dold et al., 2013; Hollander et al., 2003; Pampaloni et al., 2017). 

Regardless of the increasing number of treatment modalities available, only one third of SSRI-

refractory patients respond to alternative options, leaving a substantial number of patients 

without a treatment (Albert et al., 2013; Hirschtritt et al., 2017; Pallanti and Quercioli, 2006).  

Psychological and neurobiological research are increasingly pointing to some distinct factors 

that may contribute to treatment resistance, while a better understanding of symptom 

heterogeneous OCD, is also beginning to bear fruit (Kuelz et al., 2004).  Indeed, over the years 

it has been observed that compulsive checking and cleaning show greater treatment response 
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compared to hoarding (Sookman et al., 2005; Williams et al., 2013).  It might therefore be of 

clinical interest to investigate pharmacological treatments that target a broader range of 

cognitive and biological processes. 

2.5 Cognitive theories of obsessive-compulsive disorder: a brief overview 

Cognitive flexibility refers to the ability of an organism to constantly shift its mental processes 

and adjust its behavioural engagement based on changing circumstances.  This is also true for 

humans, who rely on being cognitively flexible to function normally under rapidly changing and 

demanding circumstances.  Indeed, our ability to function, i.e. to plan and execute certain 

behavioural tasks and routines, is borne from an integrated system that regulates the interplay 

between feedback learning, perseveration, set-shifting (i.e. quickly shifting attention and motor 

preoccupation between tasks), memory, verbal fluency, non-verbal fluency, as well as planning 

and decision making (Olley et al., 2007).  However, patients diagnosed with OCD often present 

with altered performance in tasks that evaluate these processes, pointing to specific 

psychobiological processes that may underlie or associate with compulsivity (Dajani and Uddin, 

2015; Grisham et al., 2010; Kehagia et al., 2010; Leung and Zakzanis, 2014; Samuel R. 

Chamberlain  et al., 2007).  Here, we will briefly highlight some examples. 

2.5.1 Goal-orientated vs habitual behaviour 

In general, voluntary behaviour is guided and facilitated by two neurocognitive systems, i.e. 

goal-oriented action planning and habitual responses (Balleine and Dickinson, 1998).  Goal 

orientated action-planning requires extensive cognitive resources to permit flexibility, whereas 

habitual responses recruit knowledge of past experiences to help determine if a set of actions 

are optimal.  Habitual responses therefore do not require a detailed evaluation of alternatives.  

However, habitual behaviour is not overly flexible when the environment, tasks or future 

outcomes require a different approach.  Both processes are fundamental for completing tasks 

on a day to day basis and when repeated enough times, goal directed behaviour often adapt to 

become habitual responses.  While this ability is useful for our efficient daily functioning, it can 

become a manifestation of cognitive impairment if it is overly inflexible to changing contexts 

(Simmler and Ozawa, 2019).  In this regard, some cases of OCD1 have been associated with an 

 

1 obsessive-compulsive disorder 



 

46 

excessive reliance on habitual responding, potentially contributing to the degree of behavioural 

inflexibility observed (Dajani and Uddin, 2015; Gruner and Pittenger, 2017).  Habitual responses 

can be distinguished from goal-directed behaviour by means of devaluating tasks in which a 

cue-outcome association is over trained.  Normally, when the outcomes of such associations 

are devalued, e.g. the outcome is not presented or if the value thereof is reduced, the degree 

and nature of behavioural engagement should adapt; this is indicative of goal orientated control.  

However, if not, it can be concluded that the individual performing the relevant task relies on 

habitual responses, rather than goal-directed action planning processes (Gillan et al., 2011).  

Interestingly, studies suggest that OCD patients perform comparatively well to normal non-OCD 

individuals when learning the associations between cues and outcomes under circumstances 

of positive (rewarding) reinforcement.  However, it seems that OCD patients struggle to modify 

their behaviour or task engagement when the outcome is devalued, indicating that they struggle 

with feedback-dependent behavioural adaptation (Gillan et al., 2011).  Ironically, considering 

that habitual actions are so robust that they require a substantial level of cognitive control to be 

suppressed to allow other more flexible processes to replace them (Lee et al., 2014), OCD1 

patients may face a significant dilemma as they already have to exert cognitive effort to come 

to terms with obsessions and compulsions (Lee et al., 2014).  In fact, patients with severe OCD 

may be pre-occupied with processing and interpreting intrusive thoughts to such an extent that 

several cognitive systems are overloaded, hence making it difficult for patients to respond to 

and learn from different tasks or stimuli (Abramovitch et al., 2012).  This could explain at least 

some aspects of OCD, e.g. whereby patients execute ritualistic thought-action patterns and 

struggle to switch between actions that will yield other outcomes (Gruner and Pittenger, 2017).  

This concept is of some importance in the current investigation. 
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2.5.2 Set shifting 

For years it has been known that OCD patients struggle with set shifting tasks in tests such as 

the ‘Wisconsin Card-Sorting Test’ and the ‘attentional set-shifting task’ (Olley et al., 2007; Paast 

et al., 2016).  In the first test for example, participants are asked to sort a deck of special 

response cards according to one of four target cards, e.g. sort according to either colour, shape, 

or the number of figures represented by each card (Jones, 2013; Heaton, 1981).  They must 

therefore sort each deck according to a specific rule without the rule being explicitly mentioned, 

rather deducing the rule by using corrective feedback, i.e. applying knowledge of correct or 

incorrect responses to change the sorting order.  Then, after the successful completion of at 

least 10 sorting tasks, the rule is suddenly changed without explicit reference of the change to 

the participant (Jones, 2013; Heaton, 1981).  The test assesses the ability of patients to quickly 

determine a new course of action, which is a critical component of normal executive function 

and our ability to adapt to changing environments (Sanz et al., 2001).  In this regard, it has been 

demonstrated that OCD symptom severity and set shifting ability are often positively correlated.  

In practice, this manifest when patients struggle with shifting attention from engaging in 

perseverative routines e.g. excessive and unnecessary cleaning rituals, to more goal orientated 

tasks such as completing work requirements or other daily activities. 

2.5.3 Working (or short term) memory 

Working memory, which includes both verbal and non-verbal memory, refers to the ability of 

an organism to acquire, store and use short-term information relating to its environment and 

surroundings (Jacobs, 2003).  Comprising a dynamic system of cognitive process, working 

memory allows for the selective storing of relevant information (input control), the retrieval of 

selected subsets of information (output control) and the elimination of information that has 

become irrelevant (reallocation) (Chatham and Badre, 2015).  It can therefore be described as 

a sketchpad of conscious thought where relevant information is gathered from the dynamic 

environment that surrounds us, and where it is manipulated and applied to contextualise and 

realise certain actions (Miller et al., 2018).  For example, consider a person on the way to a new 

destination.  First, information relating to route and mode of transport would be gathered (input 

control).  This information will be stored until such a time when its retrieval is necessary to 

successfully navigate and travel to the intended destination (output control).  Upon return, the 

initial route may be changed based on circumstantial change, i.e. increased traffic or road-
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closures and as such, formerly acquired information needs to be modified and adapted 

(reallocation) (Chatham and Badre, 2015).  Dysfunctionality within any of these domains is 

commonly associated with several neuropsychiatric illnesses. 

An important aspect of this control system is how information (input) and motor behaviour 

(output) are gated. Similarly, to how motor behaviour is propagated via D1 expressing neurons 

in the striatum, information update likely also recruits comparable circuitry (Chatham and Badre, 

2015).  Thus, a cortically represented stimulus would initiate the firing of D1 expressing MSNs1 

causing thalamic-prefrontal information flow that updates working memory.  By contrast, if 

certain information is deemed irrelevant, a stimulus via D2 expressing MSNs would inhibit 

thalamic outflow and working memory information would not be influenced (Chatham and 

Badre, 2015).  This concept aligns with our understanding of compulsivity and is discussed in 

detail full in section 2.1.3.1.  As alluded to earlier, OCD2 patients exhibit deficits within this 

circuitry.  A recent study by Diwadkar et al. (2015) found that patients with OCD demonstrated 

a higher degree of anterior cingulate modulation of cortical, striatal, and thalamic targets when 

recruiting working memory.  However, since it was demonstrated that higher activity within the 

anterior cingulate cortex during task performance is not correlated in either direction with 

successful task performance, it is hypothesised that OCD patients do not present with global 

deficits in processes related to working memory.  Still, certain distinct deficits in the manner in 

which working memory is recruited, might arise when task loads become high, especially 

considering the extensive degree of cognitive processing applied when patients engage in, and 

attempt to suppress compulsive rituals (van der Wee et al., 2003).  However, it is still unclear 

if such deficits are trait- or state-dependent (Sharma et al., 2014; Wee et al., 2007). 

* * * 

In summary, patients with OCD present with significant cognitive impairment.  However, while 

the nature and degree of such impairment is unknown, it is also uncertain whether such 

impairments are only contributing to or driving the etiopathological manifestation of obsessive-

compulsive symptoms.  Considering the less than optimal response of OCD to current treatment 
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interventions, this is an important question, since a better understanding of the topic may result 

in the identification of potentially novel pharmacotherapeutic targets. 

2.6 A closer look at the current research 

2.6.1 The deer mouse model of OCD – General background and current validity 

The current investigation will build on previous work performed in our laboratory concerning 

the deer mouse (Peromyscus maniculatus bairdii) model of OCD.  With respect to its face 

resemblance of compulsivity, deer mice housed in captivity present with non-induced aberrant 

behaviours across different behavioural phenotypes that resemble symptom heterogeneous 

compulsive-like behaviour.  Not only do these behaviours manifest in some subjects only, but 

they also transpire in both sexes, thereby bearing some resemblance to the clinical 

epidemiology of OCD1.  Compulsive-like behavioural phenotypes that have been characterized 

in deer mice include high motor stereotypy (Wolmarans et al., 2013), large nest building (LNB)2 

(Wolmarans et al., 2016) and high marble burying (HMB)3 behaviour (Wolmarans et al., 2016).  

Importantly, these may, but do not necessarily present in the same subjects and occur to 

different degrees within mice of the larger population.  Further, in line with clinical evidence 

(Berrocal et al., 2006; Kim et al., 2012; Rosa et al., 2012), it has been demonstrated that H4 

deer mice present with altered sociability in the presence of normal behaviour (N)5 controls, 

whereby H subjects will group together, or be marginalised by animals of the N cohort.  

Considering the predictive validity of the model, which speaks to the manner in which the model 

responds to clinically-utilised treatment, H and LNB seems to respond to some extent to 

chronic, but not sub-chronic, high dose oral escitalopram treatment, viz. 50 mg/kg/day for 28 

days; however, HMB remains treatment refractory, possibly representing a treatment-resistant 

compulsive-like phenotype (Wolmarans et al., 2013; Wolmarans et al., 2016).  The model is 

also founded on robust construct validity following findings that H deer mice present with a 

significant decrease in striatal serotonin transporter expression compared to their non-

stereotypical controls.  The latter results are in line with that demonstrated in patients with OCD 
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(Hesse et al., 2005; Reimold et al., 2007; Zitterl et al., 2008) and implicate a role for 

hyposerotonergic signalling in H animals.  For a complete review of the deer mouse model and 

its validity, please refer to Scheepers et al. (2018). 

2.6.2 Stereotypy as a phenotype for the assessment of cognitive inflexibility 

Since the study of H deer mice will be the focus of this investigation, closer attention will now 

be afforded to this phenotype.  Deer mice exhibit a series of seemingly purposeless and rigid 

motor behaviours that can be categorized into vertical and horizontal stereotypies, i.e. jumping, 

somersaulting and pattern running (Hadley et al., 2006; Korff et al., 2008; Wolmarans et al., 

2018).  These manifest in a waxing and waning manner over the course of a dark cycle and 

seem reminiscent of the clinical picture of OCD1 with respect to the theory that bouts of 

mounting anxiety trigger brief episodes of potentially anxiolytic (or ‘anti-obsessive’) and 

excessive behavioural engagement.  As alluded to earlier, these behaviours seem to respond 

well to chronic high-dose oral escitalopram (50 mg/kg/day), a finding which is congruent with 

clinical literature (Korff et al., 2008; Wolmarans et al., 2013).  Furthermore, apart from H2, but 

not N3 animals presenting with decreased striatal serotonin transporter expression, H animals 

also show altered cortico-striatal cAMP4/phosphodiesterase-4 (PDE-4)5 signalling (Wolmarans 

et al., 2013; Korff et al., 2009). Both cAMP and PDE-4 have been noted as important therapeutic 

targets for neuropsychiatric disorders (Hudson et al., 1993; Perez et al., 2000).  Indeed, as 

described earlier the clinical efficacy of SSRIs6 in OCD have been ascribed in part to the down 

regulation of presynaptic 5-HT7
1A/B/D receptors, which couple negatively to cAMP signalling. 

With respect to this investigation, where we will afford attention to aspects of cognitive flexibility 

in the deer mouse model, some important context is required.  As alluded to earlier, OCD 

patients show deficits, albeit varyingly so, in cognitive ability over a wide range of executive 

tasks and domains which may affect goal direct behaviour.  Although compulsions seem to be 

goal-directed, the only actual functional purpose of such behaviour would be to relieve the level 
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of distress caused by the experience of intrusive thoughts.  However, since obsessions are not 

based on realistic fears, such compulsive bouts are self-reinforcing in that they only provide 

short-term relief; this pattern is also observed in the deer mouse model with respect to the 

manifestation of H behaviour (Wolmarans et al., 2013).  Thus, the question arises if, given the 

overly rigid and purposeless nature of H behaviour, H expressing deer mice will in some way 

also present with deficits in cognitive flexibility, i.e. does the expression of H behaviour interfere 

with normal rodent behaviours which are dependent on adequate cognitive flexibility, e.g. 

spontaneous exploration of novel environments (Deacon and Rawlins, 2006). 

2.6.3 A conceptual perspective on the present work: the T-maze continuous alternation task 

(T-CAT) 

In short, T-mazes are designed like the letter ‘T’ with one traverse arm being constructed 

perpendicular to the stem.  The maze can either be enclosed or elevated, depending on the 

experimental research question.  In one example, which will be employed in this investigation, 

the T-maze continuous alternation task (T-CAT)1 is used to asses behaviour that relies on 

working (and spatial) memory and the inherent tendency of rodents to explore a novel 

environment.  The test is proposed as an appropriate measure of cognitive flexibility and 

executive function in rodents (for a comprehensive review, see Deacon and Rawlins (2006)).  

Briefly, animals are assessed over several consecutive trials within a specific time (usually 30 

minutes; Deacon and Rawlins (2006).  During the first trial, animals can exit the start box of the 

maze and enter any one of the perpendicular (left or right) arms.  Mice are then allowed to 

freely return to the starting area, where they are confined for a specific duration of time.  This 

is usually determined by the nature of the construct assessed.  If longer term spatial memory 

is the focus, the inter-trial interval in the starting box will be longer.  If rapid task engagement—

i.e. impulsive arm choice—is measured, the inter-trial interval is very brief (Deacon and Rawlins, 

2006).  Once having been allowed to exit the starting area again, subsequent arm choices are 

recorded.  In principle, animals that demonstrate a high degree of cognitive functioning would 

show a high degree of alternation between arm choices, since spontaneous exploration of a 

novel, harmless environment is characteristic of normal rodent behaviours.  The T-CAT can also 

be used to assess the extent of outcome-feedback adaptation after periods of reinforcement 
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learning (Deacon and Rawlins, 2006).  Here, we aim to assess how H1 animals would perform 

in the T-CAT compared to N2 animals, so as to determine whether motor stereotypy in the deer 

mouse is associated with a change in cognitive flexibility as measured in the T-CAT.  We will 

then assess how the SSRI3, escitalopram, and istradefylline, an adenosine A2A receptor 

antagonist, will affect both stereotypy and cognitive flexibility in the model to determine if and 

how these two neurobiological constructs uniquely associate with deer mouse behaviour.  As 

such, we will not apply reinforcement learning and will use an enclosed T-maze to exclude any 

potential effect of additional anxiogenic interferences, e.g. a raised open platform, apart from 

the novel T-CAT4 itself (Deacon and Rawlins, 2006).  For a detailed overview of the rationale 

and methods followed, please refer to Chapter 3. 

2.7 Summary 

In summary, the OCD5 literature reviewed in this chapter, points to an intricate interplay between 

different neurobiological and neurocognitive mechanisms that likely contribute to the 

manifestation of the condition.  Importantly, current treatment approaches deliver less than 

optimal response which begs the question whether psychobiological mechanisms yet unknown 

to clinical research may underlie OC6 symptomology.  In this work, we will first attempt to 

establish whether H deer mice also present with deficits in cognitive performance as measured 

in the T-CAT.  We will further determine whether such demonstrable deficits, if any, respond to 

the current first-line pharmacotherapeutic intervention for OCD, i.e. chronic high-dose 

escitalopram.  Last, we will seek to establish whether an intervention with the adenosine A2A 

receptor antagonist, istradefylline, will uniquely affect stereotypy and cognitive performance in 

order to highlight a potential way forward for the interrogation of adenosinergic manipulation in 

the manifestation and/or treatment of human compulsivity. 
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Abstract 

Obsessive-compulsive disorder (OCD)1 is a psychiatric disorder characterised by excessive 

repetitive behaviours, which are potentially explained by abnormalities in various cognitive 

processes, including cognitive flexibility.  Treatment remains suboptimal, likely due to distinct 

psychobiological profiles underlying specific OCD subtypes, highlighting a need for the research 

and development of novel treatment approaches.  The current work employed the deer mouse 

model of compulsive-like behavioural persistence and sought to investigate possible 

associations between stereotypic behaviour and cognitive flexibility as measured in the T-maze 

continuous alternation task (T-CAT)2.  The effect of istradefylline, a selective adenosine A2A 

receptor antagonist at two doses (10 and 20 mg/kg/day) on the stereotypy and T-CAT 

performance of H3 and N4 animals was investigated, in comparison to escitalopram (50 

mg/kg/day) and control exposed mice (total of 8 groups; n = 10).  Istradefylline at both doses 

reduced the expression of stereotypy versus control treated animals.  Though no correlation 

between H behaviour and T-CAT performance was found, H, but not N animals presented with 

drug-sensitive stereotypical behaviour and spontaneous alternation.  Here, we show that while 

stereotypy is responsive to both escitalopram and istradefylline, only istradefylline significantly 

improved spontaneous alternation of H animals.  Thus, putative evidence is presented that 

adenosinergic neurotransmission modifies compulsive-like behaviours and spontaneous 

alternation in deer mice, thereby pointing to a shared psychobiological construct. 

Keywords 

deer mouse; compulsive; cognitive flexibility ;escitalopram ; adenosine; istradefylline  
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3.1 Introduction 

Obsessive compulsive disorder (OCD)1 is a debilitating neuropsychiatric condition with a global 

12-month prevalence rate of 1.8% (American Psychiatric Association, 2013).  OCD is 

characterized by persistent and intrusive thoughts, images, or urges (obsessions) that cause 

significant distress and anxiety.  Generally, patients also present with repetitive, ritualised, and 

neutralising behaviours (compulsions), which are expressed to reduce the level of distress 

experienced.  Common obsessive-compulsive symptom themes include 

contamination/washing, safety/checking, symmetry/ordering, inappropriate thoughts related to 

sex, religion or self-harm, and fear of losing objects associated with collecting compulsions 

(Abramowitz et al., 2004; Markarian et al., 2010; McKay et al., 2009).  Importantly, OCD can be 

diagnosed based on the presence of either obsessions or compulsions, or a combination of 

both; as such, a definitive role for anxiety in its presentation remains disputed (Abramowitz and 

Jacoby, 2015; Bartz and Hollander, 2006; Olley et al., 2007). 

OCD responds favourably to chronic, high dose treatment with serotonin reuptake inhibitors 

(SRIs)2, e.g. clomipramine, and selective SRIs (SSRIs)3, e.g. fluoxetine and escitalopram 

(Fineberg, 2004; Brakoulias et al., 2019; Fineberg et al., 2015) which constitutes first line 

treatment.  However, treatment resistance remains an obstacle, in which case several 

approaches can be followed, e.g. increasing the dose of the current SRI/SSRI used, 

augmentation of SRI/SSRI therapy with low dose anti-dopaminergic agents, e.g. risperidone, 

haloperidol or clozapine (Pampaloni et al., 2017; Hollander et al., 2003; Dold et al., 2013).  

Although SRI/SSRI therapy is also associated with anxiolytic activity, it should be noted that 

classic anxiolytics, i.e. the benzodiazepines, are generally ineffective for the treatment of OCD 

(Brakoulias et al., 2019).  Considering the varying response of OCD to treatment alluded to here, 

an accumulating body of evidence points to the likelihood that different obsessive-compulsive 

phenotypes may be associated with unique perturbations in underlying psychobiology (Torres 

et al., 2016; Wheaton et al., 2016; Raines et al., 2015; Williams et al., 2013; Harrison et al., 

2013; Rosso et al., 2012; Hashimoto et al., 2011); this in turn is proposed to underlie 

inconsistent treatment response.  These findings highlight a need for a better understanding of 
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the potential interactions between cognitive and neurobiological processes and how they may 

contribute to obsessive-compulsive (OC)1 symptom manifestation. 

One area of research which is afforded noteworthy attention in literature focusses on the 

construct of cognitive flexibility, which broadly refers to the ability of an organism to adjust its 

behavioural engagement based on changing circumstances to ensure an optimal outcome 

(Braem and Egner, 2018).  Patients with OCD2, like those presenting with many other 

neuropsychiatric disorders e.g. gambling disorder (Reuter et al., 2005), eating disorders (Simon 

et al., 2016), and schizophrenia (Whitton et al., 2015), present with deficits in cognitive flexibility 

(Vaghi et al., 2017; Gruner and Pittenger, 2017; Paast et al., 2016; Bradbury et al., 2011).  

However, findings show some degree of inconsistency, which directed research towards the 

study of associations between specific obsessive-compulsive traits and cognitive dysfunction 

(Robbins et al., 2012; Rufer et al., 2006).  Still, OCD in general is often associated with deficits 

in set shifting ability (Olley et al., 2007; Paast et al., 2016), working memory processes (van 

der Wee et al., 2003; Diwadkar et al., 2015), and an overreliance on habitual responding which 

potentially contributes to the degree of cognitive impairment shown (Dajani and Uddin, 2015; 

Gruner and Pittenger, 2017).  Further, taking into consideration that some phenotypes, i.e. 

sexual and aggressive thoughts, respond less to cognitive behavioural interventions than 

others, e.g. contamination/washing (Thorsen et al., 2018), a distinct role for implicit vs. explicit 

thought processing is also highlighted. 

Classic obsessive-compulsive neurobiological theory implicates cortico-striatal-thalamic-

cortical (CSTC)3 dysfunction (Dudchenko, 2001; Moritz et al., 2004; Saxena and Rauch, 2000) 

as the primary neurobiological construct of OCD.  Collectively, the prefrontal cortex (PFC)4, 

striatum and thalamus play important roles in the planning, gating, execution, and termination 

of goal directed behaviour and normal executive functioning (Gruner and Pittenger, 2017; 

Wolmarans et al., 2018).  Briefly, the CSTC5 circuit comprises a direct, behaviourally activating, 

and an indirect, behaviourally inactivating pathway (Korff et al., 2008; Surmeier et al., 2011).  It 

is theorised that a bias in favour of the dopamine 1 (D1) receptor expressing direct pathway 
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over the D2 expressing indirect pathway may underlie the presentation of obsessive-compulsive 

symptom manifestation (Hauser et al., 2017; Vaghi et al., 2017; Burguière et al., 2015).  While 

D1 receptor induced activation of the direct pathway is linked with the execution of planned 

motor routines, indirect pathway activation inhibits or attenuates behavioural expression based 

upon contextual feedback and/or actual outcome (Kravitz et al., 2012).  The clinical efficacy of 

SRI1/SSRI2 intervention in OCD3 can likely be ascribed to its functional opposition of 

dopaminergic activity within this circuit (Goddard et al., 2008; Haleem, 2015; Mengod, 2011).  

Nevertheless, in extension to the proposed role of anxiety in OCD, as well as taking into 

consideration the varying treatment response observed in different patients that may present 

with distinct psychobiological involvement, recent evidence for the contribution of other brain 

areas has also been presented.  Of special interest is the amygdala, of which smaller physical 

volume, but higher activity, has been linked to symptom severity within the sexual/aggressive 

thought and safety/checking dimensions (Thorsen et al., 2018; Kodancha et al., 2020; Hirose et 

al., 2017; Van Den Heuvel et al., 2009).  Such involvement implicates a unique role for moral 

reasoning and harm estimation in these phenotypes, compared to those without a noteworthy 

amygdalar connection (Thorsen et al., 2018).  Further, while anxiety and stress are associated 

with amygdalar activation (Marek et al., 2013), these phenotypes may also be characterised by 

unique anxiety-related processes. 

Against this background, investigations into adenosinergic processes in OCD might be 

informative.  Although not as well researched as serotonin and dopamine, adenosine may be a 

significant role player in the neuropathology of OCD since it acts as an important modulator of 

serotonergic and dopaminergic neurotransmission (Chen, 2014).  Further, adenosine acts in 

several central nervous system structures, including the CSTC circuitry and the amygdala 

(Stockwell et al., 2017) via two main receptor subtypes, i.e. A1 and A2.  Whereas A1 receptors 

are commonly co-expressed with D1 receptors on the direct pathway of the CSTC4 circuit, A2 

receptors—most notably so the A2A subtype—are co-expressed with D2 receptors on the indirect 

pathway (Stockwell et al., 2017).  However, considering the topic of this investigation, which 

primarily focuses on the potential behavioural and cognitive effects of istradefylline, a selective 

 

1 serotonin reuptake inhibitor 
2 selective-serotonin reuptake inhibitor 
3 obsessive-compulsive disorder 
4 cortico-striatal-thalamic-cortical 



 

73 

A2A receptor antagonist (see below), in the deer mouse model of compulsive-like behavioural 

persistence, it should be noted that the actions of adenosine in the central nervous system are 

complex and that said actions can at most be understood as ‘resting state dependent’, i.e. being 

subject to the baseline neurobiological status of the brain (Fuxe et al., 2010; Rau et al., 2015).  

Although a detailed review of the adenosinergic system falls beyond the scope of the current 

paper, some key aspects of the A2A receptor which are of relevance for the current work, will 

be highlighted.  First, when co-expressed with another receptor subtype, e.g. D2/A2A, a 

functionally antagonistic interaction is displayed (Ferre et al., 1991), where activation of the 

adenosine receptor reduces the activity and/or binding affinity of the co-expressed receptor for 

its endogenous ligand (Ferre et al., 1991) and vice versa.  Second, although being abundantly 

expressed in the indirect dorsal and ventral striato-pallidal pathways, the A2A receptor is also 

located in other extrastriatal forebrain regions, i.e. the amygdala and hippocampus (Stockwell 

et al., 2017).  From a biobehavioural point of view, this is significant since such distinct 

neuroanatomical distribution is associated with opposing behavioural effects.  For example, 

Shen et al. (2008) found that extrastriatal A2A receptor (eA2A)1 blockade (and knockout) 

attenuated the ambulatory and rearing responses of mice dosed with the dopamine transporter 

inhibitor, cocaine; to the contrary, such behaviour was aggravated by the specific blocking or 

knocking out of striatal A2A receptors (sA2A)2 (Shen et al., 2008).  Emerging research also points 

to unique contributions of sA2A and eA2A expressing cell bodies on fear conditioning.  Wei et al. 

(2014) demonstrated sA2A knockout to bolster Pavlovian fear conditioning, i.e. exacerbating 

anxiety-like responses in rodents while antagonising eA2A receptors in the forebrain has the 

opposite effects.  These findings have since been corroborated (Coelho et al., 2014).  Moreover, 

eA2A, but not sA2A blockade has been shown to maintain synaptic plasticity (Costenla et al., 

2011) in rat models, while the precognitive effects of and improvement of motor control 

following such interventions are well established in patients with Parkinson’s disease (Chen and 

Cunha, 2020). 

Here, we aim to explore the effects of istradefylline in a robust and validated naturalistic animal 

model of behavioural persistence that is reminiscent of human compulsivity, i.e. the deer mouse 

(Peromyscus maniculatus bairdii).  Since the model is wholly naturalistic (Wolmarans et al., 
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2013), the deer mouse presents research with a unique avenue for studies into the neurobiology 

of and the potential associations between compulsive-like behavioural persistence and 

dysfunctional cognitive processes.  Briefly, laboratory housed deer mice exhibit a series of 

seemingly purposeless and repetitive motor stereotypies that can be categorised into vertical 

and horizontal stereotypies, i.e. jumping/somersaulting and pattern running, respectively (Korff 

et al., 2008; Hadley et al., 2006b; Wolmarans et al., 2018).  These are expressed in 40-45% of 

animals of both sexes from the age of 10 weeks and manifest in a waxing and waning nature 

over the course of a single dark cycle (Wolmarans et al., 2013).  Therefore, the behaviour is 

reminiscent of clinical OCD1 in terms of being characterised by bouts of mounting anxiety that 

trigger brief episodes of excessive stereotypical engagement.  With respect to its predictive 

validity, high stereotypical (H)2 behaviour has been shown to respond favourably, albeit not 

fully, to chronic, but not sub-chronic, high dose (50 mg/kg/day) oral escitalopram exposure 

(Wolmarans et al., 2013). 

Building on previous studies, the present investigation will seek to assess the effects of chronic 

istradefylline and escitalopram exposure on the expression of spontaneous stereotypy.  

Secondly, we will attempt to elucidate the potential relationship between the expression of 

normal (N)3 and H behaviour respectively, and changes in cognitive flexibility as assessed in 

the T-maze continuous alternation task (T-CAT)4.  The T-CAT is a validated and widely applied 

test of cognitive flexibility in rodents and is used to identify changes in processes related to 

working memory and the natural tendency of rodents to explore a novel environment (Deacon 

and Rawlins, 2006).  Last, we aim to explore the effects of istradefylline, a selective adenosine 

A2A receptor antagonist, on the expression of stereotypy and spontaneous alternation as 

measured in the T-CAT5, and to compare these effects to those of escitalopram, an SSRI6 known 

to moderately attenuate the expression of stereotypy. 
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3.2 Materials and methods 

3.2.1 Animals 

Since only 40-45% of deer mice express H1 behaviour, one hundred (100) deer mice of both 

sexes (aged 10-12 weeks at the onset of experimentation; Wolmarans et al. (2018); Wolmarans 

et al., (2013)) were randomly sourced from the North-West University (NWU)2 vivarium without 

litter or cage bias for initial stereotypical assessment.  Prior to such selection, all animals were 

group-housed (4 – 6 animals per home cage).  However, from selection onwards, animals were 

single housed to monitor drug intake (see below).  Cages [35 cm (l) x 20 cm (d) x 13 cm (h); 

Techniplast® S.P.A., Varese, Italy] were individually ventilated, isolated from excessive sound 

and environmental interference and prepared with a 3 cm-thick layer of ground corncob as 

bedding substrate.  Cages were maintained at 23˚C and at a relative humidity of 55% and were 

kept on a 12-hour light/dark cycle (06h00/18h00) (Wolmarans et al., 2013).  Food and water (or 

drug solutions; see below) were available ad lib throughout the course of the investigation.  

Cages were cleaned weekly but inspected daily to monitor animal welfare.  Before the onset of 

investigation, all aspects of this work were approved by the AnimCare Research Ethics 

Committee of the NWU (approval number NWU-00575-19-A5). 
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3.2.2 Baseline characterisation of stereotypical behaviour and allocation to exposure groups 

Deer mice were categorised as N1 or H2 according to a previously published protocol 

(Wolmarans et al., 2013).  Briefly, each of the initially selected 100 animals underwent three 

separate 12-hour nocturnal activity assessments, conducted 48 hours apart.  This is necessary 

to establish a robust average baseline of stereotypical activity (Wolmarans et al., 2013).  On any 

specific assessment day, animals were moved from their housing environment to the 

behavioural screening room which is located on the same floor of the vivarium and maintained 

according to the same environmental parameters as the housing room.  Each animal was 

introduced to its own automated animal activity testing cage [21cm (w) x 21cm (l) x 35cm (h); 

Accuscan® Inc., Columbus, Ohio, USA] which is constructed from clear, translucent Plexiglas® 

and fitted with position-detecting infra-red beams.  Corncob was provided in quantities enough 

to cover the floor of the test cages but ensuring that it not interrupts the scoring of behavioural 

data by means of infra-red beam detection.  Food and water (or drug solutions) were provided 

ad lib throughout the testing phase.  Animals were introduced to the testing cages by 16:00 and 

habituated for at least two hours before assessment commenced at the onset of the dark cycle 

at 18:00.  Each assessment session was conducted over 12 hours and test cages were cleaned 

with a disinfectant registered for use in animal research facilities (F10® SCXD, Health and 

Hygiene Products, Randburg, South Africa) after each assessment. 

Behavioural data were scored using Fusion® software (Accuscan® Inc., Columbus, Ohio, USA).  

The number of vertical beam interruptions generated by the apparatus was used as a broad 

measure of vertical activity, while the number of clockwise and anti-clockwise cage revolutions 

was applied to evaluate the expression of pattern running (Wolmarans et al., 2013).  Following 

the three baseline assessments, animals were divided into N and H groups according to a 

previously published protocol (Wolmarans et al., 2013) which was developed to take into 

account both behavioural intensity and the time spent executing stereotypical behaviours.  As 

such, an average of the nine highest individual 30-minute stereotypy counts generated by each 

animal and the number of 30-minute H stereotypical bouts generated across all three trials were 
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applied to determine behavioural severity.  Cut-off values for N1 and H2 behaviour, are provided 

in Table 3-1.  Further, animals had to express at least six (6) H bouts across all three trials to 

be selected for inclusion in the H cohort.  Importantly, H animals could demonstrate 

stereotypical behaviour in either or both behavioural topographies to be classified as H.  

However, if both topographies were expressed to an H level in a single 30-minute bout, such a 

bout was counted only once.  From this data, 40 N and 40 H expressing animals were selected 

for inclusion in the remainder of the study.  The remaining 20 animals not used for further study 

were either diverted to other unrelated behavioural studies or euthanised.  Subjects were 

subsequently divided into the following drug exposure groups (n = 10 per drug exposure group 

per phenotype; equal distribution between sexes):  1) normal control, 2) escitalopram (50 

mg/kg/day; Wolmarans et al. 2013)), 3) lower-dose istradefylline (10 mg/kg/day; Orr et al. 

(2018)), and 4) higher dose istradefylline (20 mg/kg/day; Orr et al. (2018)), all of which were 

constituted in the same vehicle solution as used in the control-exposed group.  The dual-tiered 

dosing schedule for istradefylline was designed to account for the possibility that opposing 

behavioural effects may be observed at a lower and higher dose (Bastia et al., 2005; Pourcher 

et al., 2012; Orr et al., 2018).  Following 28 days of drug exposure and subsequent T-CAT3 

testing, mice were reassessed for stereotypy during a single 12-hour session. 
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Table 3-1: Cut off criteria for N and H behaviour across both stereotypies (Wolmarans et al., 2013); N: non-

stereotypical; H: high stereotypical 

 

3.2.3 Drugs 

Since istradefylline is insoluble in water, all drugs were constituted for oral administration via a 

drinking solution which consisted of a 2% sucrose solution containing 2% dimethyl sulfoxide 

(DMSO), 1.5% polyethoxylated castor oil (Kolliphor® EL) and ≤1.5% mineral oil (all obtained 

from Sigma-Aldrich®, South Africa; Orr et al., 2018).  The same solution was administered 

without the addition of drug to control exposed animals.  Importantly, deer mice drink fluid at 

an average rate of 0.25 ml/g/24h (Aschhoff et al., 2000; Wolmarans et al., 2013).  Although this 

has not been shown to change as a function of drug exposure or additives added to the drinking 

water (de Brouwer et al., 2020; Wolmarans et al., 2013), the average daily fluid intake per cage 

was monitored by weighing the residual amount of liquid left on each following day (refer 

supplementary data, Addendum B).  Drugs were constituted in concentrations that ensured the 

delivery of the appropriate doses to animals over a 24-hour period.  Specifically, escitalopram 

oxalate (Lundbeck® A/S, Denmark) was dissolved in the vehicle at a concentration of 25.6 

mg/100ml of the salt form (Wolmarans et al., 2013) and istradefylline (Amatek Scientific®, 

China) at concentrations of 4 and 8 mg/100 ml for the 10 and 20 mg/kg/day doses respectively.  

Drug solutions were freshly constituted every other day. 

3.2.4 Spontaneous alternation testing (T-CAT) 

3.2.4.1 Apparatus 

The T-CAT1 apparatus used here was modified from the setup of Deacon and Rawlins (2006) 

to accommodate the screening of stereotypy-expressing deer mice.  Briefly, the apparatus 

consisted of a T-shaped maze constructed from black steel (walls; 250 mm tall) and black, 

infrared-translucent Plexiglas® (floors) (Figure 3-1).  All arms were 400 mm long and 75 mm 

wide.  Each of the arms as well as the starting area (100 mm x 75 mm) at the foot of the stem, 
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could be closed off from the rest of the maze with manually operated doors (Spowart-Manning 

and van der Staay, 2004).  For the first trial of each animal only, a divider was inserted between 

the two arms which extended 100 mm into the stem of the T-maze to force animals to enter 

either the left or right arm without being presented with an opportunity to reverse the initial arm 

choice (Deacon and Rawlins, 2006).  All sessions were video-recorded and since the maze was 

constructed on an infrared backlight, ambulatory activity was scored by means of Ethovision® 

XT14 software (Noldus® Information Technologies, The Netherlands).  Following each T-CAT1 

assessment session, the maze was cleaned with F10® SCXD (Health and Hygiene Products®, 

Randburg, South Africa) to prevent the possible influence of previously associated odours on 

the alternating behaviour of subsequently assessed mice (Elliker, 1968; Deacon and Rawlins, 

2006; Spowart-Manning and van der Staay, 2004). 

3.2.4.2 The procedure 

As the current investigation aimed to assess the cognitive performance of mice that already 

presented with different degrees of motor stereotypy, animals were not pre-trained in the T-

CAT before commencing experimentation.  Since deer mice are nocturnal animals, the test was 

conducted during the dark cycle and only after 19:00, so that at least one hour of the waking 

dark cycle lapsed before the onset of testing.  For each animal, the test began with a single 

‘forced’ trial, i.e. arm choice, during which the divider was left in place.  This was followed by 

free choice trials (with the divider being removed).  At the beginning of the assessment session, 

mice were confined to the start box of the maze for 30 seconds.  Subsequently, the start box 

door was raised, allowing the mouse to freely enter and explore the maze.  Following its entry 

into one of the arms, i.e. with all four paws, the arm choice was recorded, the non-chosen arm 

closed off and the mouse allowed to return to the starting area at its own leisure.  Here it was 

once again confined for 30 seconds before being allowed to enter the arena again.  Mice were 

allowed to make up to 15 arm choices or explore the maze for 35 minutes, whichever came 

first.  The following parameters were measured throughout the assessment period:  percentage 

alternation, i.e. the number of consecutive alternative arm choices out of the maximum of 15 

trials (
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠

𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑑 𝑇𝑟𝑖𝑎𝑙𝑠
 𝑋 100), the time to first entry (s) and the average time per trial (s).  

Assessment sessions not completed within 35 minutes were stopped and the percentage 
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alternation were calculated based on the number of trials that had been completed.  Mice that 

completed fewer than 6 trials were excluded from further analysis.  Each animal was only 

assessed once in the T-CAT1 after 28 days of vehicle or drug exposure. 

3.2.5 Statistical analyses 

Statistical analyses were performed with IBM® SPSS® (version 26; IBM® Corporation, USA), 

while GraphPad® Prism® (version 8.4; GraphPad® Software, USA) was used for the graphical 

representation of data.  Since selected N2 and H3 mice presented with varying degrees of 

stereotypy before the onset of drug exposure, one way analysis of covariance (ANCOVA)4 was 

applied to determine the effect of drug exposure (independent variable) on the expression of 

post-exposure stereotypy (dependent variable) after controlling for the baseline expression of 

stereotypy.  Wilcoxon’s signed-rank tests were subsequently run to establish the differences 

between the pre- and post-exposure expression of stereotypy in animals of the same cohort 

and exposure groups.  To establish the degree of correlation between stereotypical expression 

and spontaneous alternation, time to first entry and total time per trial respectively in the T-CAT, 

Spearman’s rank-order correlations were run.  Ordinary two-way analysis of variance (2-way 

ANOVA)5 was applied to determine the effect of cohort and drug exposure on the different 

behavioural parameters analysed in the T-CAT, i.e. percentage alternation, time to first entry 

and total time per trial.  Statistical significance was set at p < 0.05, while all significant as well 

as other noteworthy differences as mentioned, were informed with effect magnitude 

calculations, i.e. Cohen’s d-value reported with a 95% confidence interval. 
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3.3 Results 

3.3.1 Post-exposure expression of stereotypy 

3.3.1.1 Figure 3-2: Time spent executing no stereotypy and H behaviour following drug 

exposure 

With respect to the percentage time spent engaging in no stereotypical activity (Figure 3-2A), 

i.e. bouts during which stereotypy counts of zero (0) were generated, and after adjusting for 

pre-exposure behavioural variation (Table 3-2), statistically significant differences were only 

identified in the post-exposure values of H1 animals [F(3,28) = 7.62, p = 0.001] and not in those 

of N2 animals [F(3,30) = 1.52, p = 0.229].  Both istradefylline 10 mg/kg/day (p = 0.002) and 20 

mg/kg/day (p = 0.017) significantly increased the percentage of time during which H animals 

expressed no stereotypical behaviour, relative to control-exposed H animals.  Further, 

Wilcoxon’s signed-rank tests were conducted to determine the effect of the various drug 

exposures (pre- vs. post-exposure) on the expression of no stereotypical behaviour by N and 

H animals within the respective exposure groups.  In animals of the N cohort, only istradefylline 

20 mg/kg/day increased the percentage of time that animals spent expressing non-stereotypical 

behaviour (z = 2.38, p = 0.017).  However, both 10 mg/kg/day (z = 2.68, p = 0.007) and 20 

mg/kg/day (z = 2.10, p = 0.036) increased the same parameter in H animals. 

As per Figure 3-2B, which represents the percentage of time that animals of the N and H 

cohorts spent expressing H behaviour, statistically significant post-exposure group differences 

were observed in the behaviour of H animals, after adjusting for pre-exposure behavioural 

variations [F(3,28) = 6.50, p = 0.002] (Table 3-2).  Again, both istradefylline 10 mg/kg/day (p = 

0.003) and 20 mg/kg/day (p = 0.02) significantly reduced the time during which animals 

indulged in the expression of H behaviour, compared to their control-exposed H counterparts.  

Wilcoxon’s signed-rank tests further indicated that both istradefylline 10 mg/kg/day (z = -2.55, 

p = 0.01) and 20 mg/kg/day (z = -2.21, p = 0.03) reduced the percentage of time that H animals 

of these exposure groups expressed stereotypical behaviour, compared to their respective pre-

exposure behavioural expression. 
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Table 3-2: Unadjusted and adjusted means and variability for the post-exposure percentage of time that animals 

engaged in no and high stereotypical activity with the pre-exposure percentages as a covariate 

Post-Rx group n 
Unadjusted Adjusted 

Mean SD Mean SE 

N animals expressing N behaviour (Fig 2A) 

Ctrl 9 27.89 20.21 29.21 5.50 

Esc 50 10 28.9 19.60 28.12 5.19 

Istra 10 8 33.12 9.60 32.15 5.81 

Istra 20 8 42.87 15.80 43.33 5.79 

H animals expressing N behaviour (Fig 2A) 

Ctrl 8 9.90 9.43 12.50 5.05 

Esc 50 8 18.75 13.36 18.03 4.96 

Istra 10 9 40.74 14.40 40.42 4.67 

Istra 20 8 37.50 21.36 35.98 4.98 

H animals expressing H behaviour (Fig 2B) 

Ctrl 8 34.37 22.69 32.13 5.28 

Esc 50 8 26.041 18.99 24.15 5.24 

Istra 10 9 3.24 7.15 3.48 4.85 

Istra 20 8 3.12 4.85 6.99 5.53 

 

3.3.1.2 Figure 3-3: Whole night average and highest stereotypy scores of H animals following 

drug exposure 

Here, we analysed both the whole night (represented as a 12-hour value on the figures) average 

intensity of stereotypical expression, i.e. the average stereotypy count generated across all 

twenty-four (24) 30-minute dark cycle bouts (Figure 3-3A & C), as well as changes in the 

average highest expression of stereotypy (Figure 3-3B & D).  For the latter parameter, we 

analysed the average intensity of the three highest stereotypical bouts (thus represented as a 

90-minutes value on the figures) generated over the dark cycle since the post-exposure 

assessment consisted of a single night only. 

Drug exposure had a statistically significant effect on the whole-night average post-exposure 

expression of vertical stereotypy after controlling for pre-exposure behavioural variations 

[F(3,28) = 9.95, p ≤ 0.0005] (Figure 3-3A; Table 3-3).  Both concentrations of istradefylline 

lowered average vertical stereotypy counts, relative to their control-exposed counterparts (10 

mg/kg/day: p ≤ 0.0005; 20 mg/kg/day: p = 0.001).  These reductions were also significant in 

terms of the pre- vs. post-exposure expression of H1 stereotypy by both istradefylline exposed 

 

1 high-stereotypical 



 

83 

groups (10 mg/kg/day: z = -2.55, p = 0.011; 20 mg/kg/day: z = -2.24, p = 0.025), as well as in 

animals exposed to escitalopram (z = -2.24, p = 0.03). 

After controlling for the highest average pre-exposure vertical stereotypy scores generated 

(Table 3-3), statistically significant post-exposure differences were identified between the 

average highest vertical stereotypy scores generated by H animals of the different exposure 

groups [F(3,28) = 6.21, p = 0.002] (Figure 3-3B).  Again, istradefylline 10 mg/kg/day (p = 0.014) 

and 20 mg/kg/day (p = 0.003) exposed animals presented with a reduction in the highest scores 

generated compared to control-exposed animals.  Moreover, both the low (z = -2.67, p = 0.008) 

and the higher (z = -2.24, p = 0.025) concentrations of istradefylline reduced the highest vertical 

stereotypy scores compared to the respective pre-exposure values which were generated by 

the same animals. 

With respect to Figure 3-3C, the whole night average horizontal stereotypy scores were 

significantly affected by drug exposure, after controlling for pre-exposure behavioural variations 

[F(3,28) = 3.14, p = 0.041] (Table 3-3).  In this regard, low dose istradefylline exposed animals 

generated lower average horizontal stereotypy scores, compared to animals exposed to higher 

dose istradefylline (p = 0.049).  Similarly, only the lower dose of istradefylline decreased the 

average horizontal stereotypy scores generated over the whole dark cycle, relative to the pre-

exposure behaviour of the same animals (z = -2.67, p = 0.008). 

In terms of the three highest post-exposure horizontal stereotypy scores generated (Figure 3-

3D), it was shown that drug exposure once again affected said behaviour significantly, after 

controlling for pre-exposure behavioural variations [F(3,28) = 3.62, p = 0.025] (Table 3-3).  

However, no statistically significant post-exposure inter-group differences were identified by 

the Bonferroni post-hoc test.  In terms of pre- vs post-exposure comparisons within each 

exposure group, istradefylline 10 mg/kg/day (z = -2.55, p = 0.011) and 20 mg/kg/day (z = -2.38, 

p = 0.017) significantly reduced this measure compared to the respective pre-exposure values 

generated by the same animals. 
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Table 3-3: Unadjusted and adjusted means and variability for the average and highest post-exposure vertical and 

horizontal stereotypy scores generated with the pre-exposure values as a covariate 

Post-RX group n 
Unadjusted Adjusted 

Mean SD Mean SE 

Average vertical stereotypy (12 hours; Figure 3-3A) 

Ctrl 8 1081.09 553.13 1104.44 121.98 

Esc 50 8 862.65 555.81 677.14 132.15 

Istra 10 9 250.55 210.89 278.94 115.11 

Istra 20 8 192.822 176.66 323.02 127.01 

Highest average vertical stereotypy (90 minutes; Figure 3-3B) 

Ctrl 8 2841.58 1569.38 2986.69 355.91 

Esc 50 8 2518.71 1530.99 2106.29 369.12 

Istra 10 9 1194.89 669.70 1353.14 336.16 

Istra 20 8 921.79 958.55 1011.06 354.73 

Average horizontal stereotypy (12 hours; Figure 3-3C) 

Ctrl 8 101.19 94.98 67.53 22.25 

Esc 50 8 64.77 97.25 73.03 20.82 

Istra 10 9 16.33 28.91 11.79 19.57 

Istra 20 8 66.48 53.63 96.99 21.997 

Highest average horizontal stereotypy (90 minutes; Figure 3-3D) 

Ctrl 8 202.75 159.08 155.35 35.02 

Esc 50 8 157.62 192.84 164.845 33.76 

Istra 10 9 54.55 74.71 32.10 32.11 

Istra 20 8 21.12 23.17 86.58 36.15 

 

3.3.2 Relationship between stereotypy and measures of spontaneous alternation 

Spearman’s correlations were run in all control exposed animals to establish the relationships 

between the time that animals engaged in H1 and N2 behaviour, and the percentage spontaneous 

alternation, time to first arm entry in the T-CAT3 and the total time per trial in the T-CAT, 

respectively.  No statistically significant linear relationship existed between the time spent 

indulging in either N or H behaviour and the percentage alternation (H: rs(16) = -0.088, p = 

0.728; N4: rs(16) = 0.182, p = 0.469), time to first entry (H5: rs(15) = -0.080, p = 0.76; N: rs(15) 

= -0.010, p = 0.971), and total time per trial (H: rs(15) = -0.126, p = 0.628; N: rs(15) = -0.079, 

p = 0.763), respectively. 
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3.3.3 Figure 3-4: Spontaneous alternation of N and H expressing animals following drug 

exposure 

Two-way ANOVA1 revealed cohort and drug exposure to interact significantly with respect to 

the percentage alternation displayed by animals of the different exposure groups [F(3,61) = 

3.24; p = 0.028].  Further, a simple main effect of drug [F(3,61) = 3.72; p = 0.016], but not 

cohort [F(1,61) = 2.67, p = 0.107], was shown.  With respect within-exposure group pairwise 

comparisons, escitalopram-exposed H animals presented with lower alternation scores, 

compared to their N counterparts (p = 0.018, d = 1.527 [95CI: 0.4, 2.6]).  Although it seemed 

that control exposed N animals generated higher alternation scores compared to control 

exposed H animals, this difference did not reach statistical significance (p = 0.285, d = 0.70 

[95CI: -0.2, 1.7]).  With respect to the alternation behaviour of H animals, both concentrations 

of istradefylline were associated with significant and robust improvements in alternation scores 

compared to control (10 mg/kg/day: p = 0.008; d = 1.46 [95CI: 0.4, 2.5]; 20 mg/kg/day: p = 

0.014; d = 1.6 [95CI: 0.4, 2.6]), but not escitalopram exposed animals. 

3.3.4 Figure 3-5: Time to first entry and total time per trial in the T-CAT in N and H 

expressing animals following drug exposure 

3.3.4.1 Time to first entry 

A significant interaction between cohort and drug exposure was revealed with respect to the 

time animals took to make a first arm entry [F(3,59) = 3.23 p = 0.029; Figure 3-5A).  Neither 

cohort [F(1,59) = 0.38; p = 0.542), nor drug exposure [F(3,59) = 1.11; p =0.353) showed 

significant main effects.  Sidak’s post-hoc comparisons revealed a significant difference in time 

to first entry in escitalopram exposed H, compared to N animals only (p = 0.036; d = 0.89 [95CI: 

-0.1, 1.9]), while istradefylline 10 mg/kg/day (p = 0.015; d =1.0 [95CI: 0.0, 2.0]) reduced the 

time taken by H2 animals to enter the transverse arms of the T-CAT3, compared to escitalopram-

exposed H animals. 
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3.3.4.2 Total time per trial 

With respect to the total time taken to complete an individual trial, no significant interaction 

between cohort and drug exposure was shown [F(3,60) = 2.47; p = 0.071); however, cohort 

had a significant overall main effect on the result [F(1,60) = 4.64; p = 0.035).  Sidak’s post-hoc 

comparisons revealed a significant difference in time to first entry in escitalopram exposed N1 

and H animals only (p = 0.011; d = 1.6 [95CI: 0.5, 2.7]), while istradefylline 10 mg/kg/day (p = 

0.017; d = 1.4 [95CI: 0.3, 2.5) reduced average time taken by H animals to complete a T-CAT 

trial, compared to escitalopram-exposed animals. 

3.4 Discussion 

The present work aimed to investigate the potential role of the adenosinergic system in the 

manifestation of spontaneous motor stereotypy which is reminiscent of compulsive-like 

repetition.  We further sought to assess the relationship between stereotypy and cognitive 

flexibility as measured by spontaneous alternation behaviour in the T-CAT.  We also sought to 

divulge the effect of istradefylline, a selective adenosine A2A receptor antagonist, on the 

expression of alternation behaviour in the T-CAT and compare its effects to that of the SSRI2, 

escitalopram, a clinically used anti-compulsive intervention.  The main findings of this work are 

that 1) istradefylline broadly improved the expression of stereotypical behaviour in deer mice 

of both cohorts, 2) no correlation exists between the time spent engaging in either N or H 

behaviour and the degree of spontaneous alternation, and 3) istradefylline significantly 

improved the alternating behaviour of H expressing animals. 

Although there have been significant advancements in our understanding of OCD3, treatment 

resistance remains a common clinical obstacle (Brakoulias et al., 2019).  Psychobiological 

research is increasingly pointing to distinct patterns of dysfunction that may underlie specific 

obsessive-compulsive symptom dimensions and which may underlie poor treatment response 

in some.  For example, although findings are somewhat inconsistent, OCD is commonly 

associated with deficits in set shifting ability (Olley et al., 2007; Paast et al., 2016), working 

memory processes (van der Wee et al., 2003; Diwadkar et al., 2015), and an overreliance on 
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habitual responding, all of which potentially contribute to the degree of cognitive impairment 

shown (Dajani and Uddin, 2015; Gruner and Pittenger, 2017).  Importantly, these seem to differ 

between phenotype (Van Den Heuvel et al., 2009; Gillan et al., 2020).  Further, safety/checking 

OCD as well as intrusive thoughts of a sexual and aggressive nature, remain overly resistant to 

cognitive therapy, while preliminary results indicate a unique role for amygdalar involvement in 

its manifestation (Thorsen et al., 2018).  Such findings implicate a potentially unique role for 

moral reasoning, context appraisal and anxiety-related processes in the manifestation of these, 

as opposed to other symptom dimensions and since current treatment approaches are not 

equally effective for the treatment of all patients with OCD, the question arises whether studies 

of these and other neurocognitive processes, might be informing.  To this extent, the 

adenosinergic system may be a valuable target for investigation.  Adenosine exerts effects at 

several central nervous system structures, including the CSTC1 circuitry and the amygdala 

(Stockwell et al., 2017).  Acting via A1 and A2 receptors, it modulates dopaminergic and 

serotonergic neurotransmission.  More specifically, the A2A receptor subtype is of major 

interest, since it has shown significant therapeutic potential for the treatment of both the 

cognitive and motor impairments shown in patients with Parkinson’s disease (Chen and Cunha, 

2020; Pourcher et al., 2012).  Apart from being expressed in the indirect CSTC pathway, the A2A 

receptor is also located in the amygdala and hippocampus (Stockwell et al., 2017).  Such 

distribution is believed to explain the pre-clinical anxiolytic and synapto-plastic effects of 

istradefylline and other A2A receptor antagonists (Wei et al., 2014; Shen et al., 2008; Costenla 

et al., 2011), while their precognitive effects and improvement of motor control in patients with 

Parkinson’s disease are also well documented (Chen and Cunha, 2020). 

With respect to the model organism that was used here, 40-45% of deer mice of both sexes 

exhibit repetitive and persistent stereotypical behaviours that is resemblant of human 

compulsivity (Wolmarans et al., 2013).  While stereotypy has been shown to respond 

moderately to chronic, high-dose oral escitalopram exposure, it is the naturalistic manifestation 

of said behaviours that provides research with a valuable avenue in which to investigate the 

potential relationships between psychobiology and behavioural expression.  Since no study has 

explored the potential role of the adenosinergic system in the model before, we set out to 

determine how stereotypy would respond to an anti-adenosinergic intervention, i.e. 
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istradefylline, compared to the clinically used anti-compulsive drug, escitalopram.  We further 

aimed to elucidate the potential relationship between stereotypical expression and cognitive 

flexibility in deer mice and sought to assess how changes in cognitive flexibility in this model, 

would respond to anti-adenosinergic and serotonergic intervention. 

The first major finding of this work is that chronic istradefylline administration significantly 

attenuated the expression of stereotypy, irrespective of the dose used (Figures 3-2 & 3-3).  

Istradefylline did not only increase the time that N1 and H2 animals engaged in no stereotypical 

behaviour (Figure 3-2A), but it also reduced the amount of time that H animals engaged in the 

expression of H behaviour (Figure 3-2B).  This reciprocal relationship between the two variables 

might seem obvious; however, a closer look at stereotypical expression is needed to highlight 

this result.  Since stereotypy manifests on a scale from none too high, the reduction in the time 

spent engaging in H behaviour was not only reduced but paralleled by an increase in the number 

of bouts that animals spent engaging in normal rodent activity, e.g. cage exploration.  This is 

true, since in these intervals, animals did not simply engage in a lower degree of stereotypy 

that would otherwise qualify as intervals of N activity; rather, they did not engage in stereotypical 

activity at all.  This result can also not be explained by general locomotory inhibition, since the 

locomotor activity of N animals exposed to istradefylline, remained unchanged (Figure 3-3A).  

We further demonstrate that istradefylline also attenuated the average (Figure 3-3 A & C) and 

highest (Figure 3-3 B & D) pre-exposure stereotypical intensity displayed by subjects of the 

same exposure groups, while these values were also significantly lower compared to those 

generated by control-exposed H3 mice following 28 days of vehicle administration.  Although 

escitalopram had no effect on the time spent on no- and H behaviour by H animals (Figure 3-

2), it had a modest effect on the average intensity of vertical stereotypy expression in the 

escitalopram exposed cohort (Figure 3-3A).  This finding is incongruent with our previous 

results, where we have shown a reduction in the time that H animals engaged in H activity and 

an increase in the time spent executing no stereotypical behaviour (Wolmarans et al., 2013).  

Although unexpected, the different result reported here might be related to methodological 

differences between the two studies.  In previous work, H deer mice were assessed weekly 
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over five weeks as opposed to the three pre-exposure trials spaced 48 hours apart and the 

single post-exposure session following four weeks of drug exposure, applied here.  As such, it 

is likely that differences in the degree of habituation to the testing environment could have 

contributed to the difference in results obtained.  Nevertheless, that the average expression of 

vertical stereotypy did show a modest, but significant reduction in the current work, is 

supportive of previous findings which implicated serotonin as a role player in the manifestation 

of stereotypy and is an aspect that warrants further investigation.  Still, it is the robust effect of 

istradefylline on the expression of stereotypy that should be afforded closer attention.  Since 

istradefylline is known to act as an allosteric potentiator of dopaminergic action at the D2 

receptor (Fuxe et al., 2010), it could have been expected that the expression of motor stereotypy 

would exacerbate.  This, because of motor activation that would be elicited by increased D2 

receptor activation.  To the contrary, our results suggest that H mice are better able to exert 

control over stereotypical expression.  Although this conclusion disagrees with theories that 

align with current treatment approaches, our data are congruent with clinical data from studies 

in patients with Parkinson’s disease, indicating A2A antagonism to improve control over 

involuntary behaviour, thereby facilitating the execution of complex voluntary motor action 

(Chen and Cunha, 2020; Pourcher et al., 2012).  A possible perspective on this model could 

therefore be that rather than being reminiscent of compulsive-like repetition, stereotypy in H1 

deer mice might be more representative of behavioural disinhibition.  While such a notion would 

require further study, it should be highlighted that the waxing and waning nature of stereotypy, 

the response thereof to environmental enrichment (Hadley et al., 2006a), and the manner in 

which animals engaged in the T-CAT2 (see later), would disagree with this theory.  In extension, 

our result could also be related to the proposed role of anxiety in the manifestation of 

stereotypy.  We have previously argued that the waxing and waning nature of stereotypical 

expression seems representative of clinical compulsivity in that mice express H behaviour 

during some 30-minute bouts in the dark cycle only (Addendum B).  Such a temporal pattern 

of behavioural expression could suggest that episodes of mounting anxiety precede the 

execution of potentially anxiolytic stereotypical bouts.  Since amygdalar and hippocampal A2A 

antagonism is associated with anxiolytic-like effects in rodent models (Wei et al., 2014), our 
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findings align well with this theory conceptually.  Also, anxiety-related results from the T-CAT 

assessment (see below), support such a conclusion.  Nevertheless, future studies are needed 

to identify the major neurobiological locus of the anti-adenosinergic action on deer mouse 

stereotypy. 

Another aim of the current work was to shed light on the potential relationship between the 

expression of H behaviour and changes in cognitive flexibility.  Here we report that no such 

relationship seems to exist.  We then analysed whether the expression of non- and H behaviour 

respectively, correlated with putative measures of anxiety in the T-CAT, i.e. time to first entry 

or overall time needed to complete the T-CAT assessment, neither of which showed significant 

correlations.  Although it seemed that N1 animals generated higher alternation scores compared 

to their H counterparts, this difference failed to reach statistical significance (Figure 3-4).  The 

data presented here must be interpreted against the background of clinical OCD2 literature.  

Although cognitive deficits have been illustrated in OCD, findings remain inconsistent, likely due 

to different inclusion criteria that are applied with respect to symptom dimension, comorbidity, 

gender and age (Abramovitch et al., 2019).  For example, while it has been shown that patients 

presenting with collecting compulsions show deficits in response inhibition, set shifting, spatial 

orientation and feedback learning (Morein-Zamir et al., 2014), OCD3 patients in general seem 

not to present with broad impairments in cognitive performance (Olley et al., 2007).  Therefore, 

although the collective body of research indicates that perturbations in cognitive performance 

characterise OCD, these are likely phenotype and trait specific.  That we failed to show a 

significant difference in the alternation behaviour of control-exposed N4 and H5 animals, 

highlights a need for future study.  Importantly, since our H group broadly consisted of animals 

that expressed stereotypical behaviour above specific cut-off values (Table 3-1), we cannot 

exclude the possibility that an alternative, intensity-orientated approach to selecting animals for 

inclusion and making use of different tests of anxiety, may yield a different result. 

Notwithstanding, a different perspective on cognitive flexibility and its association with 

stereotypy was borne from the drug-exposure data presented here.  Our results revealed 
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significant differences between the spontaneous alternation behaviour (Figure 3-4), time to first 

entry (Figure 3-5A), and total time per trial (Figure 3-5B) in drug-exposed H, but not N animals.  

Further, spontaneous alternation behaviour increased under the influence of istradefylline, 

compared control or escitalopram exposure.  With respect to the time to first entry and total 

time per trial, our data are only conclusive in terms of these parameters being drug sensitive, 

while significant differences with respect to both measures were displayed between the 

escitalopram and low-dose istradefylline only (Figure 3-5).  Collectively, this highlights some 

key aspects for consideration.  First, since N animals did not present with drug-induced 

alterations in the reported behaviours, the identification and selection of these subjects as a 

suitable normal behavioural control, is confirmed to be accurate with respect to both the motor 

and cognitive domains.  Secondly, compared to control exposed animals, escitalopram had no 

demonstrable effect on the alternation behaviour of H mice, and had a negligible effect on the 

reported parameters of anxiety-like behaviour.  These results were somewhat unexpected since 

escitalopram has shown pro-cognitive—albeit in other conditions (Jorge et al., 2010; Savaskan 

et al., 2008)—and anxiolytic effects (Bandelow et al., 2017) before.  That said, our data should 

be elaborated on in future studies to establish whether naturalistic perturbations in the 

alternation behaviour of deer mice are associated with altered serotonergic function; also, the 

translational relevance of measures of anxiety as applied here, should be further tested.  Still, 

this result is congruent with previous studies in our laboratory which implicate perturbations in 

serotonergic signalling as an underlying neurobiological trait in H1 animals. 

The effects of istradefylline on T-CAT2 behaviour is significant and informing.  Irrespective of 

dose, istradefylline robustly improved the alternating behaviour of H, but not N3 mice (Figure 

3-4).  Although its effects on the time to first entry and total time per trial were restricted to the 

lower dose and was shown in comparison to escitalopram-exposed H animals only (Figure 3-

5), a role for adenosinergic signalling in cognitive flexibility and anxiety-like behaviour as 

reflected in the T-CAT, is highlighted.  Given that istradefylline has shown dose-dependent 

differences in terms of its effect on memory impairment in models of Alzheimer’s disease (Orr 

et al., 2018) and considering that performance in the T-CAT partially relies on processes of 
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working memory (Deacon and Rawlins, 2006), we employed a two-tiered dosing regimen.  We 

subsequently showed that A2A receptor antagonism at both doses used had similar effects on 

the spontaneous alternation behaviour of H mice.  As such, it could be postulated that, 

compared to other tasks that specifically assess working memory, i.e. the Morris water maze 

(Orr et al., 2018), deer mouse performance in the T-CAT may be founded less on processes of 

working memory and more on cognitive constructs related to habit formation and/or behavioural 

inflexibility.  Considering also the robust effect of istradefylline on the expression of H 

stereotypical behaviour, our data are congruent with others in showing a definitive role for A2A 

receptor antagonism in the improvement of cognitive flexibility (Horita et al., 2013).  Further, 

that istradefylline-exposed animals tended to engage in the T-CAT quicker and finished all trials 

in a briefer period of time, albeit in comparison to escitalopram exposed animals, potentially 

point to an anxiolytic effect, which combined with its pro-cognitive action, resulted in improved 

overall T-CAT performance.  We considered that this finding might relate to behavioural 

disinhibition that could be expected from striatal A2A antagonism (Fuxe et al., 2010).  However, 

that istradefylline markedly attenuated the expression of stereotypy and that the behaviour of 

N1 animals remained unaffected across all measures, would disagree with such a conclusion.  

In extension, the parallel response of stereotypy and cognitive performance in H2 animals, is 

suggestive of a common psychobiological construct that could underlie perturbations across 

both domains which may be founded on dysfunctional adenosinergic signalling.  Future 

research in deer mice can therefore be pointed in the direction of divulging the potential role of 

extra-striatal involvement and adenosinergic signalling in the expression of H stereotypy and 

cognitive impairment.  Also, since it is uncertain to what extent the various potential effects of 

istradefylline contributed to the aforementioned reduction in stereotypy, further investigation 

should explore this question. 

This study was not without some shortcomings which require discussion.  First, since we did 

not foresee that some animals would fail T-CAT3 testing, i.e. fail to complete the T-CAT 

assessment according to the specified parameters, the group sizes employed here may have 

been too small to detect meaningful correlations between stereotypy and cognitive 
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performance.  While we started with 10 animals per group, the ultimate T-CAT drop-out rate 

varied between one and two animals per group.  Given that the animals that were included in 

this investigation were clustered based on behavioural expression, the chosen group sizes were 

determined to be adequate for comparisons of stereotypical expression.  Second, we did not 

employ other behavioural assessments that can accurately highlight perturbations in specific 

neurocognitive constructs, i.e. anxiety, habit formation, and behavioural inhibition.  This 

complicates the drawing of conclusions relating to the psychobiological locus of istradefylline’s 

action and potentially also accounts for the counterintuitive anxious effects produced by 

escitalopram. 

3.5 Conclusion 

In this work, we explored the potential role of the adenosinergic system in spontaneous 

stereotypy and studied the relationship between stereotypical behaviour and cognitive flexibility 

as reflected by spontaneous alternation behaviour in the T-CAT1.  Although stereotypy and 

cognitive flexibility did not correlate, high stereotypy and reduced alternation scores both 

improved following chronic exposure to istradefylline, a selective A2A receptor antagonist.  As 

such, these findings propose a unique role for adenosine signalling in the manifestation of 

motor stereotypy in the deer mouse and putatively links stereotypical expression with the 

psychobiological processes that underlie cognitive flexibility. 
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3.7 Figures 

 

  

Figure 3-1: Schematic layout of the T-CAT apparatus used in this investigation 
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Figure 3-2: Percentage time that N and H animals expressed no stereotypical activity (A) and H activity (B). 

Data are representative of the unadjusted individual average behavioural expression over the full dark cycles of 

the three pre-exposure and the single post-exposure assessment. Error bars represent mean ± 95CI. ^Within-

cohort comparisons of post-exposure activity compared to control-exposed animals (one-way analysis of 

covariance based on adjusted means as provided in Table 3-2, followed by Bonferroni post-hoc analysis); 

*Wilcoxon signed rank tests of the pre- vs. post-exposure behavioural expression within each cohort and exposure 

groups. N: animals selected based on the criterium for normal stereotypy (Table 3-1); H: animals selected based 

on the criterium for high stereotypical activity (Table 3-1); Ctrl: control; Esc 50: escitalopram 50 mg/kg/day; Istra 

10: istradefylline 10 mg/kg/day; Istra 20: istradefylline 20 mg/kg/day; Pre-Rx: pre-exposure values; Post-Rx: post-

exposure values. 
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Figure 3-3: Average dark cycle (12h) vertical (A) and horizontal (C) activity as well as the average highest (90 min) 

vertical (B) and horizontal (D) stereotypical expression, displayed by H deer mice. 

Data are representative of the unadjusted individual average behavioural expression over the full dark cycles of the 

three pre-exposure and the single post-exposure assessment (A & C), as well as the average of the 9 highest pre-

exposure and the 3 highest post-exposure 30-minute stereotypy scores (B & D). Error bars represent mean ± 95CI. 

^Within-cohort comparisons of post-exposure activity (one-way analysis of covariance based on adjusted means as 

represented in Table 3-3, followed by Bonferroni post-hoc analysis); *Wilcoxon signed rank tests of the pre- vs. 

post-exposure behavioural expression within exposure groups. Ctrl: control; Esc 50: escitalopram 50 mg/kg/day; 

Istra 10: istradefylline 10 mg/kg/day; Istra 20: istradefylline 20 mg/kg/day; Pre-Rx: pre-exposure values; Post-Rx: 

post-exposure values. 
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Figure 3-4: Spontaneous alternation behaviour displayed by N and H animals in the T-CAT following 28 days of drug 

exposure. 

Data is representative of the individual alternations scores generated.  Error bars represent mean ± 95CI.  Ordinary 

two-way analysis of variance followed by ^Sidak’s or *Tukey’s multiple comparison tests. N: animals selected based 

on the criterium for normal stereotypy (Table 3-1); H: animals selected based on the criterium for high stereotypical 

activity (Table 3-1); Ctrl: control; Esc 50: escitalopram 50 mg/kg/day; Istra 10: istradefylline 10 mg/kg/day; Istra 20: 

istradefylline 20 mg/kg/day; T-CAT: T-maze alternation maze. 
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Figure 3-5: Time to first entry (A) and average total time per trial (B) displayed by N and H animals in the T-

CAT following 28 days of drug exposure. 

Data is representative of the individual alternations scores generated.  Error bars represent mean ± 95CI.  

Ordinary two-way analysis of variance followed by ^Sidak’s or *Tukey’s multiple comparison tests. N: animals 

selected based on the criterium for normal stereotypy (Table 3-1); H: animals selected based on the criterium 

for high stereotypical activity (Table 3-1); Ctrl: control; Esc 50: escitalopram 50 mg/kg/day; Istra 10: 

istradefylline 10 mg/kg/day; Istra 20: istradefylline 20 mg/kg/day; T-CAT: T-maze alternation maze. 
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CHAPTER 4 – DISCUSION 

4.1 Discussion 

The present study aimed to explore the relationship between cognitive flexibility and 

spontaneous stereotypy in the deer mouse model of compulsive-like behavioural persistence.  

We further sought to investigate the role of the adenosinergic system in the manifestation of 

high stereotypical (H)1 behaviour and potential changes in cognitive flexibility by comparing the 

effects of istradefylline, an adenosine A2A receptor antagonist, to that of a clinically used anti-

compulsive intervention, i.e. the selective serotonin reuptake inhibitor (SSRI)2 escitalopram.  

The main findings of this work are that 1) istradefylline broadly attenuated the expression of 

stereotypical behaviour in deer mice of both cohorts, 2) no correlation exists between the time 

spent engaging in H behaviour and the degree of spontaneous alternation, and 3) istradefylline 

significantly improved the alternating behaviour of H expressing animals. 

*** 

OCD3 is a chronic and debilitating neuropsychiatric disorder presenting with intrusive thoughts, 

images, or urges (obsessions) that are believed to engender anxiety or distress.  Such 

obsessions are therefore commonly associated with repetitive, ritualised behaviours 

(compulsions), which are enacted to reduce the level of distress experienced (American 

Psychiatric Association, 2013).  OCD has recently been classified as the archetype disorder in 

a new diagnostic group, i.e. the obsessive-compulsive and related disorders (OCRDs)4 

(American Psychiatric Association, 2013) as opposed to its prior classification as an anxiety 

disorder.  Current pharmacological treatment modalities for OCD are generally aimed at 

restoring a hyposerotonergic state that may contribute to excessive behaviourally activating 

signal propagation via the cortico-striatal-thalamic-cortical (CSTC)5 circuitry (Denys et al., 2004; 

Fineberg, 2004; Huey et al., 2008; Kellner, 2010; Saxena and Rauch, 2000).  However, although 
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4 Obsessive-Compulsive and Related Disorders 
5 cortico-striatal-thalamic-cortical 



 

108 

there have been significant advancements in our understanding of OCD1, treatment resistance 

remains common, in which case SSRI2 therapy is augmented with low-dose neuroleptics (e.g. 

risperidone) (Brakoulias et al., 2019; Hollander et al., 2003; Kellner, 2010).  In an attempt to 

shed more light on the potential factors that may contribute to treatment resistance, research 

increasingly points toward highly unique psychobiological perturbations that may underlie 

distinct obsessive-compulsive symptom dimensions (Grisham et al., 2010; Sookman et al., 

2005; Thorsen et al., 2018).  Indeed, OCD generally presents with deficits in tests of set shifting 

ability (Olley et al., 2007; Paast et al., 2016), working memory (Diwadkar et al., 2015; van der 

Wee et al., 2003), and an overreliance on habitual responding which potentially contributes to 

the degree of cognitive impairment shown (Dajani and Uddin, 2015; Gruner and Pittenger, 

2017).  Further, said cognitive impairments may predict treatment response across the various 

obsessive-compulsive symptom dimensions (van den Heuvel et al., 2008).  It therefore is likely 

that current first- and second-line interventions fail to fully address the varying psychobiological 

mechanisms underlying different obsessive-compulsive symptom dimensions and hence, the 

need for continued investigation is highlighted. 

In this regard and expanding upon the current neurobiological theories of CSTC dysfunction, 

adenosinergic processes may be a potentially useful target for investigation.  Acting as a 

modulator of monoaminergic neurotransmitter function, among others, adenosine not only acts 

in the CSTC circuitry, but also within extra-striatal brain areas implicated in obsessive-

compulsive symptom manifestation, i.e. the amygdala and hippocampus (Soliman et al., 2018).  

More specifically, the A2A receptor subtype is of major importance since its antagonism is 

associated with clinical efficacy in the treatment of Parkinson’s disease.  Here, it has been 

shown to improve impairments in both cognitive and motor domains (Chen and Cunha, 2020; 

Pourcher et al., 2012).  Briefly, A2A receptors are mostly expressed as heterodimers together 

with D2 receptors on the behaviourally inactivating CSTC3 pathway, where its activation 

allosterically antagonises the effects of dopamine (Ferre et al., 1991).  This, in addition to its 

striatal and extra-striatal distribution, is thought to contribute to its effects on cognitive 

processes and motor routines (Wei et al., 2011; Wei et al., 2014; Shen et al., 2008). 
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With respect to the animal model used in this investigation, 40-45% of deer mice (Peromyscus 

maniculatus bairdii) of both sexes display naturalistic, persistent, and seemingly purposeless 

stereotypical behaviours, viz. vertical jumping/somersaulting and pattern running, which are 

reminiscent of human compulsivity (Wolmarans et al., 2013).  These behaviours respond 

modestly to chronic high dose (50 mg/kg/day), but not low dose oral escitalopram, while high 

stereotypical (H)1 behaviour is associated with reduced striatal serotonin transporter expression 

(Wolmarans et al., 2013).  Since these behaviours occur naturally, the model presents research 

with a valuable opportunity for investigating the potential association between such behaviours 

and cognitive flexibility on the one side, and novel drug interventions on the other.  Here, we 

set out to assess cognitive flexibility in N2 and H deer mice in a T-maze continuous alternation 

task (T-CAT)3.  Further, we also aimed to investigate the response of stereotypy and changes 

in cognitive flexibility to A2A receptor antagonism (istradefylline), and pro-serotonergic drug 

action (escitalopram), i.e. a clinically used anti-compulsive intervention. 

*** 

In terms of our first main finding, chronic istradefylline administration significantly attenuated 

the expression of stereotypy, irrespective of the dose used.  This effect was observed with 

respect to the time that N and H animals engaged in no stereotypical behaviour and H behaviour 

as well as in reductions in the average and highest pre-exposure stereotypical intensity 

displayed by subjects of the same exposure groups.  Although escitalopram had no effect on 

the time spent on no- and H behaviour by H animals, it had a modest effect on the average 

intensity of vertical stereotypy expression in the escitalopram exposed cohort.  Nevertheless, 

that the average expression of vertical stereotypy did show a modest, but significant reduction 

in the current work, is supportive of previous findings which implicated serotonin as a role 

player in the manifestation of stereotypy and is an aspect that warrants further investigation.  

Focusing on the effect of istradefylline, we have previously argued that the waxing and waning 

nature of stereotypical expression seems representative of clinical compulsivity in that mice 

express H4 behaviour during some 30-minute bouts in the dark cycle only.  Such a temporal 
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pattern of behavioural expression could suggest that episodes of mounting anxiety precede the 

execution of potentially anxiolytic stereotypical bouts.  Since amygdalar and hippocampal A2A 

antagonism is associated with anxiolytic-like effects in rodent models (Wei et al., 2014), our 

findings align well with this theory conceptually.  Nevertheless, future studies are needed to 

identify the major neurobiological locus of the anti-adenosinergic action on deer mouse 

stereotypy. 

*** 

The second finding of this work pertains to the relationship between the expression of 

stereotypy and cognitive rigidity.  Although it seemed that N1 animals generated higher 

alternation scores compared to their H1 counterparts, this difference was not significant.  

Although cognitive deficits have been illustrated in OCD2, findings remain inconsistent 

(Abramovitch et al., 2019).  For example, while it has been shown that patients presenting with 

collecting compulsions show deficits in response inhibition, set shifting, spatial orientation and 

feedback learning (Morein-Zamir et al., 2014), OCD patients in general seem not to present with 

broad impairments in cognitive performance (Olley et al., 2007).  Therefore, although the 

collective body of research indicates that perturbations in cognitive performance characterise 

OCD, these are likely phenotype and trait specific.  That we failed to show a significant difference 

in the alternation behaviour of control-exposed N and H animals, highlights a need for future 

study. 

*** 

Our results pertaining to the effects of drug exposure on the alternation behaviour of drug-

exposed H3 animals—which showed significant improvement following istradefylline 

intervention—are informative as it highlights a role for adenosinergic signalling in cognitive 

flexibility in H deer mice.  Given that istradefylline has shown dose-dependent differences in 

terms of its effect on memory impairment in models of Alzheimer’s disease (Orr et al., 2018) 

and considering that performance in the T-CAT4 partially relies on processes of working memory 
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(Deacon and Rawlins, 2006), we employed a two-tiered dosing regimen.  We subsequently 

showed that A2A receptor antagonism at both doses used had similar effects on the spontaneous 

alternation behaviour of H mice.  Importantly, considering the robust effect of istradefylline on 

the expression of H stereotypical behaviour, our data are congruent with others in showing a 

definitive role for A2A receptor antagonism in the improvement of both motor rigidity and 

cognitive impairment (Horita et al., 2013).  Moreover, the parallel response of stereotypy and 

cognitive performance in H animals, is suggestive of a common psychobiological construct that 

could underlie perturbations across both domains which may be founded on dysfunctional 

adenosinergic signalling.  Future research in deer mice can therefore be pointed in the direction 

of divulging the potential role of extra-striatal involvement and adenosinergic signalling in the 

expression of H stereotypy and cognitive impairment. 

4.2 Study shortcomings and future work 

This study was not without shortcomings.  First, since we did not foresee that some animals 

would fail to complete the T-CAT assessment according to the specified parameters, the group 

sizes employed here may have been too small to detect meaningful differences between 

stereotypy and cognitive performance.  While we started with 10 animals per group, the ultimate 

T-CAT drop-out rate varied between one and two animals per group.  Given that the animals 

that were included in this investigation were clustered based on behavioural expression, the 

chosen group sizes were determined to be adequate for comparisons of stereotypical 

expression.  Second, we did not employ other behavioural assessments that can accurately 

highlight perturbations in specific neurocognitive constructs, i.e. anxiety, habit formation, and 

behavioural inhibition.  This complicates the drawing of conclusions relating to the 

psychobiological locus of istradefylline’s action.  Third, we also did not perform a pre-exposure 

T-CAT1 assessment, which makes it impossible to draw conclusions regarding individual 

responses to treatment.  In other words, at this stage and given the manner in which this work 

was designed, it is difficult to establish whether animals presenting with a certain degree of 

stereotypical expression, also present with a level of cognitive rigidity that might be less or 

more responsive to the interventions used.  It would therefore be of immense theoretical value 

to perform both the stereotypy and T-CAT assessments before and after treatment.  One could 
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ask why such a design was not introduced from the outset, a question to which the answer is 

based on the aspect of test-habituation.  In this work, which was designed to broadly investigate 

the relationship between stereotypy and cognitive flexibility so as to provide a platform for 

future study, we were concerned that prior T-CAT experience would influence post-exposure 

T-CAT performance.  Since the only way around this dilemma was the inclusion of more animals 

as a behavioural control and given the logistical obstacles brought about by the year 2020, we 

decided against going this route for this specific work. 

In terms of future work and in addition to addressing the stated shortcomings, it would be of 

major benefit if the effects of istradefylline on motor stereotypy and cognitive flexibility, could 

be interrogated in terms of psychobiological mechanism and neuroanatomical target.  Since 

istradefylline exerts its actions across several different neuroanatomical domains, a targeted 

approach with appropriate behavioural controls would be fundamental to discern clearly where 

the locus of its effect in the deer mouse model can be found.  An answer to this question would 

be valuable, since it would elucidate how stereotypy is related to cognitive flexibility; this in turn 

may assist us to develop novel pharmacotherapeutic approaches that may be of benefit in 

patients with SSRI1-refractory OCD2. 
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4.3 Summary of study questions and final outcomes 

Table 4-1: Summary of study questions and final outcomes. 

Study question Outcome 

1. Is H1 behaviour associated with 

cognitive rigidity as measured in a 

validated behavioural paradigm for 

assessing cognitive ability in mice, 

i.e. the T-maze continuous 

alternation task (T-CAT)2? 

No.  Although H expressing animals 

presented with drug-sensitive alterations in 

cognitive performance, no significant 

correlation between H behaviour and 

cognitive flexibility was found. 

2. Is manipulation of adenosine 

signalling via chronic, 28-day 

selective antagonism of the 

adenosine A2A receptor associated 

with improvements in cognitive 

rigidity and the expression of 

stereotypy? 

Istradefylline challenge led to improved 

scores in various behavioural parameters 

measured in the T-CAT and resulted in 

remarkably robust improvements in 

stereotypical behaviour of H mice. 

3. Will chronic, 28-day administration 

of escitalopram, an SSRI3 that has 

previously shown promise in 

attenuating the expression of 

stereotypy, also result in 

improvements in cognitive rigidity? 

Escitalopram had a modest attenuating effect 

on the expression of stereotypy and had no 

effect on the alternation behaviour of H deer 

mice, compared to istradefylline. 

4. Can cognitive rigidity be regarded as 

a potential target for 

pharmacological intervention in our 

efforts to develop novel treatments 

for compulsivity? 

Indeed, the current study has highlighted a 

potential psychobiological commonality 

between stereotypy and cognitive flexibility 

that should be afforded more attention in 

future studies. 
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4.4 Conclusion 

In this work, we explored the potential role of the adenosinergic system in spontaneous 

stereotypy and studied the relationship between stereotypical behaviour and cognitive flexibility 

as reflected by spontaneous alternation behaviour in the T-CAT1.  Although stereotypy and 

cognitive flexibility did not correlate, high stereotypy and reduced alternation scores both 

improved following chronic exposure to istradefylline, a selective A2A receptor antagonist.  As 

such, these findings propose a unique role for adenosine signalling in the manifestation of 

motor stereotypy in the deer mouse and putatively links stereotypical expression with the 

psychobiological processes that underlie cognitive flexibility. 
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ADDENDUM A 

Letters of permission to submit Chapter 3 for examination purposes 
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ADDENDUM B 

Additional detail pertaining to the methodological framework of this 

dissertation 

This addendum contains supplementary insights into the methodological approaches followed 

in this work and should be read alongside Chapter 3 of this dissertation. 
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Layout of groups for the behavioural investigation 

Eight groups of deer mice (n = 10; Table B-1) were screened for motor stereotypy and 

subsequently divided into N1 and H2 groups as per the methods discussed in Chapter 3.  

Subsequently, all animals were exposed to the various drugs according to the group layout 

provided in Table B-1 for 28 days.  After 28 days of uninterrupted drug exposure, animals were 

subjected to T-CAT3 testing and a single post-exposure stereotypy assessment. 

Since the deer mice included in this investigation bred gradually, investigations were completed 

in a phased manner.  Table B-1 provides a summary of the dates during which different groups 

were selected, drug exposed and assessed in the open field. 

 

Group 
Stereotypy 

description 
Intervention N Start date End date 

 

Control H Vehicle 9 24/02/2020 03/04/2020 

Esc 50 H Escitalopram 50mg/kg 8 09/04/2020 16/05/2020 

Istra 10 H Istradefylline 10mg/kg 9 14/06/2020 24/07/2020 

Istra 20 H Istradefylline 10mg/kg 8 14/07/2020 19/08/2020 

 

Control N Vehicle 9 09/04/2020 16/05/2020 

Esc 50 N Escitalopram 50mg/kg 10 24/04/2020 27/05/2020 

Istra 10 N Istradefylline 10mg/kg 8 14/07/2020 19/08/2020 

Istra 20 N Istradefylline 10mg/kg 8 28/07/2020 08/09/2020 

 

  

 

1 normal behavioural 
2 high stereotypical 
3 T-maze continuous alternation task 

Table B-1: Group layout 
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Daily routine during the behavioural investigation 

• Between 8:00 and 10:00 on each morning throughout this study, animal welfare was 

monitored, and water or drug bottles were weighed to track fluid intake, while fresh 

drug solutions were provided every other day.  Apart from the weekly cage maintenance 

routine (see below), animals were left undisturbed for the remainder of the day and 

night, except if experimentation continued at night. 

• Further, as part of the normal animal caretaking routine, the following parameters were 

recorded:1) temperatures of the housing and experimental rooms, 2) humidity and 3) 

food and water or drug availability. 

• Once a week, cages were cleaned and fresh corncob, and paper towel provided.  Cages 

were cleaned with F10® SCXD Veterinary Disinfectant Solution (Reg No Act 29 GNR 

529/29990/040/150; Registration Number: G3073). 

• On days when stereotypy testing took place, mice were transferred from the housing 

room to the experimental room at 17:00.  Since the light cycle in the Vivarium is set at 

06:00/18:00 (on/off), mice were habituated in the experimental Accuscan® cages for at 

least 60 minutes prior to the onset of testing.  Mice were left in the Accuscan® for a full 

12h dark cycle and returned to their home cages between 07:00 and 08:00 on the 

following morning.  Animals had access to ample food and water throughout the night.  

With respect to the three pre-exposure stereotypy screens, an inter-screen phase of 

48h was applied. 

• On days when T-CAT1 testing took place, mice were transferred to the testing room at 

18:00 and left to wake and habituate for one hour until 19:00.  Mice were then 

individually moved to the T-CAT apparatus, gently placed in the start box by making use 

of a plastic piece of pipe, and subsequently left for 30 seconds.  Following this, the start-

box door was raised, and the T-CAT test performed.  This process was repeated until 

all animals were tested for that day.  Between each T-CAT assessment, animals were 

gently relocated to their respective home cages and moved back to the housing room. 

  

 

1 T-maze continuous alternation task 
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Additional information pertaining to animal husbandry, housing, and care 

• Prior to onset of the study, animals were bred and supplied by the North-West University 

(NWU)1 vivarium, Potchefstroom, South Africa (SAVC2 registration number: 

FR15/13458; SANAS3 GLP4 compliance number: G0019; AAALAC5 accreditation file: 

1717). 

• Mice were weaned at the age of 21 days, and group housed (4-6 same sex animals per 

cage; 35 cm (l) x 20 cm (w) x 13 (h) cm; Tecniplast® S.P.A., Varese, Italy), until selection 

for further study. 

• From the onset of baseline stereotypy assessment between the ages of 10-12 weeks, 

mice were single housed in identical cages and remained so for the duration of the 

study. 

• All food (mouse pellets; Labchef® Nutritionhub® (PTY) LTD. Reg nr: 2012/141960/07) 

were autoclaved at 90ºC for 15 minutes before use. 

Additional information pertaining to drug administration 

• Escitalopram oxalate (50 mg/kg/day; Wolmarans et al. (2013)) and Istradefylline 

(10mg/kg and 20mg/kg; Orr et al. (2018)) were prepared for oral administration via an 

appropriate vehicle. 

• The vehicle was adapted from Orr et al. (2018) and is summarised as follows: 

➢ Since istradefylline is insoluble in normal water, all drugs were first weighed on 

a microbalance and disolved in an apropriate amount of DMSO6 (final vehicle 

DMSO concentration ≤ 2%). 

➢ Subsequently, an apropriate amount of Kolliphor7 EL® (final vehicle 

concentration ≤ 1.5%) was added as an emulsifying agent. 

 

1 North-West University 
2 South African Veterinary Council  
3 South African National Accreditation System 
4 Good Laboratory Practice 
5 Association for Assessment and Accreditation of Laboratory Animal Care 
6 dimethyl sulfoxide 
7 polyethoxylated castor oil 
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➢ Mineral oil (final vehicle concentration ≤ 1.5%) was added to increase the volume 

of the oil phase and assist with the emulsifying process. 

➢ The final constitution of the oil phase was 40% DMSO1; 30% Kolliphor2 EL® and 

30% mineral oil. 

➢ Important: Kolliphor EL® should be added to the DMSO and the mixture stirred 

thoroughly to prevent the formation of a “lump” at the bottom of the mixing 

container. 

➢ Last, Milli-Q® water and sucrose was used to prepare a 2% sucrose solution that 

masked the taste and enhanced the stability of the emulsion.  This solution 

constituted the water phase.  After addition of this sucrose solution to the oil 

phase, all emulsions were sonicated for 2 minutes to ensure a homogenous 

distribution of oil and water and to improve the stability of the emulsion. 

• Fresh drug solutions were constituted every other day. 

• The final concentration of the drug solution consisted of 20 mg of escitalopram /100 ml 

vehicle which was equivalent to 25.54 mg of the oxalate salt that equated to a dose of 

50 mg/kg/day.  4 mg or 8 mg of istradefylline was dissolved per 100 ml vehicle for the 

10 and 20 mg/kg/day doses, respectively. 

• Drug concentrations were based on the average fluid intake of deer mice, i.e. 0.25 

ml/g/day (Wolmarans et al., 2013) (Figure B-1). 

  

 

1 dimethyl sulfoxide 
2 polyethoxylated castor oil 
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Figure B-1: Average daily fluid intake over 35 days. 

One-way analysis of variance (ANOVA) followed by Tukey’s post-hoc pairwise comparisons test, did not reveal any 

significant difference in fluid intake between the different exposure groups.  Data is representative of the average 

daily fluid intake of all animals that received the respective solutions, irrespective of phenotype.  Bottle Ctrl refers 

to a bottle placed in a cage without a mouse, which was weighed daily to determine the amount of fluid wastage 

caused by the daily handling of the bottles. 
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Supplementary images 

 

Figure B-2:  (A): Techniplast® Smart Flow for the monitoring of ventilation, humidity and temperature in the cages; 

(B): Deer mice housing system (cages: 35 cm (l) x 20 cm (w) x 13 (h) cm; Techniplast® S.P.A., Varese, Italy).  

Each cage was marked according to the different groups for the identification of animals; (C): T-CAT top view 

without divider; (D): T-CAT top view with divider; (E-G): Accuscan® from different angles, illustrating lasers that 

capture vertical stereotypical motor patterns. 



 

129 

Figure B-3: Vertical (orange) and horizontal (green) activity readouts. 

Note the waxing and waning nature of stereotypy throughout the dark cycle. 
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Figure B-4: Schematic representation of the T-CAT procedure.  Once the animal (M) left the start box (S) for the first 

time, it could freely enter the left or the right arm.  After this choice has been made, the animal could return to the 

start box at its own leisure.  Here it is was kept for 30 seconds before being allowed to explore the maze again.  15 

subsequent arm choices could be made.  Animals that did not complete 15 choices, were allowed a maximum of 35 

minutes for T-CAT exploration.  An animal had to make at least 6 arm entries for its alternation score to be calculated.  

If not, it was excluded from further study. 
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