
Towards the Neurobiology of Compulsive Rituals



TOWARDS THE NEUROBIOLOGY OF COMPULSIVE RITUALS 
 
 

Richting de neurobiologie van compulsieve rituelen  
 

 
(met een samenvatting in het Nederlands) 

 
 
 
 
 
 

PROEFSCHRIFT 
 
 
 
 
 

 
ter verkrijging van de graad van doctor aan de universiteit Utrecht op gezag 
van de rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit 

van het college voor promoties in het openbaar te verdedigen op 
donderdag 27 september 2012 des ochtends te 10.30 uur 

 
 

 
 
 
 
 
 

door 
 
 
 
 
 
 
 
 

Gerdina Gijsberta de Haas 
 

geboren op 30 september 1982, te Geldermalsen 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN 978-90-8891-465-2 
 
Printed & cover design: Proefschriftmaken.nl || Printyourthesis.com 
Published by: Uitgeverij BOXPress, Oisterwijk  
 
 
All rights reserved. No part of this publication may be reproduced, stored in a retrieval 
system, or transmitted in any form or by any means, electronic, mechanical, photocopying, 
recording or otherwise, without prior written permission of the publisher. Whilst the authors, 
editors and publisher have tried to ensure the accuracy of this publication, the publisher, 
authors and editors cannot accept responsibility for any errors, omissions, misstatements, or 
mistakes and accept no responsibility for the use of the information presented in this work.



TOWARDS THE NEUROBIOLOGY OF COMPULSIVE RITUALS 
 
 

Richting de neurobiologie van compulsieve rituelen  
 

 
(met een samenvatting in het Nederlands) 

 
 
 
 
 
 

PROEFSCHRIFT 
 
 
 
 
 

 
ter verkrijging van de graad van doctor aan de universiteit Utrecht op gezag 
van de rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit 

van het college voor promoties in het openbaar te verdedigen op 
donderdag 27 september 2012 des ochtends te 10.30 uur 

 
 

 
 
 
 
 
 

door 
 
 
 
 
 
 
 
 

Gerdina Gijsberta de Haas 
 

geboren op 30 september 1982, te Geldermalsen 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN 978-90-8891-465-2 
 
Printed & cover design: Proefschriftmaken.nl || Printyourthesis.com 
Published by: Uitgeverij BOXPress, Oisterwijk  
 
 
All rights reserved. No part of this publication may be reproduced, stored in a retrieval 
system, or transmitted in any form or by any means, electronic, mechanical, photocopying, 
recording or otherwise, without prior written permission of the publisher. Whilst the authors, 
editors and publisher have tried to ensure the accuracy of this publication, the publisher, 
authors and editors cannot accept responsibility for any errors, omissions, misstatements, or 
mistakes and accept no responsibility for the use of the information presented in this work.



Promotor:   Prof.dr. R.A.H. Adan 
 
Co-promotoren:  Dr. M.J.H. Kas 
    Dr. G. van der Plasse 
  

Contents 
  
Chapter 1 General Introduction       6 
 
Chapter 2 Behavioral pattern analysis and dopamine release      30 

in quinpirole-induced repetitive behavior in rats. 
Journal of Psychopharmacology 2011  
 

Chapter 3 Marked inbred mouse strain difference in the              52 
expression of quinpirole induced compulsive-like  
behavior based on behavioral pattern analysis. 
European Neuropsychopharmacology 2012 
 

Chapter 4 Wireless implantable micro-stimulation device for        70 
high frequency bilateral deep brain stimulation in  
freely moving mice. 
Journal of Neuroscience Methods 2012 
 

Chapter 5 Deep brain stimulation of the orbital frontal cortex        94  
rescues a mouse homolog of obsessive-compulsive  
disorder rituals. 
Submitted 
 

Chapter 6 Ethological approach for the quantification of (non)   120  
functional behaviors in OCD rituals in humans and mice. 

 
Chapter 7 Dysfunction of the OFC increases non-functional  132 

compulsive-like behavior in mice. 
 
Chapter 8 Genetic Mapping of a Mouse Neurobehavioral          146 

Trait related to OCD-rituals. 
Manuscript in preparation 
 

Chapter 9 Summary & General Discussion                                162 
 
Nederlandse samenvatting      176 
Dankwoord        182 
Publicaties        184 
Curriculum Vitae       185 



Promotor:   Prof.dr. R.A.H. Adan 
 
Co-promotoren:  Dr. M.J.H. Kas 
    Dr. G. van der Plasse 
  

Contents 
  
Chapter 1 General Introduction       6 
 
Chapter 2 Behavioral pattern analysis and dopamine release      30 

in quinpirole-induced repetitive behavior in rats. 
Journal of Psychopharmacology 2011  
 

Chapter 3 Marked inbred mouse strain difference in the              52 
expression of quinpirole induced compulsive-like  
behavior based on behavioral pattern analysis. 
European Neuropsychopharmacology 2012 
 

Chapter 4 Wireless implantable micro-stimulation device for        70 
high frequency bilateral deep brain stimulation in  
freely moving mice. 
Journal of Neuroscience Methods 2012 
 

Chapter 5 Deep brain stimulation of the orbital frontal cortex        94  
rescues a mouse homolog of obsessive-compulsive  
disorder rituals. 
Submitted 
 

Chapter 6 Ethological approach for the quantification of (non)   120  
functional behaviors in OCD rituals in humans and mice. 

 
Chapter 7 Dysfunction of the OFC increases non-functional  132 

compulsive-like behavior in mice. 
 
Chapter 8 Genetic Mapping of a Mouse Neurobehavioral          146 

Trait related to OCD-rituals. 
Manuscript in preparation 
 

Chapter 9 Summary & General Discussion                                162 
 
Nederlandse samenvatting      176 
Dankwoord        182 
Publicaties        184 
Curriculum Vitae       185 



Chapter 2 Titel van het hoofdstuk Towards the 
Neurobiology of Compulsive Rituals

Voornaam Achternaam

Eventuele extra informatie over de 

uitgave

Chapter 1



Chapter 2 Titel van het hoofdstuk Towards the 
Neurobiology of Compulsive Rituals

Voornaam Achternaam

Eventuele extra informatie over de 

uitgave

General Introduction



8

Chapter 1

 11 

Clinical features of OCD 
 

The fourth edition of the American Psychiatric Association’s Diagnostic and 

Statistic Manual (DSM-IV) describes the clinical features of OCD as recurrent and 

persistent thoughts, images or impulses (obsessions) that well up in the mind and 

repetitive, ritualistic and unwanted behaviors (compulsions) which cause significant 

distress and dysfunction (Table 1).  OCD has an estimated lifetime prevalence of 

2% and afflicts men and women equally.  OCD is not a unitary concept,  patients 

with OCD may have different clinical presentations; cleaning, checking, ordering 

and hoarding are the most prevalent behaviors and concerns about contamination 

or harming others or impulses to count, touch or check are commonly seen 

obsessions (box 1 and 2). OCD is characterized by performing these obsessions 

and compulsions according to rigid rules, indicating cognitive inflexibility 

(Chamberlain et al., 2005). This neuropsychiatric disorder is affecting children and 

adolescents as well as adults. Mean age of onset of OCD in children and 

adolescents ranged from 7.5 to 12.5 years (mean 10.3 years) and the mean age at 

ascertainment ranged from 12 to 15.2 years (mean 13.2 years) (Geller et al., 

1998). Adult OCD studies have reported a mean age of onset of 21 years (Karno 

et al., 1988; Rasmussen and Eisen, 1992). Several differences were found in the 

frequency of particular obsessions and compulsions between children, adolescents 

and adults (Geller et al., 2001).  

   
Box 1: “.. I am one of the fortunate ones, I guess you would say, in that I have not lived 

with OCD my whole life, I was diagnosed when I was 35 years old. I have always had 

obsessive tendencies; however, I was able to get a grip on all of these things before they 

got too out of hand. When I had my son, I noticed that I started to worry about him 

constantly. The feeling of being responsible of this little person, his well being, his life... It 

was overwhelming! I thought I was going crazy. If I told anyone what I was going 

through, they would take my child away from me and lock me away in a loony bin. I 

would worry that something that I would do, directly or indirectly, could hurt my child and 

it would be my fault. I had to be the perfect mother. Make no mistakes. If I watched 

certain shows or the news, I would worry that I could turn out like them. The horrible 

people on the TV. I started staying up at night; because I would be afraid that if I went to 

sleep, I would do something wrong in my sleep and not remember. I would check on my 

son all night long to make sure he was breathing. I was afraid to let him go anywhere 

because if he was out of my sight, I couldn't protect him. Anyway, the fears went on and 

on...I lost 20 lbs in 3 months, and people started to notice that I didn't look so good. I 

was a nervous wreck all the time. I went to see a regular physician, who by the grace of 

god knew exactly what was wrong.” 

Outline general introduction 
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Chapter 1

 13 

Both obsessions and compulsions are characterized by repetition, it has 

been investigated which behavioral structural units (acts) are repeated in OCD 

rituals. The behavior of OCD patients was studied and compared to matched 

control individuals who were instructed to perform the same functional task as the 

OCD ritual (Eilam et al., 2011; Zor et al., 2009b;Zor et al., 2009a). Although the 

patient and control performed the same task, the repertoire of behavioral acts (the 

set of different acts performed during the task) was significantly greater in OCD 

rituals compared to controls. Behavioral acts can be divided into functional and 

non-functional behavior. Functional behaviors are defined as behavioral acts that 

were performed by both the OCD patient and his/her matched control and that 

were found to be essential to perform the task (e.g., opening the tap when cleaning 

hands). Non-functional behaviors are defined as behavioral acts performed by only 

one of the two groups (mostly the OCD patient); these acts were found to be 

unnecessary or even irrelevant to the task (e.g., scratching the nose when parking 

a car) (Figure 1). Behavior performed by controls contained a relatively long chain 

of functional acts and a few non-functional acts. In OCD patients, the more non-

functional acts were interrupted with functional acts and resulted in very short 

chains of shared acts bounded by relative long chains of non-functional acts. The 

performance of non-functional acts together with repetitions of both functional and 

non-functional acts is referred to as pessimal behavior and is found to be a 

hallmark for OCD (Zor et al., 2009b).  

   

 
 

 

 

Figure 1: Sequence of functional acts (large circles) and non-functional 
acts (small circles), adapted from (Zor et al., 2011). 
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Table 1 

 

DSM IV OBSESSIVE COMPULSIVE DISORDER (OCD) CRITERIA 

 

A) Either obsessions or compulsions 

Obsessions are defined as: 

1) Recurrent and persistent thoughts, impulses or images that are experienced at 

some time during the disturbance, as intrusive and inappropriate and that cause 

marked anxiety and distress. 

2) The thoughts, impulses or images are not simply excessive worries about real-life 

problems. 

3) The person attempts to ignore or suppress such thoughts, impulses or images, or 

to neutralize them with some other thought or action. 

4) The person recognizes that the obsessional thoughts, impulses or images are a 

product of his or her own mind (not imposed from without as in thought insertion). 

 

Compulsions are defined as: 

1) Repetitive behaviors (e.g., hand washing, ordering, checking) or mental acts (e.g., 

praying, counting, repeating words silently) that the person feels driven to perform 

in response to an obsession, or according to rules that must be applied rigidly. 

2) The behaviors or mental acts are aimed at preventing or reducing distress or 

preventing some dreaded event or situation; however, these behaviors or mental 

acts either are not connected in a realistic way with what they are designed to 

neutralize or prevent or are clearly excessive. 

 

 

B) At some point during the course of the disorder, the person has recognized that the 

obsessions or compulsions are excessive or unreasonable (this does not apply to children). 

 

 

C) The obsessions or compulsions cause marked distress, are time consuming (take more 

than 1 hour a day), or significantly interfere with the person’s normal routine, occupational 

(or academic) functioning, or usual social activities or relationships. 

 

 

D) If another Axis I disorder is present, the content of the obsessions or compulsions is not 

restricted to it (e.g., preoccupation with food in the presence of an Eating Disorder, 

preoccupation with drugs in the presence of a Substance Use Disorder). 

 

 

E) The disturbance is not due to the direct physiological effects of a substance (e.g., a drug 

of abuse, a medication) or a general medical condition.  
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Neurobiology 
 

In vivo imaging studies with positron emission tomography (PET) and structural 

and functional magnetic resonance imaging (fMRI) have shown alterations in 

different brain areas; prefrontal cortex (PFC), orbital frontal cortex (OFC), basal 

ganglia, anterior cingulate cortex (ACC) and/or thalamus between OCD patients 

and healthy controls (Del Casale et al., 2011). Disrupting the connections between   

the OFC, ACC, thalamus and basal ganglia by means of cingulotomy, anterior 

capsulotomy or subcaudate tractotomy can result in symptom improvement in 

OCD patients (Huey et al., 2008). These findings have been used to describe 

several models to explain the relationship with OCD symptoms.  

Most neuroanatomic models of OCD are based on the cortico-striato-

thalamic circuits (Modell et al., 1989). In general, these circuits project from 

specific areas of the frontal cortex to targets in the striatum and via direct and 

indirect pathways to the basal ganglia then via the thalamus back to the original 

frontal area where the loop started (Figure 2). 

 

 

 

 

 

 

Box 2: “… My OCD problems are mainly in checking, symmetry, not exactly 

perfectionism but I like to keeps things tidy. I can literally become "stuck" with anything 

that involves opening and closing, or on and off. Faucets are one of my biggest problem 

areas. I will continually check them to make sure they are really off, often placing my 

hand underneath the spout and counting for drops, usually up to 10 or 12. If a drop falls 

in this time period I feel a lot of anxiety and usually have to start all over again. With 

behavior therapy this is becoming somewhat better. Other things I can get stuck on are 

again, literally anything that falls into opening/closing, on/off, but I have problems with 

oven knobs, the coffee pot as far as making sure it is really on the burner, checking the 

door when I leave, and bizarre as it sounds making sure the lights are off at night when I 

try to go to bed. I can honestly stand in "pitch black" feeling unsure! I also repeatedly 

check the clocks to make sure they are set right, and when it comes to setting the alarm 

that causes a lot of anxiety for me as far as re-checking, etc. I force myself to do things 

though, even though I know I'll have problems. If I want a drink of Hawaiian Punch I'll 

make myself go get it even though I know I'll probably get stuck putting the cap back on 

the bottle, and get stuck making sure the refrigerator is really closed. In the past I used 

to get blisters on my hands from the lids on such bottles.” 

 14 

Comorbidity 
 

Individuals with OCD frequently have additional psychiatric disorders concomitantly 

or at some time during their lifetime (Angst et al., 2005). There is a strong 

association between OCD and DSM-IV axis I disorders; it has been found that 48% 

of OCD patients met the criteria for a current comorbid axis I disorder.  The most 

common axis I disorders were mood and anxiety disorders, accounting for 27.1% 

and 12.8% respectively (Denys et al., 2004a). The most common mood disorder 

was major depressive disorder (MDD) (accounting for 20.7%), it has been found 

that MDD is ten times more prevalent in OCD patients compared to the general 

population (Denys et al., 2004a).  

In DSM-IV, OCD is classified as an anxiety disorder, as to whether anxiety 

is a key feature of OCD is currently a matter of debate in the prologue to the DSM 

V (Bartz and Hollander, 2006;Hollander et al., 2008;Stein et al., 2010;Phillips et al., 

2010). Anxiety disorders frequently occur in patients with neurological diseases, as 

a result of a reaction to the neurologic disorder, medication side-effect or as a 

comorbid condition. Relationships between OCD and neurological diseases have 

been found, 10-22% of temporal lobe epilepsy (TLE) patients may have OCD 

(Kaplan, 2010). In patients primary diagnosed with OCD prevalence rates of 

Tourette’s syndrome were found between 2.1-3.9% (Bartz and Hollander, 2006). 

Life time prevalence rates for OC spectrum disorders diagnoses in patients with 

primary OCD have been reported, hypochondriasis (8.2-13%), body dysmorphic 

disorder (3.0-12.9%), anorexia nervosa (0.4-9.3%), bulima nervosa (0-9.6%), 

trichotillomania (3.0-12.9%) (Bartz and Hollander, 2006). 

Furthermore, there is growing evidence for the relationship between OCD 

and psychosis/schizophrenia. Interest in this area is increasing because of the 

findings that atypical antipsychotics may augment the effect of SSRI treatment in 

OCD patients (Vulink et al., 2009).  The prevalence of comorbid OCD and 

schizophrenia was estimated at 12.2% (Karno et al., 1988), however other studies 

reported that 8-26% of schizophrenic patients met the DSM-IV criteria for OCD 

(Pallanti et al., 2011). Comorbity rates can vary widely between different studies, 

due to the sample and control groups, methodological variances and to changes 

that have occurred in the definitions of the DSM criteria (DSM-III or DSM-IV).    

 

 



v

1

13

General Introduction

 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neurobiology 
 

In vivo imaging studies with positron emission tomography (PET) and structural 

and functional magnetic resonance imaging (fMRI) have shown alterations in 

different brain areas; prefrontal cortex (PFC), orbital frontal cortex (OFC), basal 

ganglia, anterior cingulate cortex (ACC) and/or thalamus between OCD patients 

and healthy controls (Del Casale et al., 2011). Disrupting the connections between   

the OFC, ACC, thalamus and basal ganglia by means of cingulotomy, anterior 

capsulotomy or subcaudate tractotomy can result in symptom improvement in 

OCD patients (Huey et al., 2008). These findings have been used to describe 

several models to explain the relationship with OCD symptoms.  

Most neuroanatomic models of OCD are based on the cortico-striato-

thalamic circuits (Modell et al., 1989). In general, these circuits project from 

specific areas of the frontal cortex to targets in the striatum and via direct and 

indirect pathways to the basal ganglia then via the thalamus back to the original 

frontal area where the loop started (Figure 2). 

 

 

 

 

 

 

Box 2: “… My OCD problems are mainly in checking, symmetry, not exactly 

perfectionism but I like to keeps things tidy. I can literally become "stuck" with anything 

that involves opening and closing, or on and off. Faucets are one of my biggest problem 

areas. I will continually check them to make sure they are really off, often placing my 

hand underneath the spout and counting for drops, usually up to 10 or 12. If a drop falls 

in this time period I feel a lot of anxiety and usually have to start all over again. With 

behavior therapy this is becoming somewhat better. Other things I can get stuck on are 

again, literally anything that falls into opening/closing, on/off, but I have problems with 

oven knobs, the coffee pot as far as making sure it is really on the burner, checking the 

door when I leave, and bizarre as it sounds making sure the lights are off at night when I 

try to go to bed. I can honestly stand in "pitch black" feeling unsure! I also repeatedly 

check the clocks to make sure they are set right, and when it comes to setting the alarm 

that causes a lot of anxiety for me as far as re-checking, etc. I force myself to do things 

though, even though I know I'll have problems. If I want a drink of Hawaiian Punch I'll 

make myself go get it even though I know I'll probably get stuck putting the cap back on 

the bottle, and get stuck making sure the refrigerator is really closed. In the past I used 

to get blisters on my hands from the lids on such bottles.” 

 14 

Comorbidity 
 

Individuals with OCD frequently have additional psychiatric disorders concomitantly 

or at some time during their lifetime (Angst et al., 2005). There is a strong 

association between OCD and DSM-IV axis I disorders; it has been found that 48% 

of OCD patients met the criteria for a current comorbid axis I disorder.  The most 

common axis I disorders were mood and anxiety disorders, accounting for 27.1% 

and 12.8% respectively (Denys et al., 2004a). The most common mood disorder 

was major depressive disorder (MDD) (accounting for 20.7%), it has been found 

that MDD is ten times more prevalent in OCD patients compared to the general 

population (Denys et al., 2004a).  

In DSM-IV, OCD is classified as an anxiety disorder, as to whether anxiety 

is a key feature of OCD is currently a matter of debate in the prologue to the DSM 

V (Bartz and Hollander, 2006;Hollander et al., 2008;Stein et al., 2010;Phillips et al., 

2010). Anxiety disorders frequently occur in patients with neurological diseases, as 

a result of a reaction to the neurologic disorder, medication side-effect or as a 

comorbid condition. Relationships between OCD and neurological diseases have 

been found, 10-22% of temporal lobe epilepsy (TLE) patients may have OCD 

(Kaplan, 2010). In patients primary diagnosed with OCD prevalence rates of 

Tourette’s syndrome were found between 2.1-3.9% (Bartz and Hollander, 2006). 

Life time prevalence rates for OC spectrum disorders diagnoses in patients with 

primary OCD have been reported, hypochondriasis (8.2-13%), body dysmorphic 

disorder (3.0-12.9%), anorexia nervosa (0.4-9.3%), bulima nervosa (0-9.6%), 

trichotillomania (3.0-12.9%) (Bartz and Hollander, 2006). 

Furthermore, there is growing evidence for the relationship between OCD 

and psychosis/schizophrenia. Interest in this area is increasing because of the 

findings that atypical antipsychotics may augment the effect of SSRI treatment in 

OCD patients (Vulink et al., 2009).  The prevalence of comorbid OCD and 

schizophrenia was estimated at 12.2% (Karno et al., 1988), however other studies 

reported that 8-26% of schizophrenic patients met the DSM-IV criteria for OCD 

(Pallanti et al., 2011). Comorbity rates can vary widely between different studies, 

due to the sample and control groups, methodological variances and to changes 

that have occurred in the definitions of the DSM criteria (DSM-III or DSM-IV).    

 

 



14

Chapter 1

 17 

Most common finding is the metabolic increase, particularly in the OFC 

and medial frontal cortex (Friedlander and Desrocher, 2006).  The OFC is 

implicated in planning, decision making and reward and the ACC monitors decision 

outcome.  Damage to the OFC has been linked to impairment in reward-related 

reversal learning (Tsuchida et al., 2010). Abnormal OFC activity can lead to longer 

deliberation before decisions are made, because of reward uncertainty. 

Hyperactivity has also been found in the ACC and has been shown to positively 

correlate with symptom severity in OCD patients, suggesting abnormal error 

detection leading to repetition of the behavior and uncertainty of the outcome 

(Fitzgerald et al., 2005). In a variety of neuropsychiatric disorders an abnormal 

network activity has been found by resting-state fMRI (Greicius, 2008). The causes 

of these abnormalities are unknown but it is clear that successful treatment 

somehow rebalances resting-state networks (see section Deep Brain Stimulation) 

(Kringelbach et al., 2011).   

 

Genetics 
 

Twin and family studies provide convincing evidence for the importance of genetic 

factors in the expression of OCD. Van Grootheest et al. reviewed the OCD twin 

research literature over 70 years and found that in children OCD symptoms are 
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linkage and association studies were performed; they were all with non-significant 

results, therefore together with limited knowledge about pathophysiological 

pathways and networks of interacting genes in OCD it is too early to focus on 

specific candidate genes (Pauls, 2008).   

Animal models are helpful in unraveling genetic mechanisms; several 

genetic animal models for OCD are described. These models are mostly based on 

face validity and behavioral similarities instead of specific known mutations in 

humans. Several models are based on excessive grooming behavior, such as the 

dopamine transporter (DAT) knockdown (Zhuang et al., 2001; Berridge et al., 

2005), Hoxb8 mutant (Greer and Capecchi, 2002), Slitrk5 knockout (Shmelkov et 

al., 2010) and Sapap3 knockout (Welch et al., 2007) mice. Excessive grooming 

behavior in mice is described to resemble the symptoms of Trichotillomania or the 

compulsive cleaning and checking behavior in patients. Other models are more 
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Figure 2: Schematic overview of the three different loops of the cortico-striato-thalamic 
model. Abbreviations: ACC, anterior cingulate cortex; vmPFC, ventromedial prefrontal 
cortex;  DLPFC, dorsolateral prefrontal cortex; OFC, orbital frontal cortex; NAC, nucleus 
accumbens. Figure is adapted from (Milad and Rauch, 2012).  

 

 

 
 

According to this scheme (Figure 2) the function of the striatum is to 

process information automatically, without conscious representation. It integrates 

the inputs of the cortex and uses this information to select certain motor and 

cognitive programs. It sends information to the thalamus, via the direct pathway via 

the globus pallidus and the indirect pathway involving the globus pallidus and 

subthalamic nucleus. The basal ganglia is important in reducing the cortical 

information by using reinforcement signals and learning rules. There are three 

functional circuits (loops) described connecting the basal ganglia with the cortex 

and the thalamus, each playing a specific role in information processing. First loop, 

starts at the OFC which is connected to the ventral part of the caudate nucleus and 

seems to be implicated in behavioral planning, decision making and appears 

critical in integrating affective information and signaling some types of reward.  The 

second loop involves the ACC which is linked to the nucleus accumbens and 

amygdala and plays a role in attention, reward and error detection, motivation and 

action planning. The third loop connects the dorsolateral PFC (DLPFC) with the 

dorsolateral part of the caudate nucleus and is important in temporal information 

processing and holding relevant information on-line. It is suggested to mediate 

working memory and executive functions.   
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Neuropharmacology 
 

In the 1960s the tricyclic antidepressant clomipramine was developed by the Swiss 

drug manufacturer Geigy (now known as Novartis). The first case report indicating 

that clomipramine might have some beneficial effects for OCD was more than 40 

years ago, however 20 years passed before clomipramine was officially approved 

by the U.S. Food and Drug Administration (FDA) as treatment for OCD (box 3). 

Clomipramine is a potent selective serotonin (5-HT) uptake blocker which led to 

the hypothesis that serotonin might be implicated in the pathophysiology of OCD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To date, selective serotonin reuptake inhibitors (SSRI’s) become first-line 

treatment because of the similar efficacy and less side-effects compared to 

clomipramine. SSRI’s provide a clinically relevant symptoms reduction but only in 

approximately 50% of the patients (Abudy et al., 2011). Also in animal studies, 

SSRI treatment is shown to be effective in reducing compulsive-like behavior, for 

example; marble burying behavior in mice can be reduced by paroxetine or 

fluvoxamine treatment (Albelda and Joel, 2011a). Furthermore, compulsive wheel 

running in the food restricted induced hyperactivity (FRIH) model could be reduced 

by treatment with fluoxetine but not imipramine (Altemus et al., 1996). Serotonergic 

agents can also be used to induce compulsive behavior, for instance in a 

neurodevelopmental model, where neonatal rats were treated with clomipramine 

(between days 9 and 16). When testing these animals in adulthood, they show 

elevated anxiety, perseveration, hoarding and working memory impairments 

(Andersen et al., 2010). Treatment with the 5-HT agonist mCPP in rats trained in a 

Box 3: “.. I was so good at hiding my rituals that everything appeared great on 

the outside. Then my world came crashing down. I was diagnosed with severe 

depression at the beginning of my senior year of high school. Numerous 

medications and ECT (shock therapy) did nothing to help. Months later I found 

a doctor who realized OCD, not depression, was my primary problem. He put 

me on Anafranil (clomipramine)  the following summer and my depression lifted. 

Yet, OCD was still as strong as ever. Sure, medication helped, but only 

somewhat. My parents did some research and found out about cognitive-

behavioral therapy (CBT) for OCD. I was told it was the best treatment 

available, but not easy. I gave it a try and immediately wanted to quit and 

instead search for a magic cure for my problems, but I was persuaded to stick 

with it. Then I started to notice improvement, little by little. Soon, I realized what 

a social life and the meaning of fun were. I went back to college, two years later 

I was hired for a new job. Three years later, I’m still there and now thinking 

about going on to graduate school.” 

 18 

based on abnormal repetitive behavior such as repetitive leaping (D1CT-7 

transgenic; McGrath et al., 1999b;McGrath et al., 1999a), increased chewing on 

non-nutritive clay (5-HT2c knockout; Tecott et al., 1995;Nonogaki et al., 1998), 

wheel running (Aromatase knockdown; Fisher et al., 1998;van den et al., 2003;Hill 

et al., 2006b) and repetitive jumping and somersaulting (deer mouse; Powell et al., 

1999;Korff et al., 2008). Another approach to search for genetic mechanism 

underlying the pathopysiology of OCD is to make use of forward genetics by using 

a panel of chromosome substation (CS) strains derived from C57BL/6J (host) and 

A/J (donor) strains (Kas et al., 2009;Singer et al., 2004;Hill et al., 2006a). 

Although genetic OCD animal models show face validity there is a lack of 

construct and predictive validity. Therefore, there is a great need for genetic animal 

models with good face, predictive and construct validity to get more insight in the 

underlying mechanism and potential candidate genes.  

 

Cognitive (in) flexibility 
 

The intradimensional/extradimensional shift task, developed from the Wisconsin 

Card Sorting Test (WCST) is used to test different components of attentional 

flexibility, including reversal learning, set formation and the ability to shift attention 

between stimulus dimensions. It has been shown that OCD patients and first-

degree relatives required significantly more trials to reach criterion for the 

extradimensional shift compared to healthy subjects (Chamberlain et al., 2007). 

This impairment on extradimensional shifting was not seen in Trichotillomania 

patients, however, impaired inhibition on responses (impulsivity) was found in both 

OCD and Trichotillomania patients (Chamberlain et al., 2006).   

Birrell and Brown have modified and adapted the intradimensional/ 

extradimensional shift task for animal research (Birrell and Brown, 2000). Similar 

as seen in patients, prefrontal lesion studies in primate and rat studies 

demonstrate a reduction in the ability to shift between attentional sets (Birrell and 

Brown, 2000;Dias et al., 1996a;Dias et al., 1996b). This model has been further 

adapted for the use in mice (Colacicco et al., 2002;Garner et al., 2006;Bissonette 

et al., 2008;Bissonette and Powell, 2012). Several studies show robust 

performance in mice (Colacicco et al., 2002;Garner et al., 2006), furthermore OFC 

lesions caused a specific deficit in reversal learning and lesions of the medial wall 

(MFC) caused a selective deficit in set shifting (Bissonette et al., 2008). This 

behavioral paradigm for assesing cognitive (in)flexibility, which is an 

endophenotype for OCD, is well validated and can be used as an additional 

measure in translational OCD research.  
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Different pre-clinical DBS studies are described, for example stimulation of 

the STN in rats in the signal attenuation model was found to have an anti-

compulsive effect in this model (Klavir et al., 2009). DBS of the NAC shell, the 

mediodorsal thalamic nucleus and the bed nucleus of the stria terminalis 

decreased water intake in polydipsic rats in the scheduled-induced polydipsia 

model. Unfortunately, the effect of high frequency stimulation of these brain 

regions was not investigated in food deprived control rats (van Kuyck et al., 2008). 

A decrease in perseverative behavior was found in the 8-OHDPAT-induced 

decreased spontaneous alternation model after DBS of the thalamic reticular 

nucleus with low, but not high, frequency (Andrade et al., 2010). This result is 

inconsistent with findings in human studies where only high frequency deep brain 

stimulation is found to be effective. Anti-compulsive effects were seen after DBS of 

the STN and the NAC core and shell in quinpirole treated rats in the quinpirole-

induced compulsive checking model (Winter et al., 2008; Mundt et al., 2009). The 

anti-compulsive effects of DBS of the STN and NAC have been confirmed by 

clinical studies in OCD patients (Mallet et al., 2008;Sturm et al., 2003;Denys et al., 

2010;Aouizerate et al., 2009;Huff et al., 2010). DBS of the subthalamic nucleus 

(STN) in refractory OCD patients resulted in a positive correlation between the 

metabolic decrease at the boundary of the OFC and the medial prefrontal cortex 

and the decrease of Y-BOCS scores secondary to the stimulation.  This suggests 

that the benefit therapeutic effect of STN DBS is related to the decrease of 

prefrontal cortex activity, especially in OFC (Le Jeune et al., 2010). Although DBS 

of different brain targets may be effective in showing anti-compulsive effects in 

animals as well as in OCD patients further research is needed to identify and 

understand the underlying mechanism and neural pathways to further optimize this 

therapy. 
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sponteanous alternation T-maze paradigm induced increased persistence (Tsaltas 

et al., 2005).  

Studies in OCD patients have shown that atypical antipsychotics may 

augment the effects of SSRI’s in treatment refractory as well as in newly diagnosed 

patients (Vulink et al., 2009). These findings support the hypothesis that besides 

serotonine also dopamine may be implicated in the pathophysiology of OCD, 

(Westenberg et al., 2007; Denys et al., 2004b).  Although pharmacotherapy seems 

to be effective in OCD, still many patients remain severely affected. Novel and 

better treatment strategies are, therefore, still an unmet need for OCD.   

 

Deep Brain Stimulation  
 

Deep brain stimulation (DBS) is a therapeutic technique that is used to electrically 

stimulate brain areas in order to treat patients that are otherwise therapy resistant. 

With this technique electrodes are implanted bilaterally with the use of a stereotact 

in a specific brain area. The precise anatomical position of the electrodes is 

calculated beforehand on the basis of magnetic resonance and computer 

tomography scans. The electrodes are connected to a pulse generator which is 

inserted under the skin into a pocket under the clavicle. Activity of the electrodes 

can be programmed externally and the electrodes have various contact pins which 

can be stimulated separately.  

This technique is a well established treatment for Parkinson’s disease and 

brought some relief for over 60.000 patients since the early 1990s. The underlying 

principle and neural mechanisms of DBS are not well understood, however, 

translation research has shown that DBS directly changes brain activity in a 

controlled manner and that the effects are reversible (Kringelbach et al., 2010).  

Resting-state fMRI in a variety of neuropsychiatric disorders have found that 

resting-state networks undergo significant changes and are correlated with 

behavioral performance and emotional measures (Greicius, 2008). The causes of 

these differences are unknown but it is clear that successful DBS treatment 

somehow rebalance resting-state networks (Kringelbach et al., 2011).   

Currently, DBS is being investigated as an experimental therapy for OCD. 

Different target brain areas are used for DBS in OCD patients, mostly described 

areas are the anterior limb of the internal capsule (ALIC), nucleus accumbens 

(NAC), ventral capsule/ventral striatum VC/VS and the subthalamic nucleus (STN) 

(Goodman and Alterman, 2012).  
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Animal models for OCD 
 

Animal models may contribute to the understanding of particular neural pathways 

involved in compulsive behaviors and to screen new molecules for their putative 

efficacy to alleviate certain symptom dimensions. Obviously, no animal model can 

mimic the syndrome at large, but a successful animal model should at least include 

some face validity (phenomenological similarity between inducing conditions and 

specific symptoms of the human phenomenon), predictive validity (the extent to 

which an animal model allows accurate predictions about the human phenomenon 

based on the performance of the model, for example, similarity in response to 

pharmacological or behavioral treatment) and construct validity (similarity in 

underlying mechanisms) for a subset of symptoms (Willner, 1984).  

Geyer and Markou suggest that predictive validity is the most necessary 

and sufficient criterion for the initial use of an animal model. Reliability is also 

important, which requires that the behavioral outcomes of the model are robust 

and reproducible between laboratories (Fineberg et al., 2011). Face and construct 

validity, which tend to be highly subjective or dependent upon assumptions and 

interferences, as secondary criteria.  

Unfortunately, none of the animal models for OCD symptoms meet all 

these requirements (Albelda and Joel, 2011a; Joel, 2006; Wang et al., 2009). The 

development of an animal model that accounts for the heterogeneity of OCD rituals 

would be of great value to this field of research. All available OCD animal models 

are summarized according to the validity criteria in table 2. 

There is some face validity seen in all models, however the quinpirole-induced 

compulsive checking model shows the highest score. Predictive validity is divided 

into three classes; responsive to effective drugs, non-responsive to ineffective 

drugs and deep brain stimulation (DBS). When summarizing all three classes of 

the predictive validity, the highest score is for the signal attenuation model. Acute 

administration of the SSRIs showed anti-compulsive effects and treatment with a 

tricyclic antidepressant desipramine, anxiolytic or antipsychotic showed no effect. 

Furthermore, DBS of the subthalamic nucleus and the entopeduncular nucleus and 

globus pallidus also showed anticompulsive effects in this model.  
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Animal models for OCD 
 

Animal models may contribute to the understanding of particular neural pathways 

involved in compulsive behaviors and to screen new molecules for their putative 

efficacy to alleviate certain symptom dimensions. Obviously, no animal model can 

mimic the syndrome at large, but a successful animal model should at least include 

some face validity (phenomenological similarity between inducing conditions and 

specific symptoms of the human phenomenon), predictive validity (the extent to 

which an animal model allows accurate predictions about the human phenomenon 

based on the performance of the model, for example, similarity in response to 

pharmacological or behavioral treatment) and construct validity (similarity in 

underlying mechanisms) for a subset of symptoms (Willner, 1984).  

Geyer and Markou suggest that predictive validity is the most necessary 

and sufficient criterion for the initial use of an animal model. Reliability is also 

important, which requires that the behavioral outcomes of the model are robust 

and reproducible between laboratories (Fineberg et al., 2011). Face and construct 

validity, which tend to be highly subjective or dependent upon assumptions and 

interferences, as secondary criteria.  

Unfortunately, none of the animal models for OCD symptoms meet all 

these requirements (Albelda and Joel, 2011a; Joel, 2006; Wang et al., 2009). The 

development of an animal model that accounts for the heterogeneity of OCD rituals 

would be of great value to this field of research. All available OCD animal models 

are summarized according to the validity criteria in table 2. 

There is some face validity seen in all models, however the quinpirole-induced 

compulsive checking model shows the highest score. Predictive validity is divided 

into three classes; responsive to effective drugs, non-responsive to ineffective 

drugs and deep brain stimulation (DBS). When summarizing all three classes of 

the predictive validity, the highest score is for the signal attenuation model. Acute 

administration of the SSRIs showed anti-compulsive effects and treatment with a 

tricyclic antidepressant desipramine, anxiolytic or antipsychotic showed no effect. 

Furthermore, DBS of the subthalamic nucleus and the entopeduncular nucleus and 

globus pallidus also showed anticompulsive effects in this model.  
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Aim and outline of this thesis 
 

The pathophysiology of OCD is still poorly understood. Treatments for OCD such 

as cognitive behavioral therapy and pharmacotherapy provide clinically relevant 

symptoms reduction but still a subpopulation of 10% of OCD patients remains 

treatment resistant. In order to improve therapy it is important to unravel the 

neurobiology underlying OCD. Animal models may contribute to the understanding 

of particular neural pathways involved in compulsive behaviors. In addition they 

allow screening of new molecules for their putative efficacy to alleviate certain 

symptom dimensions. Obviously, no animal model can mimic the syndrome at 

large, but a successful animal model should at least include some face, predictive 

and construct validity for a subset of symptoms.  

 

The aim of this thesis was to get more insight in specific brain areas, neuronal 

pathways, neurotransmitters, genetic loci and candidate genes underlying OCD on 

the basis of rodent studies.  

 

Specific aims: 

 To determine the validity of the quinpirole-induced compulsive 

checking rat model by quantifying the dimensions of ritualistic 

‘compulsive-like’ behavior by using a new analysis tool (chapter 2). 

 To convert the rat quinpirole-induced compulsive checking model to a 

mouse model and to investigate whether genetic background is 

mediating this compulsive-like behavior (chapter 3). 

 To develop and validate a new wireless implantable micro-stimulator 

device, specifically designed for deep brain stimulation in freely 

moving mice (chapter 4). 

 To behaviorally, pharmacologically and neurochemically characterize 

the scheduled feeding paradigm as a mouse model for OCD and 

investigate the functional role of the OFC in this compulsive behavior 

by assessing deep brain stimulation (chapter 5). 

 To quantify ritualistic (non) functional behaviors in OCD patients by 

using similar analysis tools as in animal studies (chapter 6).  

 To investigate the role of the OFC in the expression of compulsive 

behavior in the scheduled feeding model by lesion studies (chapter 7). 

 To identify a QTL on mouse chromosome 2 for the non-functional and 

inefficient behavior during two hours of food access (chapter 8).  

Finally, in chapter 9 the main findings obtained in this thesis are summarized and 

discussed in relation to the current understanding and future perspectives of the 

pathophysiology and treatment of OCD. 
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The second best model based on overall predictive validity is the 

scheduled-induced polydipsia model. Similar results for the pharmacological 

studies have been found as for the signal attenuation model; however the DBS 

studies performed in this model are less convincing. DBS of the nucleus 

accumbens shell, the mediodorsal thalamic nucleus and the bed nucleus of the 

stria terminalis reduced drinking in polydipsic rats. Unfortunately, the effect of DBS 

on drinking in control rats was not tested. The most convincing DBS studies were 

performed in the quinpirole-induced compulsive checking model. Results showed 

reduction in compulsive checking behavior, without affecting locomotor activity, 

after DBS of the subthalamic nucleus and the shell and core subregions of the 

nucleus accumbens.  

Construct validity is divided into two classes; the inducing mechanism and 

the neural substrates. For the signal attenuation model, lesions of the orbital frontal 

cortex (OFC) were found to increase compulsive lever pressing in rats and 

decreased the serotonin, dopamine, glutamate and GABA content in the striatum 

supporting the construct validity of this model.  

In summary, based on the total net score including all validation criteria the 

top three is the signal attenuation model, quinpirole-induced compulsive checking 

and schedule-induced polydipsia model.  

In this thesis two OCD animal models are described; the quinpirole-

induced compulsive checking model in both rats (chapter 2) and mice (chapter 3) 

and the food-restricted induced hyperactivity mouse model (chapter 5). The 

quinpirole-induced compulsive checking model was one of the promising models 

according to the validation criteria. We were interested to asses this quinpirole 

model in different strains of mice to further investigate the effect of genetic 

background on the expression of this compulsive-like behavior (chapter 3). In line 

with the behavioral studies in OCD patients (Zor et al., 2009a;Zor et al., 2009b) we 

were also interested in an animal model to distinguish between functional and non-

functional behaviors. For that reason we have used the scheduled feeding 

paradigm (chapter 5). Different strains of mice can be tested in this model to 

investigate whether genetic background is important in expressing these 

compulsive-like behaviors.  
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Abstract 
 

Obsessive compulsive disorder (OCD) is a chronic and disabling psychiatric 

disease with a life-time prevalence of 2-3%. People with OCD suffer from intrusive, 

unwanted and recurrent thoughts (obsessions) and/or repetitive ritualistic 

behaviors (compulsions). The aim of this study is to quantify the dimensions of 

ritualistic ‘compulsive-like’ behavior in quinpirole induced behavior in rats by using 

T-pattern behavioral analysis. In addition, we investigated whether the behavioral 

effects elicited by quinpirole sensitization, remained after two weeks of cessation of 

treatment. Finally, to study the neurobiological underpinnings of this ‘compulsive-

like’ behavior we investigated the effect of quinpirole treatment on the extracellular 

dopamine levels in the nucleus accumbens. Once established ‘compulsive-like’ 

behavior is dependent upon quinpirole administration, as this behavior rapidly 

normalized after cessation of treatment. After a single dose of quinpirole the 

dopamine level decreased more in saline pretreated animals as compared to 

animals given quinpirole treatment continuously. Furthermore, T-pattern analysis 

revealed that quinpirole induced behavior consists, unlike OCD rituals, of a smaller 

behavioral repertoire. Similar as in OCD patients, quinpirole treated animals 

performed these behaviors with a high rate of repetition. These findings suggest 

that quinpirole induced behavior mimics only part of the compulsive behavior as 

shown in OCD patients. 

 

 37 

Behavioral Pattern Analysis and 
Dopamine Release in Quinpirole-Induced 

Repetitive Behavior in Rats 

 
Ria de Haas1,2, Annelies Nijdam3, Tjalke A. Westra1, Martien J.H. 

Kas2, Herman G.M. Westenberg1 

 
1Department of Psychiatry and 2Department of Neuroscience and Pharmacology, UMC 

Utrecht, Rudolf Magnus Institute of Neuroscience, The Netherlands, 3Department of 
Animals, Science and Society, Ethology and Animal Welfare, Faculty of Veterinary Medicine, 

Utrecht University, The Netherlands 

 
Journal of Psychopharmacology 2011 

 
 
 
 
 



2

Behavioral pattern analysis and dopamine release in quinpirole-induced repetitive behavior in rats.

33 35 

Abstract 
 

Obsessive compulsive disorder (OCD) is a chronic and disabling psychiatric 

disease with a life-time prevalence of 2-3%. People with OCD suffer from intrusive, 

unwanted and recurrent thoughts (obsessions) and/or repetitive ritualistic 

behaviors (compulsions). The aim of this study is to quantify the dimensions of 

ritualistic ‘compulsive-like’ behavior in quinpirole induced behavior in rats by using 

T-pattern behavioral analysis. In addition, we investigated whether the behavioral 

effects elicited by quinpirole sensitization, remained after two weeks of cessation of 

treatment. Finally, to study the neurobiological underpinnings of this ‘compulsive-

like’ behavior we investigated the effect of quinpirole treatment on the extracellular 

dopamine levels in the nucleus accumbens. Once established ‘compulsive-like’ 

behavior is dependent upon quinpirole administration, as this behavior rapidly 

normalized after cessation of treatment. After a single dose of quinpirole the 

dopamine level decreased more in saline pretreated animals as compared to 

animals given quinpirole treatment continuously. Furthermore, T-pattern analysis 

revealed that quinpirole induced behavior consists, unlike OCD rituals, of a smaller 

behavioral repertoire. Similar as in OCD patients, quinpirole treated animals 

performed these behaviors with a high rate of repetition. These findings suggest 

that quinpirole induced behavior mimics only part of the compulsive behavior as 

shown in OCD patients. 
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traveled after the 10
th
 injection compared to the saline treated animals (Dvorkin et 

al., 2006). It has been found that treatment with the selective serotonin reuptake 

inhibitor clomipramine attenuated, but not eliminated, this quinpirole induced 

behavior (Szechtman et al., 1998). The validity of this quinpirole model is also 

supported by a recent deep brain stimulation (DBS) study, showing anti-

compulsive effects of DBS of the subthalamic nucleus (STN) in quinpirole treated 

rats (Winter et al., 2008). The anti-compulsive effects of DBS of the STN have 

been confirmed by a clinical study in patients with OCD (Mallet et al., 2008). 

Another DBS study showed a reduction in compulsive behavior in quinpirole 

treated rats by stimulating the nucleus accumbens core and shell (Mundt et al., 

2009), this is in line with many clinical DBS studies (Sturm et al., 2003; Denys and 

Mantione, 2009; Aouizerate B et al., 2009), showing substantial evidence for a role 

of the ventral striatum in the pathohysiology of OCD.  

Zadicario et al., (2007) compared the spatiotemporal characteristics of 

behavior in the quinpirole sensitized rats with the compulsive behavior of OCD 

patients and they found that the core of similarity lies in the separation of behavior 

into locations/objects and the routes connecting these locations. These findings 

provide some face validity of quinpirole induced behavioral sensitization in rats for 

the compulsive behavior of OCD patients.  

Thus far the parameters used by Szechtman et al. to quantify this 

‘compulsive-like’ behavior are based on locomotor activity and give less insight in 

behavioral patterns. Therefore we use a new analysis method, called Theme, to 

characterize and quantify ritualistic ‘compulsive-like’ behavior. Theme (Noldus 

Information Technology Bv, Netherlands) is a software package that was 

especially developed to investigate timing and order in behavior. This program 

detects T-patterns, which are series of event types occurring at predictable time 

intervals from each other. T-patterns can be extended with more event types or 

other T-patterns so that higher order (level) T-patterns will emerge (Magnusson, 

2000). This new analysis method can give new insights into the structure of 

behavior. 

The aim of this study is to quantify the dimensions of ritualistic 

‘compulsive-like’ behavior in quinpirole induced behavior by using this new 

analysis tool. In addition, we investigated whether the behavioral effects elicited by 

quinpirole sensitization, remained after two weeks of cessation of treatment. 

Finally, to study the neurobiological underpinnings of this ‘compulsive-like’ 

behavior we performed a microdialysis study to investigate the effect of quinpirole 

treatment on the extracellular dopamine levels in the nucleus accumbens. 
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Introduction 
 

Obsessive compulsive disorder (OCD) is a chronic and disabling psychiatric 

disease with a life-time prevalence of 2-3% (Sasson et al., 1997). People with OCD 

suffer from intrusive, unwanted and recurrent thoughts or images (obsessions) 

and/or repetitive ritualistic behaviors (compulsions). Compulsions typically include 

excessive hand washing (in combination with obsessions related to the fear of 

being contaminated), repeated checking of objects or situations, and placing 

objects symmetrically or in a certain order (“checking or “counting” behavior). 

Intrusive thoughts and ritualistic behaviors are commonly seen in healthy people, 

but with OCD patients these thoughts and behaviors have become excessive, 

distressing and they significantly interfere with every day functioning (Sheehan et 

al., 1998).  

Currently, selective serotonin reuptake inhibitors (SSRIs) are the most 

effective treatment for OCD, but still 30-40% of the patients do not respond to this 

medication (Pallanti et al., 2002). Combination of atypical antipsychotics and 

SSRIs has been found to induce significantly greater improvement of symptoms in 

treatment-refractory patients (Denys et al., 2002, 2006) and newly diagnosed 

patients (Vulink et al., 2009), but studies with dopamine agonist and dopamine 

reuptake inhibitors have shown exacerbation of OCD symptoms in some, but not 

all, patients with OCD (Westenberg et al., 2007). Direct support for a role of 

dopamine in the pathophysiology of OCD stems from neuroimaging studies 

showing higher densities of the dopamine transporter in tandem with a down 

regulation of the D2 receptors in the basal ganglia of OCD patients. These findings 

support the role of dopamine and suggest a higher dopaminergic tone in this brain 

circuitry.   

Valid animal models for OCD could provide unique opportunities to study 

neurobiological mechanisms of OCD. Several OCD animal models have been 

described (Korff and Harvey, 2006; Joel, 2006). These animal models are based 

on pharmacological manipulation (Szechtman et al., 2001), on behavioral 

manipulation (Joel and Avisar, 2001) of naturally occurring ritualistic behavior, on 

genetic manipulations (Welch et al., 2007) or on alterations in motor behavior 

similar to compulsive rituals, since “thoughts” (if present at all) are not verifiable in 

animals.  Szechtman et al., performed promising research on an animal model for 

OCD in which quinpirole-sensitized rats developed, what they referred to as 

‘compulsive-like’ behavior (Dvorkin et al., 2006; Szechtman et al., 1998, 2001). In 

this model rats are injected twice a week with the D2/D3 receptor agonist quinpirole 

(0.5 mg/kg) for five consecutive weeks and placed on a large open field for 

behavioral observation. Repeated quinpirole treatment induces the development of 

locomotor sensitization, with an expected six-fold increase in total distance 



2

Behavioral pattern analysis and dopamine release in quinpirole-induced repetitive behavior in rats.

35 37 

traveled after the 10
th
 injection compared to the saline treated animals (Dvorkin et 

al., 2006). It has been found that treatment with the selective serotonin reuptake 

inhibitor clomipramine attenuated, but not eliminated, this quinpirole induced 

behavior (Szechtman et al., 1998). The validity of this quinpirole model is also 

supported by a recent deep brain stimulation (DBS) study, showing anti-

compulsive effects of DBS of the subthalamic nucleus (STN) in quinpirole treated 

rats (Winter et al., 2008). The anti-compulsive effects of DBS of the STN have 

been confirmed by a clinical study in patients with OCD (Mallet et al., 2008). 

Another DBS study showed a reduction in compulsive behavior in quinpirole 

treated rats by stimulating the nucleus accumbens core and shell (Mundt et al., 

2009), this is in line with many clinical DBS studies (Sturm et al., 2003; Denys and 

Mantione, 2009; Aouizerate B et al., 2009), showing substantial evidence for a role 

of the ventral striatum in the pathohysiology of OCD.  

Zadicario et al., (2007) compared the spatiotemporal characteristics of 

behavior in the quinpirole sensitized rats with the compulsive behavior of OCD 

patients and they found that the core of similarity lies in the separation of behavior 

into locations/objects and the routes connecting these locations. These findings 

provide some face validity of quinpirole induced behavioral sensitization in rats for 

the compulsive behavior of OCD patients.  

Thus far the parameters used by Szechtman et al. to quantify this 

‘compulsive-like’ behavior are based on locomotor activity and give less insight in 

behavioral patterns. Therefore we use a new analysis method, called Theme, to 

characterize and quantify ritualistic ‘compulsive-like’ behavior. Theme (Noldus 

Information Technology Bv, Netherlands) is a software package that was 

especially developed to investigate timing and order in behavior. This program 

detects T-patterns, which are series of event types occurring at predictable time 

intervals from each other. T-patterns can be extended with more event types or 

other T-patterns so that higher order (level) T-patterns will emerge (Magnusson, 

2000). This new analysis method can give new insights into the structure of 

behavior. 

The aim of this study is to quantify the dimensions of ritualistic 

‘compulsive-like’ behavior in quinpirole induced behavior by using this new 

analysis tool. In addition, we investigated whether the behavioral effects elicited by 

quinpirole sensitization, remained after two weeks of cessation of treatment. 

Finally, to study the neurobiological underpinnings of this ‘compulsive-like’ 

behavior we performed a microdialysis study to investigate the effect of quinpirole 

treatment on the extracellular dopamine levels in the nucleus accumbens. 
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Introduction 
 

Obsessive compulsive disorder (OCD) is a chronic and disabling psychiatric 

disease with a life-time prevalence of 2-3% (Sasson et al., 1997). People with OCD 

suffer from intrusive, unwanted and recurrent thoughts or images (obsessions) 
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excessive hand washing (in combination with obsessions related to the fear of 

being contaminated), repeated checking of objects or situations, and placing 

objects symmetrically or in a certain order (“checking or “counting” behavior). 

Intrusive thoughts and ritualistic behaviors are commonly seen in healthy people, 

but with OCD patients these thoughts and behaviors have become excessive, 

distressing and they significantly interfere with every day functioning (Sheehan et 

al., 1998).  

Currently, selective serotonin reuptake inhibitors (SSRIs) are the most 

effective treatment for OCD, but still 30-40% of the patients do not respond to this 

medication (Pallanti et al., 2002). Combination of atypical antipsychotics and 

SSRIs has been found to induce significantly greater improvement of symptoms in 

treatment-refractory patients (Denys et al., 2002, 2006) and newly diagnosed 

patients (Vulink et al., 2009), but studies with dopamine agonist and dopamine 

reuptake inhibitors have shown exacerbation of OCD symptoms in some, but not 

all, patients with OCD (Westenberg et al., 2007). Direct support for a role of 

dopamine in the pathophysiology of OCD stems from neuroimaging studies 

showing higher densities of the dopamine transporter in tandem with a down 

regulation of the D2 receptors in the basal ganglia of OCD patients. These findings 

support the role of dopamine and suggest a higher dopaminergic tone in this brain 

circuitry.   

Valid animal models for OCD could provide unique opportunities to study 

neurobiological mechanisms of OCD. Several OCD animal models have been 

described (Korff and Harvey, 2006; Joel, 2006). These animal models are based 

on pharmacological manipulation (Szechtman et al., 2001), on behavioral 

manipulation (Joel and Avisar, 2001) of naturally occurring ritualistic behavior, on 

genetic manipulations (Welch et al., 2007) or on alterations in motor behavior 

similar to compulsive rituals, since “thoughts” (if present at all) are not verifiable in 

animals.  Szechtman et al., performed promising research on an animal model for 

OCD in which quinpirole-sensitized rats developed, what they referred to as 

‘compulsive-like’ behavior (Dvorkin et al., 2006; Szechtman et al., 1998, 2001). In 

this model rats are injected twice a week with the D2/D3 receptor agonist quinpirole 

(0.5 mg/kg) for five consecutive weeks and placed on a large open field for 

behavioral observation. Repeated quinpirole treatment induces the development of 

locomotor sensitization, with an expected six-fold increase in total distance 
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The second experiment: 

After phase 2 of the first experiment the QNP-QNP, QNP-SAL and SAL-SAL group 

underwent surgery. A microdialysis probe was implanted in the nucleus 

accumbens and after one day of recovery a microdialysis experiment was 

performed as described below.  

 

Open field 

The open field table (160X160 cm) was constructed from Plexiglas without walls 

and placed 60 cm above the floor. The test room was illuminated with indirect light. 

For analysis, the large open field was virtually divided in 25 zones. Four Plexiglas 

cubes, all 8X8X8 cm of size were used as objects on the open field and located on 

fixed places. There were two transparent cubes, one black cube with one side 

open and one transparent cube with a wire mesh on top. 

 

Theme settings 

A T-pattern is a series of event types occurring at predictable time intervals from 

each other. There are 25 different event types corresponding to the 25 zones in the 

open field.  Search parameters in Theme (version 5.0, Noldus Information 

Technology Bv, Netherlands) were set as follows; minimum occurrences = 3, 

significance level = 0.0001, max search levels = 99, lumping factor = 0.90, FARR = 

90, fast-free limit = 99, exclude frequent event types, minimum samples and 

simulation samples were unselected. Data from quinpirole and saline treated 

animals from the first until the 10
th
 injection were used for Theme analysis. For 

theoretical details and explanation of the T-pattern detection algorithm or Theme 

settings see Magnusson (2000). 

 

Microdialysis surgery 

Rats were anaesthetized with chloral hydrate (400 mg/kg i.p.) and placed in a 

stereotaxic device. A house-made concentric microdialysis probe (AN 69 Filtral 16) 

(Santiago and Westerink, 1990) with exposed tip length of 1.5 mm was implanted 

in the brain and positioned in the nucleus accumbens: incisor bar at -3.5 mm, A: 

+1.5 mm, L: - 3.0 mm, V: -9.2 mm (Paxinos and Watson, 2005), at a angle of 10°; 

all calculated from bregma and skull surface. The probe was secured in place with 

screws and dental cement. 
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Materials and methods 
 

Animals 

Male Spraque Dawley rats (Harlan, Zeist, the Netherlands) weighing 200-250 g were 

housed in groups of four animals per cage. Housing was under standard conditions, 

with a constant temperature at 22-24 ºC, 12 hour light-dark cycle (lights on at 7 am) 

with ad libitum food and water, at the GDL department, Utrecht, The Netherlands.  

Principals of animal care were followed and all animal experiments were in 

accordance with the governmental guidelines for care and use of laboratory animals. 

The Committee for Animal Research of the Medical Faculty of the Utrecht University 

approved the research protocol. 

 

Drugs 

Quinpirole (Tocris, U.K.) was dissolved in saline and administrated 0.5 mg/kg at a 

volume of 1 ml/kg and injected subcutaneously. 

 

Experimental set-up 

The experimental design of the current study was based on previous work of 

Szechtman et al. Prior to the experiment, the animals were able to adapt for two 

weeks in our facility. At the arrival in the test room, rats were injected with either 

quinpirole (QNP) or saline. Immediately after the injection the rat was placed in the 

middle of the open field table. The animals were observed and videotaped for one 

hour by using a video camera and a Snappy frame grabber (Noldus Information 

Technology Bv, Netherlands). The MPEG files were analyzed with EthoVision 

(Noldus Information Technology Bv, Netherlands). EthoVision data was exported 

as odf files and used as input data for Theme (Noldus Information Technology Bv, 

Netherlands).  

The first behavioral experiment consisted of two phases. In phase 1: two groups of 

Sprague Dawley rats were administered quinpirole (0.5 mg/kg s.c.) (n=24) or saline 

(n=8) twice a week for five weeks (total 10 injections). After each injection the rats 

were monitored for one hour in the open field. 

In phase 2: saline pretreated animals continued to receive saline and quinpirole 

pretreated animals were divided in three groups resulting in four different groups:  

1.SAL-SAL: Saline pretreated rats (n=8) continued to receive saline (injections 11-

14)  

2.QNP-QNP: Quinpirole pretreated rats (n=8) were treated for another two weeks 

with quinpirole (injections 11-14)  

3.QNP-SAL: Quinpirole pretreated rats (n=8) were treated for two weeks with 

saline (injections 11-14)  

4.QNP-NO: Quinpirole pretreated rats (n=8) received no further injections 
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The second experiment: 

After phase 2 of the first experiment the QNP-QNP, QNP-SAL and SAL-SAL group 

underwent surgery. A microdialysis probe was implanted in the nucleus 

accumbens and after one day of recovery a microdialysis experiment was 

performed as described below.  

 

Open field 

The open field table (160X160 cm) was constructed from Plexiglas without walls 

and placed 60 cm above the floor. The test room was illuminated with indirect light. 

For analysis, the large open field was virtually divided in 25 zones. Four Plexiglas 

cubes, all 8X8X8 cm of size were used as objects on the open field and located on 

fixed places. There were two transparent cubes, one black cube with one side 

open and one transparent cube with a wire mesh on top. 
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A T-pattern is a series of event types occurring at predictable time intervals from 

each other. There are 25 different event types corresponding to the 25 zones in the 
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90, fast-free limit = 99, exclude frequent event types, minimum samples and 

simulation samples were unselected. Data from quinpirole and saline treated 
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 injection were used for Theme analysis. For 

theoretical details and explanation of the T-pattern detection algorithm or Theme 

settings see Magnusson (2000). 
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Rats were anaesthetized with chloral hydrate (400 mg/kg i.p.) and placed in a 

stereotaxic device. A house-made concentric microdialysis probe (AN 69 Filtral 16) 

(Santiago and Westerink, 1990) with exposed tip length of 1.5 mm was implanted 

in the brain and positioned in the nucleus accumbens: incisor bar at -3.5 mm, A: 

+1.5 mm, L: - 3.0 mm, V: -9.2 mm (Paxinos and Watson, 2005), at a angle of 10°; 

all calculated from bregma and skull surface. The probe was secured in place with 

screws and dental cement. 
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Materials and methods 
 

Animals 

Male Spraque Dawley rats (Harlan, Zeist, the Netherlands) weighing 200-250 g were 

housed in groups of four animals per cage. Housing was under standard conditions, 

with a constant temperature at 22-24 ºC, 12 hour light-dark cycle (lights on at 7 am) 

with ad libitum food and water, at the GDL department, Utrecht, The Netherlands.  

Principals of animal care were followed and all animal experiments were in 

accordance with the governmental guidelines for care and use of laboratory animals. 

The Committee for Animal Research of the Medical Faculty of the Utrecht University 

approved the research protocol. 

 

Drugs 

Quinpirole (Tocris, U.K.) was dissolved in saline and administrated 0.5 mg/kg at a 

volume of 1 ml/kg and injected subcutaneously. 

 

Experimental set-up 

The experimental design of the current study was based on previous work of 

Szechtman et al. Prior to the experiment, the animals were able to adapt for two 

weeks in our facility. At the arrival in the test room, rats were injected with either 

quinpirole (QNP) or saline. Immediately after the injection the rat was placed in the 

middle of the open field table. The animals were observed and videotaped for one 

hour by using a video camera and a Snappy frame grabber (Noldus Information 

Technology Bv, Netherlands). The MPEG files were analyzed with EthoVision 

(Noldus Information Technology Bv, Netherlands). EthoVision data was exported 

as odf files and used as input data for Theme (Noldus Information Technology Bv, 

Netherlands).  

The first behavioral experiment consisted of two phases. In phase 1: two groups of 

Sprague Dawley rats were administered quinpirole (0.5 mg/kg s.c.) (n=24) or saline 

(n=8) twice a week for five weeks (total 10 injections). After each injection the rats 

were monitored for one hour in the open field. 

In phase 2: saline pretreated animals continued to receive saline and quinpirole 

pretreated animals were divided in three groups resulting in four different groups:  

1.SAL-SAL: Saline pretreated rats (n=8) continued to receive saline (injections 11-

14)  

2.QNP-QNP: Quinpirole pretreated rats (n=8) were treated for another two weeks 

with quinpirole (injections 11-14)  

3.QNP-SAL: Quinpirole pretreated rats (n=8) were treated for two weeks with 

saline (injections 11-14)  

4.QNP-NO: Quinpirole pretreated rats (n=8) received no further injections 
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Calculations and Statistics 

Two behavioral parameters described by Szechtman et al., ‘return to home base’ 

and total distance moved were calculated by using EthoVision (version 3.1, Noldus 

Information Technology Bv, Netherlands). In EthoVision ‘home base’ was defined, 

at the 10
th
 session, as the zone where the animal spent most its time and ‘return to 

home base’ was calculated as number of visits to ‘home base’ (Szechtman et al., 

1998). Relative focus on key local was calculated as the number of visits of the 

most visited zone divided by the total number of visits to all zones in the open field 

(expressed as a percentage). Frequency distribution is calculated as the number of 

visits to each zone (25 different zones) and ranked from the most visited to the 

least visited zone. Behavioral data from EthoVision was imported in Theme 

(Version 5.0, Noldus Information Technology Bv, Netherlands). Behavioral 

repertoire was calculated as number of different T-patterns divided by total number 

of visits in the open field as a correction for differences in activity. High rate of 

repetition was calculated as occurrences per T-pattern. For statistical analysis of 

each dependent variable, a generalized linear mixed model (GLMM) analysis was 

used in SPSS 15.0 with first-order Autoregressive AR (1) as repeated covariance 

type. Fixed effects were time, treatment and time x treatment. The chosen level of 

significance was P  0.05; values in graphs are means ± S.E.M.  

To investigate the treatment effect in the microdialysis study, the mean of T5-T17 

was calculated as percentage change of baseline. The values of the first four 

consecutive samples (T1-T4) were used as baseline value. For statistical analysis 

a univariate analyses of variance (ANOVA) followed with post-hoc testing 

(Bonferroni) was used.  
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Microdialysis experiment 

On the experimental day after 3h of pre-equilibrium, one hour baseline measurements 

(T1-T4) were collected. After the four baseline samples all animals received a single 

dose of quinpirole (0.5mg/kg s.c.) and samples were collected for another three hours 

(T5-T17). The experiments were performed in freely moving animals in their home 

cage using a dual channel swivel (Type 375/D/22QE Instech Laboratories Inc. USA). 

The microdialysis experiment and analytical procedure were performed as described 

previously (Denys et al., 2004). The probes were perfused with a Ringer solution (147 

mM NaCl, 4 mM KCl, 2.3 mM CaCl, 1mM MgCl2, PH 5.5 – 6) using a micro-infusion 

pump (Harvard, USA) at a constant flow rate of 1.5 µl/min. Samples of 15 minutes 

interval were collected at 4º C into vials containing 12.5 µl of 0.1 M acetic acid and 

were stored at -80º C until high pressure liquid chromatography (HPLC) analysis. At 

the end of the experiment the animals were decapitated and brains were collected for 

histology. The probe position was verified by means of histology and in case of 

improper placement the data were excluded.  A schematic reconstruction of the probe 

position is seen in figure 6B. In total three animals were excluded from the study.  

 

Analytical procedure 

Analysis of extracellular dopamine levels was performed by HPLC with 

electrochemical detection. Briefly, 25 µl samples were injected onto an Inertsil ODS 3, 

3 µm, 100 x 2.1 mm column, (Aurora Borealis Control, Schoonebeek, The 

Netherlands), using a pump Model P580, (Dionex, Breda, The Netherlands) and auto-

sampler Gilson Model 231 XL, (Gilson, Amsterdam, The Netherlands). The INTRO 

electrochemical detector (ANTEC Leyden B.V., Leiden, The Netherlands) was set at a 

potential of 650 mV vs. Ag/AgCl reference electrode. The separation was performed 

at 40 ºC. The mobile phase consisted of 0.05 M NaAc / HAc buffer, 60 mg/l heptane 

sulphonic acid sodium salt, 500 mg/l EDTA, 5 % methanol, adjusted to pH 4.6 with 

acetic acid. The flow rate was 0.4 ml/min. The detection limit (signal to noise ratio = 2) 

for the mono-amines and their metabolites were 0.5 fmol/fraction and 5 fmol/fraction, 

respectively. Chromeleon 4.32 (Dionex, Breda, The Netherlands) was used for data 

acquisition.  
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Calculations and Statistics 
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at the 10
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 session, as the zone where the animal spent most its time and ‘return to 

home base’ was calculated as number of visits to ‘home base’ (Szechtman et al., 

1998). Relative focus on key local was calculated as the number of visits of the 

most visited zone divided by the total number of visits to all zones in the open field 

(expressed as a percentage). Frequency distribution is calculated as the number of 

visits to each zone (25 different zones) and ranked from the most visited to the 

least visited zone. Behavioral data from EthoVision was imported in Theme 

(Version 5.0, Noldus Information Technology Bv, Netherlands). Behavioral 

repertoire was calculated as number of different T-patterns divided by total number 

of visits in the open field as a correction for differences in activity. High rate of 

repetition was calculated as occurrences per T-pattern. For statistical analysis of 

each dependent variable, a generalized linear mixed model (GLMM) analysis was 

used in SPSS 15.0 with first-order Autoregressive AR (1) as repeated covariance 

type. Fixed effects were time, treatment and time x treatment. The chosen level of 

significance was P  0.05; values in graphs are means ± S.E.M.  

To investigate the treatment effect in the microdialysis study, the mean of T5-T17 

was calculated as percentage change of baseline. The values of the first four 

consecutive samples (T1-T4) were used as baseline value. For statistical analysis 

a univariate analyses of variance (ANOVA) followed with post-hoc testing 

(Bonferroni) was used.  
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(T1-T4) were collected. After the four baseline samples all animals received a single 

dose of quinpirole (0.5mg/kg s.c.) and samples were collected for another three hours 

(T5-T17). The experiments were performed in freely moving animals in their home 

cage using a dual channel swivel (Type 375/D/22QE Instech Laboratories Inc. USA). 

The microdialysis experiment and analytical procedure were performed as described 

previously (Denys et al., 2004). The probes were perfused with a Ringer solution (147 

mM NaCl, 4 mM KCl, 2.3 mM CaCl, 1mM MgCl2, PH 5.5 – 6) using a micro-infusion 

pump (Harvard, USA) at a constant flow rate of 1.5 µl/min. Samples of 15 minutes 

interval were collected at 4º C into vials containing 12.5 µl of 0.1 M acetic acid and 

were stored at -80º C until high pressure liquid chromatography (HPLC) analysis. At 

the end of the experiment the animals were decapitated and brains were collected for 

histology. The probe position was verified by means of histology and in case of 

improper placement the data were excluded.  A schematic reconstruction of the probe 

position is seen in figure 6B. In total three animals were excluded from the study.  

 

Analytical procedure 

Analysis of extracellular dopamine levels was performed by HPLC with 

electrochemical detection. Briefly, 25 µl samples were injected onto an Inertsil ODS 3, 

3 µm, 100 x 2.1 mm column, (Aurora Borealis Control, Schoonebeek, The 

Netherlands), using a pump Model P580, (Dionex, Breda, The Netherlands) and auto-

sampler Gilson Model 231 XL, (Gilson, Amsterdam, The Netherlands). The INTRO 

electrochemical detector (ANTEC Leyden B.V., Leiden, The Netherlands) was set at a 

potential of 650 mV vs. Ag/AgCl reference electrode. The separation was performed 

at 40 ºC. The mobile phase consisted of 0.05 M NaAc / HAc buffer, 60 mg/l heptane 

sulphonic acid sodium salt, 500 mg/l EDTA, 5 % methanol, adjusted to pH 4.6 with 

acetic acid. The flow rate was 0.4 ml/min. The detection limit (signal to noise ratio = 2) 

for the mono-amines and their metabolites were 0.5 fmol/fraction and 5 fmol/fraction, 

respectively. Chromeleon 4.32 (Dionex, Breda, The Netherlands) was used for data 

acquisition.  
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Moreover, the spatial distribution was different between the quinpirole and saline 

treated group (Figure 2). The quinpirole treated rats did not explore the whole 

arena as saline treated rats did. Instead the quinpirole treated animals only visited 

a specific part of the open field, focused on two objects and seemed to travel 

almost exclusively between these two objects.  

 

 

 

  

 

Figure 2: Locomotor trajectories 

of a saline treated (left picture) 

and quinpirole treated (right 

picture) animal after the 10
th
 

injection. 

 

 

We also examined the spatial distribution of locomotion paths by using two 

different parameters previously described (Perreault et al., 2007); relative focus on 

key local and frequency distribution. The first parameter showed a significant 

difference between the groups with the quinpirole treated animals showing a 

significantly higher frequency throughout all injections than saline treated rats 

(GLMM, F(1,9)=24.91, p=<0.0001). After the last injection the quinpirole treated 

group both in our and in Perreault’s study spent more than 25% of total visits on 

one particular place in the open field (data not shown).  

The second parameter was the frequency distribution (Figures 3 A&B), it 

shows the distribution over the 25 different zones ranked from the most visited to 

the least visited zone. The quinpirole and saline treated rats showed a similar 

distribution after the first injection (Figure 3A) (GLMM, F(1,24)=0.13, p=1.00). After 

the 10
th
 injection (Figure 3B) saline treated animals differed significantly from 

quinpirole treated animals (GLMM, F(1,24)=9.59, P=<0.0001), in that the saline 

group showed a more equal distribution of zone visits and had less extreme 

number of visits. This indicated that saline treated animals habituated to the open 

field and were less active and moved more equally at the various zones. In 

contrast, the quinpirole treated animals excessively visited only a specific part of 

the open field and not the whole open field.   
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Results 
 

Quinpirole sensitization 

The main parameter previously used for ‘compulsive-like behavior’ in rats was 

‘return to home base’. In accordance with previous experiments, our results (Figure 

1A) showed a significant treatment effect between quinpirole and saline treated 

animals in total distance moved (GLMM, F(3,39) =13.75, p=<0.0001). The quinpirole 

treated animals were significantly more active on day 10 compared to saline 

treated animals. Furthermore, as shown in figure 1B ‘return to home base’ was 

significantly higher throughout all sessions in the quinpirole treated rats compared 

to saline treated rats (GLMM, F(3,39)=43.84, p=<0.0001). In the QNP-NO group 

these effects disappeared immediately as soon as the quinpirole treatment was 

discontinued (after the 11
th
 injection), indicating that compulsive behavior was 

dependent upon quinpirole administration. The QNP-SAL group showed a more 

gradual decline which is probably caused by the injection effect.  

 

 

 

 

Figure 1: Animals were treated 

with either saline or quinpirole 

resulting in four different groups; 

saline group (SAL-SAL), 

quinpirole group (QNP-QNP), 

quinpirole group that was 

switched to saline for 2 weeks 

(QNP-SAL) and quinpirole group 

that received no further injections 

(QNP-NO).  

A: Total distance moved (GLMM, 

F(3,39)=13.75, p=< 0.0001).  

B: Return to home base (GLMM, 

F(3,39)=43.84, p=< 0.0001). Data is 

expressed as mean +/- SEM, n=8. 
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Moreover, the spatial distribution was different between the quinpirole and saline 
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Results 
 

Quinpirole sensitization 
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Figure 1: Animals were treated 

with either saline or quinpirole 

resulting in four different groups; 

saline group (SAL-SAL), 

quinpirole group (QNP-QNP), 

quinpirole group that was 

switched to saline for 2 weeks 

(QNP-SAL) and quinpirole group 

that received no further injections 

(QNP-NO).  

A: Total distance moved (GLMM, 

F(3,39)=13.75, p=< 0.0001).  

B: Return to home base (GLMM, 

F(3,39)=43.84, p=< 0.0001). Data is 

expressed as mean +/- SEM, n=8. 
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Figure 4: An example of a T-pattern 

is depicted. Level can be explained 

as a measure for the complexity of 

a T-pattern, the higher a level the 

more complex T-pattern. Length 

describes the number of zones a T-

pattern consists of. The example 

given here shows a T-pattern with 

length 10 and complexity level 4. 

 

Additional parameters relating to T-patterns are level, length and duration.  Level 

can be explained as a measure for the complexity of a T-pattern, the higher a level 

the more complex T-pattern. Length describes the number of zones a T-pattern 

consists of. Both level and length are explained in figure 4 where an example of a 

T-pattern is depicted. Mean level and length of T-patterns were lower in the 

quinpirole as compared to the saline treated group (GLMM, level F(1,9)=7.69, 

p=0.008, length F(1,9)=10.63, p=0.002), indicating that quinpirole treated animals 

had shorter and less complex T-patterns. In line with these results the duration 

(Figure 5C) of the T-pattern was significantly shorter (GLMM, F(1,9)=81.33, p= < 

0.0001) in quinpirole treated rats as compared to saline treated animals, indicating 

shorter and less complex T-patterns in the behavior of quinpirole treated rats. 

 

 

 
 

Figure 5: A: Behavioral repertoire of saline or quinpirole treated rats after the 10
th
 injection 

(GLMM, F(1,9)=78.88, p= < 0.0001). B: Rate of repetition of T-patterns (GLMM, F(1,9)=130.61, 

p= < 0.0001). C: Duration of T-patterns (GLMM, F(1,9)=81.33, p= < 0.0001). Data expressed 

as mean +/- SEM, n=8. 
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Figure 3: Changes in spatial 

distribution of locomotion as 

measured by frequency of visits 

per zone.  

 

A: Frequency distribution after the 

first injection (GLMM, 

F(1,24)=0.131, p=1.00).  

B: Frequency distribution after the 

10
th
 injection (GLMM, F(1,24)=9.59, 

P=<0.0001). The frequency of 

visits per zone is presented as a 

percentage of total frequency and 

the rank order of zones 

represents the zones ranked from 

the most to the least visited zone.  

Data expressed as mean +/- 

SEM, n=8. 

 

 

 

 

 

T-patterns 

Data analyses with Theme resulted in a set of T-patterns for individual animals at 

each injection (1-10). Our data showed (Figure 5A) that quinpirole treated animals 

had significantly less different T-patterns in their behavior as compared to saline 

treated rats; the quinpirole treated animals had a significant smaller behavioral 

repertoire  (GLMM, F(1,9)=78.88, p= < 0.0001). A significant treatment effect in rate 

of repetition (Figure 5B) was seen, where quinpirole treated animals had a two-fold 

higher mean occurrence per T-pattern compared to saline treated animals 

throughout all injections, indicating a high rate of repetition of T-patterns in these 

animals (GLMM, F(1,9)=130.61, p= < 0.0001). 
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Discussion 

 
It has been previously shown that rats treated chronically with quinpirole for five 

consecutive weeks and placed for one hour on a large open field after each 

injection develops ‘compulsive-like’ behavior and locomotor sensitization 

(Szechtman et al., 1998, 2001). These quinpirole treated animals showed an 

excessive number of visits and rapid ‘return times to home base’ and only a few 

visits to other places in the open field.  

In the present study, quinpirole treated rats showed an increased number 

of ‘returns to home base’ and a specific spatial locomotor distribution over the open 

field which is consistent with previous findings. After the first injection both groups 

visited a specific part of the open field excessively. After the 10
th
 injection, 

quinpirole treated animals continued to display this behavior whereas saline 

treated animals showed normal exploratory behavior, visiting the whole open field 

in a more equal manner. One could argue that quinpirole treatment is anxiogenic, 

resulting in avoiding the open field arena. However, others have shown that 

quinpirole inhibit fear potentiated startle and freezing behavior produced by light 

conditioned stimulus previously paired with foot shocks (Oliveira A et al., 2006), 

indicating a more anxiolytic effect.  Moreover, one would expect anxious behavior 

to result in lower locomotor activity rather then hyperactivity as seen in quinpirole 

treated rats. Furthermore, manipulation of the open field arena by multiplying the 

number of objects, changing their spacing, relocating object array or removing the 

objects has shown that rats appeared to adjust and update their routes according 

to the new object setting as if they were updating space representation (Zadicaro 

et al., 2007). Thus, quinpirole treatment has no anxiogenic properties and behavior 

is not related to locations but more to objects.  

An additional aspect in this study is the investigation of the long-lasting 

effects of quinpirole on compulsive behavior. Einat and Szechtman (1993) showed 

that behavioral effects are apparent as long as 12 weeks after the last exposure of 

quinpirole. These persisting changes were characterized as a reduction in the rat's 

freedom of movement indicated by a straighter trunk during turning in an open 

field, as well as greater repetitiveness of travel along the same routes. Our data 

showed no long-lasting effects on return to home base or total distance moved 

instead they normalized instantly after cessation of the quinpirole treatment. Maybe 

our parameters were not sensitive enough to detect these long-lasting effects. 

To further analyze this quinpirole induced behavior, a new analysis method is 

applied to characterize the ritualistic compulsive behavior and spatiotemporal 

characteristics displayed. The behavioral analysis conducted so far was limited to 

measuring total distance moved, ‘returning to home base’ and the spatial 

distribution over the open field. These parameters are strongly related to the 

 46 

Microdialysis  

We investigated the effect of a single dose of quinpirole on the extracellular 

dopamine levels in the nucleus accumbens in the SAL-SAL group, the group that 

continued with quinpirole (QNP-QNP) and the quinpirole group that was switched 

to saline for 2 weeks (QNP-SAL). There were no differences in baseline 

extracellular dopamine levels between the three groups (SAL-SAL 28.7± 10.6, 

QNP-QNP 25.5± 6.2 and QNP-SAL 24.7± 4.2 fmol/fraction respectively). After the 

single dose of quinpirole (0.5 mg/kg), comparison of change from baseline from the 

groups (SAL-SAL, QNP-QNP and QNP-SAL) resulted in a significant difference 

(ANOVA, F=3.74, P=0.040). In the SAL-SAL group the single dose of quinpirole 

decreased extracellular dopamine by 57% (Figure 6A). In the rats treated 

chronically with quinpirole (QNP-QNP) the single dose decreased the extracellular 

dopamine level by 33% (Figure 6A). In the animals treated chronically with 

quinpirole and thereafter switched to saline (QNP-SAL) the single dose induced a 

43% decrease of extracellular dopamine (Figure 6A). Post-hoc analysis revealed a 

significant difference between the SAL-SAL and QNP-QNP group (P=0.037), were 

extracellular dopamine levels in the nucleus accumbens were less decreased in 

the QNP-QNP group as compared to the SAL-SAL group.    

 

 

 
 

Figure 6: A: Changes in the extracellular dopamine concentration in the nucleus accumbens 

after a single dose of quinpirole (0.5 mg/kg). The change in dopamine levels is presented as 

percentage, as compared to baseline. ANOVA post-hoc, P= 0.039 (* indicates P=<0.05). 

Data expressed as mean +/- SEM, n=6-8. B: Schematic reconstruction of the microdialysis 

probe, the coordinates were: A: +1.5 mm, L: - 3.0 mm, V: -9.2 mm, at an angle of 10°. The 

exposed tip length of 1.5 mm is indicated by the solid line at the end of the dashed line. 

Probes positioned within the schematic circle were considered as a correct implantation, 

targeting the nucleus accumbens. 
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Acute quinpirole treatment in the saline treated animals (SAL-SAL) results 

in a lower dopamine level compared to animals chronically treated with quinpirole 

(QNP-QNP). A possible explanation for this effect is that acute QNP treatment has 

a stimulatory effect on pre-synaptic D2 auto-receptors, thus inhibiting the release of 

DA and increasing the tissue content.  Indeed Sullivan et al., (1998) showed post 

mortem increased DA tissue levels in nucleus accumbens after acute QNP 

treatment. Chronic QNP treatment can induce a desensitization of the D2 auto-

receptor; this would result in a lower inhibition of dopamine release. However, rats 

treated chronically with quinpirole and thereafter switched to saline (QNP-SAL) 

showed also a decrease in dopamine, although not significantly different from the 

QNP-QNP group. This suggests that the desensitizing effect of quinpirole on 

dopamine release is reversible although with some delay.  

A possible confounder in the experimental design that needs to be addressed is 

the fact that for practical reasons microdialysis was performed in the homecage 

rather than in a large open field arena. Since we know that the large open field 

arena is required for the development of the ‘compulsive-like’ behavior, 

microdialysis in this experiment might have yielded different results on dopamine 

release than microdialysis in a large open field arena would have done.  

In summary, this study showed that rats treated chronically with the 

dopamine D2/D3 receptor agonist quinpirole developed behavior which resembles 

only the repetitive characteristics of compulsive behavior in OCD patients. 

Cessation of the quinpirole treatment results in rapid normalization of the behavior. 

Microdialysis performed after cessation of the quinpirole treatment revealed 

changes in dopamine levels in the nucleus accumbens, indicating a role of 

dopamine in this behavior. Furthermore, we applied a novel analysis method to 

differentiate and quantify ritualistic compulsive behavior by using specific T-pattern 

detection. Results showed that, unlike rituals in OCD patients, quinpirole induced 

behavior consists of a smaller behavioral repertoire. Similar as in OCD patients, 

quinpirole treated animals performed these behaviors with a high rate of repetition. 

In conclusion, quinpirole induced behavior mimics only part of the compulsive 

behavior as shown in OCD patients.  
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hyperactivity due to the quinpirole treatment. In this paper new and additional 

characteristics of ritualistic compulsive behavior of rats are shown and now can be 

compared with characteristics of OCD rituals in patients. The quinpirole treated 

animals showed less different T-patterns compared to the saline group, indicating 

a smaller behavioral repertoire. Mean occurrence per T-pattern was two-fold higher 

in the quinpirole group compared to saline indicating a high rate of repetition. 

Level, length and duration of the T-patterns after quinpirole treatment were 

significantly lower compared to saline, indicating shorter and less complex T-

patterns in the behavior of quinpirole treated rats. In patients with OCD, 

quantitative analyses revealed that overall duration of rituals was longer than in 

matched healthy controls (Zor et al., 2009). The duration of acts and visits of OCD 

rituals in patients did not differ from those in controls. OCD patients had on 

average a significantly greater repertoire of acts than controls.  Furthermore, total 

number of visits to objects/locations and total number of acts were both 

significantly higher in OCD compared with controls. Thus, the greater variety of act 

types and objects/locations together with repetitions accounted for the phenotype 

of compulsions in OCD patients. Unlike OCD patients, quinpirole induced behavior 

in rats consists of a smaller behavioral repertoire with a significantly shorter 

duration compared to saline treated rats. Similar as in OCD patients, quinpirole 

treated animals performed these behaviors much more frequently compared to the 

saline treated rats, indicating the repetitions present in their behavior. In 

conclusion, quinpirole induced behavior in animals resembles only part of the 

compulsive behavior seen in OCD patients.  

To study the neurobiological underpinnings of quinpirole induced behavior 

we performed a microdialysis study to investigate the effect of acute versus chronic 

quinpirole treatment on the extracellular dopamine levels in the nucleus 

accumbens.  

In our data we found no significant differences in baseline DA levels 

between the different groups. In contrast, Koeltzow et al., showed that chronic 

quinpirole treatment resulted in significantly decreased baseline extracellular DA 

levels in nucleus accumbens compared to the acute condition. This difference in 

baseline DA levels is difficult to explain, the only difference is found in the 

sensitization method, were animals in our study were exposed to the large open 

field arena and the other study in a small testing chamber, but both microdialysis 

experiments were performed in a small cage.  
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Abstract 
 

Obsessive-compulsive disorder (OCD) is a chronic and complex psychiatric 

disorder with a lifetime prevalence of 2-3%. Recent work has shown that OCD 

rituals were not only characterized by a high rate of repetition but also by an 

increased behavioral repertoire due to additional non-functional unique acts. These 

two behavioral characteristics may provide an ethological basis for studying 

compulsive behavior in an animal model of OCD. Here, quinpirole induced 

behavior (so far only investigated in rats) has been studied in A/J and C57BL/6J 

mice by using behavioral pattern analysis. The aim of this study is to investigate 

whether genetic background is mediating this behavior. Results showed that open 

field motor activity levels of saline treated C57BL/6J mice was significantly higher 

compared to A/J treated saline mice. Long-term quinpirole treatment increased 

open field motor activity levels in A/J, but not in C57BL/6J. Quinpirole treatment 

induced a strain dependent difference in behavioral repertoire. There was a dose 

dependent increase in the number of different behavioral patterns in A/J, whereas, 

in C57BL/6J there was a dose dependent decrease. This data suggest that genetic 

background is important in expressing quinpirole induced compulsive like behavior. 

Following quinpirole treatment, A/J mice express a greater behavioral repertoire 

with a high rate of repetition. This phenotype resembles that of OCD rituals in 

patients and indicates that this strain is very interesting to further validate for 

studying neurobiological mechanisms of compulsive behavior. 
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Previously we have reported that long-term quinpirole treatment induced 

behavior in rats mimicking only part of the compulsive behavior as shown in OCD 

patients (de Haas et al., 2010). Behavioral pattern analysis revealed that 

quinpirole-induced behavior consisted, unlike OCD rituals, of a smaller behavioral 

repertoire. However, similar as in OCD patients, quinpirole treated rats performed 

these behaviors with a high rate of repetition.  

In this study the effect of long-term quinpirole treatment on behavior will be 

investigated in two different inbred strains of mice. Mouse strains are widely used 

to study genetic background effects due to the great variety and availability of 

resources. Previously, it has been reported that there is a marked strain difference 

between C57BL/6J and A/J mouse strains in expressing compulsive wheel running 

during daily scheduled limited food access (Kas et al., 2010). This behavior is 

assumed to be compulsive because of the continuous and repetitive wheel running 

during the 2hr of food availability indicating the inability to stop this activity despite 

the more appealing food (Altemus et al., 1993). C57BL/6J developed high wheel 

running activity prior to food access and when scheduled food restriction prolonged 

they showed a strong suppression of wheel running during food availability. In 

contrast, A/J showed no food anticipatory activity but did show high wheel running 

levels during food availability. Thus, A/J seemed to be more sensitive to develop 

compulsive-like behavior compared to C57BL/6J.  

The aim of this study is to investigate quinpirole-induced behavior in A/J 

and C57BL/6J mice using behavioral pattern analysis and specifically to 

investigate whether genetic background is mediating this behavior. The hypothesis 

is that after long-term quinpirole treatment A/J mice will be more sensitive to 

develop compulsive-like behavior compared to C57Bl/6J.   

 

 57 

Introduction 

 

Obsessive-compulsive disorder (OCD) is a chronic and complex psychiatric 

disorder with a lifetime prevalence of 2-3%. This disorder is accompanied by 

intrusive, unwanted and recurrent thoughts or images (obsessions) and/or 

repetitive ritualistic behaviors (compulsions). Obsessions can be related with the 

fear of being contaminated, with symmetry or ordering. Compulsions can be hand 

washing, checking of objects or locations or counting. These thoughts and 

ritualistic behaviors become excessive, distressing and significantly interfere with 

every day functioning. Recent work has shown that behavior in OCD patients was 

not only characterized by a high rate of repetition but also by addition of non-

functional unique acts, together referred to as pessimal behavior (Eilam et al., 

2011;Zor et al., 2009b;Zor et al., 2009a). The observed larger behavioral repertoire 

and higher rate of repetition of behaviors may provide an ethological basis for 

studying compulsive behavior in an animal model of OCD (Eilam et al., 2011).  

The underlying mechanism of OCD is still unknown. Successful treatment 

in OCD patients with selective serotonin re-uptake inhibitors (SSRI’s) alone or in 

combination with an atypical antipsychotic drug indicates a role of serotonin and 

dopamine in the pathofysiology of OCD (Abudy et al., 2011). Direct support for a 

role of dopamine also stems from neuroimaging studies showing higher densities 

of the dopamine transporter in tandem with a down regulation of the D2 receptors 

in the basal ganglia of OCD patients. These findings suggest a higher 

dopaminergic tone in this brain circuitry (Westenberg et al., 2007).  

Twin and family studies have provided convincing evidence for the 

importance of genetic factors for the expression of OCD. There is limited 

knowledge about pathophysiological pathways and networks of interacting genes 

in OCD.  Also non-significant results from linkage and association studies suggest 

it is too early to focus on specific candidate genes associated with OCD. A genome 

wide association study with a sufficient sized sample should be performed to 

identify genomic regions containing promising candidate genes (Pauls, 2010).  

Animal models may be useful in unraveling genetic and neurochemical 

underlying mechanisms of OCD; however they are inappropriate to investigate the 

entire OCD spectrum (obsessions) but seem more than adequate for studying 

forms of compulsivity.  

Most studied animal models for OCD are; 8-OHDPAT (8-hydroxy-2-(di-n-

propylamino)-tetralin hydrobromide) induced decreased alternation (Yadin et al., 

1991), quinpirole-induced compulsive checking (Szechtman et al., 1998), marble 

burying (Gyertyan, 1995), signal attenuation (Joel and Avisar, 2001) and 

spontaneous stereotypy in deer mice (Korff et al., 2008; Powell et al., 1999).  
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Open field 

In this study small adjustments were made concerning the experimental procedure 

previously used for rats (de Haas et al., 2010). The dimensions of the open field 

and its objects were adapted to the size of the mice. The open field (80 X 80 cm) 

was constructed of PVC without walls and was placed 60 cm above the floor. The 

test room was illuminated with indirect light. For analysis, the open field was 

virtually divided in 25 zones. Four objects, all 4X4X4 cm in size, were used as 

objects on the open field and located at fixed places. There were two iron 

pyramids, a transparent PET house and a PVC house (Figure 1). 

 

Drugs 

Quinpirole (Tocris, UK) is a dopamine agonist with high affinity for the D2 and D3 

dopamine receptor subtypes. Quinpirole was dissolved in saline and administrated 

at doses 1, 3 or 6 mg/kg at a volume of 5 ml/kg and injected intraperitonially. 

Because this experimental procedure was not yet described in mice, the three 

doses for quinpirole were chosen based on previous rodent studies using 

quinpirole (Fetsko et al., 2003; Gendreau et al., 1998;Szechtman et al., 

1998;Tammimaki et al., 2006).  

 

Statistics 

During the 50 min observation, mice will visit different zones in the open field. The 

sum of all zone visits is called total frequency and is a measure for motor activity 

levels (horizontal movement). In this study open field activity was calculated as 

mean frequency of the last two injections (7 and 8).  

Behavioral pattern analysis results in a set of T-patterns which are series of event 

types occurring at predictable time intervals from each other. There were 25 

different event types corresponding to the 25 zones in the open field.  Search 

parameters in Theme (version 5.0, Noldus Information Technology Bv, 

Netherlands) were set as follows; minimum occurrences = 3, significance level = 

0.0001, max search levels = 99, lumping factor = 0.90, FARR = 90, fast-free limit = 

99, exclude frequent event types, minimum samples and simulation samples were 

unselected. For theoretical details and explanation of the T-pattern detection 

algorithm or Theme settings see (Magnusson, 2000). Data from both mouse 

strains and all three treatment groups from the 8
th
 injection was used for Theme 

analysis.  

For statistical analysis within a strain a univariate analyses of variance (ANOVA) 

was used followed with post-hoc t-testing (significance level; p=0.05) and between 

the two strains a two-way analyses of variance (ANOVA) was used with two 

variables, strain (A/J and C57BL/6J) and treatment (saline, QNP1, QNP3 and 

QNP6), followed with post-hoc t-testing (significance level; p=0.05).     
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Materials and methods 
 

Animals 

In this study female mice from two inbred mouse strains A/J and C57BL/6J were 

used. Initial breeding pairs were obtained from The Jackson Laboratory (Bar 

Harbor, ME, USA) and sustained in our breeding facility. All female mice were 

socially housed under controlled conditions (temperature 20-21 C and humidity 50-

70%) with a 12-hour light-dark cycle. Food and water were given freely. All mice 

were 3-4 months old at the start of the experiment. All experiments were 

conducted during the light hours. The experimental procedure was approved by 

the Animal Ethical Committee of Utrecht University. 

 

Experimental set-up 

At the arrival in the test room mice were injected with either quinpirole or saline. 

Immediately after the injection the animal was placed in the middle of the open 

field. Quinpirole injections were given twice a week for 4 consecutive weeks 

instead of 5 weeks previously used in rats. The behavior of mice was tracked for 

50 min. and analyzed by EthoVison version 3.1 and Theme version 5.0 (Noldus 

Information Technology B.V., Netherlands).   

Each inbred mouse strain was divided in four treatment groups of 8 animals per 

group. The four treatment groups were; saline, quinpirole 1 mg/kg, quinpirole 3 

mg/kg and quinpirole 6 mg/kg. Hereafter referred to as saline, QNP 1, QNP 3 and 

QNP 6 respectively. 

 

 

Figure 1: The open field (80 X 80 

cm) was constructed of PVC 

without walls and was placed 60 

cm above the floor. Four objects, 

all 4X4X4 cm in size, were used; 

two iron pyramids, a transparent 

PET house and a PVC house. 
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Behavioral pattern analysis was performed on video tracking data from the 

open field to further investigate two important behavioral characteristics also found 

in OCD patients, namely “behavioral repertoire” and “rate of repetition”. This 

analysis was performed during the last injection for all treatment groups of both 

mice strains. There was no difference in rate of repetition between the two strains 

under saline conditions [two-way ANOVA; strain*treatment F=0.332, p=0.802] 

(Figure 4A and B). The different behavioral patterns found in both strains were 

performed at the same frequency. However, there was a significant difference in 

the number of different behavioral patterns found between the two saline groups. 

A/J mice showed a significant smaller behavioral repertoire compared to C57BL/6J 

[two-way ANOVA; strain*treatment F=12.796, p=0.0004; post-hoc t-test; F=12.374, 

p=0.002] (Figure 4C and D). Thus, under saline conditions C57BL/6J mice had a 

higher open field motor activity compared to A/J. Also the behavioral repertoire in 

C57BL/6J was greater compared to A/J but rate of repetition was similar between 

both strains. 

 

 

 
 

 

Figure 3: Open field motor 

activity levels are expressed as 

mean frequency of the last two 

days, calculated as the sum of 

all zone visits made in the open 

field. Values were expressed as 

mean ± standard error of the 

means. Significant differences 

within a strain are indicated by * 

(p value 0.05) and between 

strains are indicated by 
# 

(p 

value 0.0125).
 

 

 61 

Results 
 

Strain dependent effects  

Movement trajectories during the last injection of either saline, QNP1, QNP3 or 

QNP6 are shown for a representative animal per treatment group; the upper panel 

represents A/J mice and lower panel C57BL/6J mice (Figure 2). Under saline 

conditions, A/J mice had very low open field motor activity compared to C57BL/6J. 

These open field motor activity levels were quantified as mean frequency of the 

last two injections, where frequency was calculated as sum of all zone visits. Open 

field motor activity levels of saline treated C57BL/6J mice was more than 3 fold 

higher compared to A/J treated saline mice [two way ANOVA; strain*treatment 

F=4.706, p=0.006; post-hoc t-test; F=7.648, p=0.004] (Figure 3).  

 

 

 

 

 
 

 

 

 

 

Figure 2: Motor trajectories during the last injection of representative animals of each 

saline, QNP1, QNP3 and QNP6 group per strain are shown; the upper panel represents 

A/J mice and lower panel C57BL/6J mice. 
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Discussion 
 

Here we report the effect of long-term quinpirole treatment in two different inbred 

mouse strains (C57BL/6J and A/J). Previous studies in rats have shown that long-

term quinpirole treatment and exposure to a large open field resulted in 

hyperactivity, and so–called, “checking” behavior (Szechtman et al., 2001). 

Specifically, quinpirole treated rats revisited two places/objects excessively often 

and rapidly, compared with other locations in the environment or when compared 

to saline controls. The parameters used in previous studies were based on 

locomotor activity and gave less insight in behavioral patterns. Therefore, we have 

reported the use of a new analysis method, called behavioral pattern analysis, in 

this quinpirole induced “checking” behavior in rats (de Haas et al., 2010). 

Behavioral pattern analysis in spraque Dawley rats revealed that quinpirole-

induced behavior consisted, unlike OCD rituals in patients, of a smaller behavioral 

repertoire. Similar as in OCD patients, quinpirole treated spraque Dawley rats 

performed these behaviors with a high rate of repetition. Thus, only part of the 

behavioral characteristics of OCD (repetition) was seen in quinpirole induced 

behavior in this rat strain (de Haas et al., 2010).  

Figure 4: Rate of repetition is expressed as mean frequency of patterns, indicating on 

average how often one pattern is repeated. Behavioral repertoire is expressed as mean 

number of different patterns, indicating how many different patterns occur in their behavior. 

Values were expressed as mean ± standard error of the means. Significant differences within 
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Dose dependent effects 

The effect of long-term quinpirole treatment (1, 3 or 6 mg/kg) on mice behavior in 

the open field was compared to saline treatment within each strain and between 

strains. Movement trajectories of representative animals of each group are shown 

(Figure 2).  

In A/J mice, long-term quinpirole treatment induced a dose-dependent 

increase in open field motor activity levels [one-way ANOVA; F=4.213, p=0.018]; 

all three doses of quinpirole induced a significant increase when compared to 

saline treatment [post-hoc; p  0.05] (Figure 3A). Furthermore, after quinpirole 

treatment, A/J mice visited a larger number of different zones in the open field.  

Saline treated C57BL/6J mice showed high open field activity and 

extensive exploratory behavior. In this strain long-term quinpirole treatment had no 

effect on open field motor activity levels [one-way ANOVA; F=0.521, p=0.672] 

(Figure 3B). However, exploratory pattern trajectories showed that the activity of 

C57BL/6J was now more focused within specific parts of the open field.  

A significant strain*treatment effect was seen, where A/J mice showed a 

significant increase and C57BL/6J mice showed no effect of quinpirole treatment 

on open field motor activity levels [two-way ANOVA; strain*treatment F=4.706, 

p=0.006]. There was a significant difference between the A/J and C57BL/6J mice 

treated with 6mg of quinpirole [post-hoc t-test; F=2.340, p=0.026].  

Behavioral pattern analysis was conducted to provide additional 

quantitative insights in the complexity of behavior and showed that the effect of 

long-term quinpirole treatment on rate of repetition was similar in both strains. 

Quinpirole significantly increased the rate of repetition in A/J by all three doses 

[one-way ANOVA; F=5.239, p=0.008], and in C57BL/6J by the two lowest doses 

[one-way ANOVA; F=3.036, p=0.049] (Figure 4A and B). There was no significant 

strain*treatment effect on rate of repetition seen [two-way ANOVA; strain*treatment 

F=0.332, p=0.802].   

The effect of quinpirole on behavioral repertoire was opposite between the 

two strains [two-way ANOVA; strain*treatment F=12.796, p=0.0004]. There was a 

dose dependent increase in the number of different behavioral patterns in A/J [one-

way ANOVA; F=4.783, p=0.011] (Figure 4C). In contrast, in C57BL/6J, there was a 

dose dependent decrease in behavioral repertoire [one-way ANOVA; F=10.422, 

p=0.0001] (Figure 4D). There was a significant difference between the A/J and 

C57BL/6J mice treated with 6mg of quinpirole [post-hoc t-test; F=4.594, p=0.015].  
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behavioral repertoire in A/J mice may be a direct consequence of the increased 

activity levels in the open field motor activity following quinpirole treatment. 

However, in a previous study we have showed that quinpirole induced hyperactivity 

in Sprague Dawley rats resulted in a decrease in behavioral repertoire (de Haas et 

al., 2010). The findings indicate that increased open field motor activity is not 

automatically resulting in increased behavioral repertoire.    

Thus, long-term quinpirole treatment in C57BL/6J mice and Sprague 

Dawley rats resulted in an increased repetition and a decreased behavioral 

repertoire, indicating a more stereotypic behavior instead of compulsive-like 

behavior. Quinpirole treated A/J mice showed the same increase in rate of 

repetition; in contrast, only A/J mice exhibited a significant dose dependent 

increase in behavioral repertoire. These findings indicated that quinpirole induced 

a species and strain independent effect on behavior repetition.  In addition, it 

induced an increase in behavioral repertoire in mice that was dependent on mouse 

genetic background. 

These features found in A/J resemble the behavioral profile of OCD 

patients (Zor et al., 2009b). When using this quinpirole model as an inducer of 

compulsive-like behavior, A/J mice are more sensitive to develop this compulsive 

like behavior compared to C57BL/6J. Indicating that genetic background is 

mediating the effect of quinpirole on repetitive compulsive like behavior. This result 

is also in line with our hypothesis based on previous work where A/J mice already 

showed to be more sensitive to develop compulsive wheel running during daily 

scheduled limited food access (Kas et al., 2010).  

In OCD patients the behaviors performed within a ritual can be divided in 

functional and non-functional behavior (Zor et al., 2009b). Functional behaviors are 

behaviors expressed by OCD patients and healthy individuals and are necessary 

to complete a certain task. Non-functional behaviors are expressed only by one of 

the two groups (mostly OCD patients) and are not necessary to complete the task, 

for example; touching, counting and checking. OCD patients showed a higher 

number of non-functional behavior compared to healthy individuals. It is quite 

difficult to distinguish functional and non-functional behavior in mice in the 

behavioral paradigm used in this study. Future animal studies should address this 

issue of behavioral functionality to further characterize the susceptibility to express 

compulsive-like behavior in A/J mice.  
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The aim of the present study was to investigate whether different inbred 

strains of mice will develop similar repetitive behavior after long-term quinpirole 

treatment as shown in rats. By testing different inbred strains of mice, it can be 

addressed whether genetic background mediates the expression of this repetitive 

behavior following quinpirole treatment.   

First, open field motor activity levels were measured and the saline groups 

of both strains were compared. There was a significant strain difference in open 

field activity, where A/J mice showed significantly lower activity compared to 

C57BL/6J. This result can be explained by the fact that it is well known that A/J 

mice are more anxious compared to other inbred strains of mice and show low 

motor activity and exploration levels in the open field (Laarakker et al., 2011;Lad et 

al., 2010).  

Second, the effect of long term quinpirole treatment on open field motor 

activity levels was compared between the two strains. In A/J, open field motor 

activity levels increased significantly after repeated quinpirole injections, in contrast 

to C57BL/6J, where no such effect was observed. This behavioral hyperactivity in 

A/J mice was consistent with previous findings in rats (e.g., both species showed a 

six-fold increase in motor activity levels when compared to saline treatment). The 

reason why open field motor activity in C57BL/6J was not affected by quinpirole 

treatment could be due to the dose of quinpirole used which could be too low.  This 

seems very unlikely, since 6 mg/kg (the highest dose tested) was the highest dose 

described in the literature for mice. The group of Gendreau et al. showed in a 

social interacting test that there was no effect of quinpirole treatment with similar 

doses in C57BL/6J on locomotor reactivity. One major difference between the two 

studies was the way of injecting quinpirole where the present study made use of 

repeated long-term treatment and the Gendreau et al. study used acute treatment.  

Lastly, behavioral pattern analysis was conducted to provide additional 

quantitative insights in the complexity of behavior. Although open field motor 

activity levels did not differ between the groups within the C57BL/6J strain, the 

motor trajectories on the open field showed that the open field motor activity of 

C57BL/6J treated with quinpirole was now more focused within specific parts of the 

open field compared to the saline condition. This effect of quinpirole on motor 

trajectories was also seen in Sprague Dawley rats. In A/J mice the opposite 

occurred, under saline condition only specific places in the open field were visited; 

however, after long-term quinpirole treatment they became hyperactive and visited 

most of all the zones in de open field. Behavioral pattern analysis revealed that the 

effect of quinpirole on the rate of repetition is species- and strain independent. As 

in rats, long-term quinpirole treatment also showed an increase in the rate of 

repetition in both mouse strains. Whereas, the effect on the behavioral repertoire 

was different between the two mouse strains, in A/J mice there was a dose-

dependent increase and in C57BL/6J a dose dependent decrease. The increase in 



3

Marked inbred mouse strain difference in the expression of QNP induced OCD-like behavior.

65 66 

behavioral repertoire in A/J mice may be a direct consequence of the increased 

activity levels in the open field motor activity following quinpirole treatment. 

However, in a previous study we have showed that quinpirole induced hyperactivity 

in Sprague Dawley rats resulted in a decrease in behavioral repertoire (de Haas et 

al., 2010). The findings indicate that increased open field motor activity is not 

automatically resulting in increased behavioral repertoire.    

Thus, long-term quinpirole treatment in C57BL/6J mice and Sprague 

Dawley rats resulted in an increased repetition and a decreased behavioral 

repertoire, indicating a more stereotypic behavior instead of compulsive-like 

behavior. Quinpirole treated A/J mice showed the same increase in rate of 

repetition; in contrast, only A/J mice exhibited a significant dose dependent 

increase in behavioral repertoire. These findings indicated that quinpirole induced 

a species and strain independent effect on behavior repetition.  In addition, it 

induced an increase in behavioral repertoire in mice that was dependent on mouse 

genetic background. 

These features found in A/J resemble the behavioral profile of OCD 

patients (Zor et al., 2009b). When using this quinpirole model as an inducer of 

compulsive-like behavior, A/J mice are more sensitive to develop this compulsive 

like behavior compared to C57BL/6J. Indicating that genetic background is 
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to complete a certain task. Non-functional behaviors are expressed only by one of 

the two groups (mostly OCD patients) and are not necessary to complete the task, 

for example; touching, counting and checking. OCD patients showed a higher 
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In conclusion, this study showed that A/J mice are more sensitive to 

develop compulsive behavior induced by long-term quinpirole treatment compared 

to C57BL/6J. This suggests that genetic background has an impact on the 

expression of quinpirole induced compulsive like behavior. A/J mice express a 

greater behavioral repertoire and also a high rate of behavioral repetition. These 

behavioral patterns in A/J mice resembles that of OCD rituals in patients and 

indicate that this strain is very interesting to further validate for studying 

neurobiological mechanisms of compulsive behavior. 
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Abstract 
 

Although deep brain stimulation (DBS) has been proven to be an effective 

treatment for several neuropsychiatric disorders, such as Parkinson’s disease, the 

underlying working mechanisms are still largely unknown. Behavioral animal 

models are essential in examining the working mechanisms of DBS and especially 

mouse models are necessary to investigate the genetic component underlying 

specific behaviors related to psychiatric diseases. Unfortunately, currently available 

stimulation devices are unsuitable to test behavior in freely-moving mice. As such 

no DBS studies in behaving mice have been reported thus far. In order to 

overcome this limitation we have developed a new light-weight wireless 

implantable micro stimulator device for mice that delivers biphasic pulse patterns to 

two individual electrode pairs, mimicking the clinical situation. This paper describes 

in detail the bench-top validation and in vivo implementation of this device. The 

results in this study indicate that the wireless implantable stimulator in mice reliably 

delivers continuous bilateral stimulation, importantly, does not restrict the animals 

mobility and hygiene (grooming behavior). In vivo testing furthermore showed that 

stimulation of the mice ventral striatum yields similar results as previously shown 

by others in rats where conventional deep brain stimulation techniques were used. 

This newly designed device can now be used in the highly needed DBS behavioral 

studies in mice, to further investigate the underlying mechanisms of DBS in 

behavioral animal models for psychiatric disorders.  
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Other stimulation devices include an implantable single-channel stimulator 

which generates monophasic pulses (Liu et al., 2008) or biphasic pulses (Harnack 

et al., 2008b). 

All these devices provide biphasic or monophasic pulses to only one 

electrode channel, in contrast to the clinical situation where stimulation is 

performed by means of biphasic pulses to two individual electrode pairs i.e. 

stimulus channels. Furthermore, the dimensions and weight of the latter two 

devices are such that they are not suitable for use in mice. 

Therefore, in this study a new wireless implantable micro stimulator device, 

specifically designed for mice, is described in detail. This stimulator can be 

remotely switched on/off and provides biphasic pulse patterns to two individual 

electrodes.  

The device is validated by bench-top performance testing and in vivo 

testing in mice. For the in vivo validation, mice were implanted with electrodes in 

the ventral striatum. Following stimulation, expression of the immediate early-gene 

c-fos, a marker for neuronal activity that was previously shown to increase 

following stimulation (Saryyeva et al., 2011), was examined in the direct vicinity of 

the stimulation electrodes. 
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Introduction 
 

High frequency deep brain stimulation (DBS) has been proven to be a successful 

and effective therapy for patients with Parkinson’s disease (Castelli et al., 2006; 

Limousin et al., 1998; Schneider et al., 2003). Currently, this therapy is also 

successfully introduced as treatment for other neuropsychiatric disorders, such as 

depression (Bewernick et al., 2009;Grubert et al., 2011;Puigdemont et al., 

2011;Schlaepfer and Lieb, 2005) and Obsessive Compulsive Disorder (OCD) 

(Abelson et al., 2005;Denys et al., 2010;Gabriëls et al., 2003;Greenberg et al., 

2008;Rauch et al., 2006).  Furthermore, the possibility of using DBS in epilepsy 

(Chabardes et al., 2002) and addiction (Hall and Carter, 2011) are currently under 

investigation. Although this therapy is found to be clinically successful for several 

neuropsychiatric disorders, the underlying working mechanisms are still largely 

unknown.  

The increasing interest in elucidating these mechanisms has heightened 

the need for preclinical DBS studies in animal models. Many investigators have 

turned to DBS studies in various rat models; for example quinpirole induced 

compulsive checking behavior, 6-hydroxydopamine Parkinson model, and post-

traumatic stress disorder symptoms in rats (Mundt et al., 2009; Harnack et al., 

2008a; Langevin et al., 2010). Specifically for psychiatric disorders, behavioral 

animal models are essential in examining the working mechanisms and 

applicability of DBS. To investigate the genetic component underlying specific 

behaviors related to psychiatric diseases many studies are making use of specific 

genetically altered mouse models (Shmelkov et al., 2010; Kas et al., 2010; Welch 

et al., 2007). However, no DBS studies in freely moving mice have been reported 

yet, simply because there is no suitable micro stimulation system available for 

mice. There are DBS studies reported in mice; however stimulation was performed 

under anesthesia instead of in freely moving mice (Stone et al., 2011). For that 

reason, there is a great need for a wireless electrical stimulator system which 

allows behavioral testing in freely-moving mice. 

Although currently there are several implantable micro stimulation devices 

available, these are specifically designed for testing in larger animals, and are not 

suitable for use in freely moving mice. A fully implantable, single channel stimulator 

has been described which generates biphasic current pulses that are magnetically 

coupled and contained no batteries or external lead wires (Millard and Shepherd, 

2007). Although mice could potentially carry the implant, an important 

disadvantage of this type of stimulation is that animals must be tested in a special 

chamber surrounded by three orthogonal coils of wire which were driven to 

generate a magnetic field. This setup excludes most known behavioral tests that 

require operant behavior or large surfaces (e.g. open-fields, elevated plus-maze). 
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Figure 1: Implantable stimulator (A+B); stainless steel twisted electrode (C); IR-camera 

system including a monitor to read-out the mode of operation of the stimulator (D) and 

programming fixture to program the stimulus current (E).  
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Materials and methods 
 

Technical description 

Micro-stimulator device 

The micro-stimulator device (Figure 1) was comprised of an implantable stimulator, 

two stimulation electrodes (MS303/3-B/SPC, Bilaney Consultants, Dusseldorf, 

Germany), an infrared (IR) camera system including a monitor (to read-out the 

mode of operation of the stimulator) and a programming & test fixture to program 

the stimulus current.  

 

Implantable stimulator 

The stimulator housing was reusable and consisted of a polycarbonate cylinder 

with a screw top and was 30mm in length with a diameter of 8mm (main 

specifications see Table 1). The screw top sealed the housing watertight by means 

of a silicone ring. The total length of the lead system from the stimulator to the 

connector pins was 45mm. The connector pins were slid in the electrodes that 

were attached to the skull (detailed information about lead system and connector 

pins can be found in the supplementary methods, S1).  

 

Electrodes 

Commercially available twisted stainless steel electrodes (MS303/3-B/SPC, 

Bilaney Consultants, Dusseldorf, Germany) (bare electrode diameter 0.125 mm, 

insulated electrode diameter 0.150 mm) were used for these experiments.  

 

Infra-red (IR) camera 

The infrared (IR) camera system included a monitor to read-out the mode of 

operation of the stimulator. Stimulus currents were provided by the stimulator for 

electrode-impedances within a control range of 15 k – 45 k. If the electrode-

impedance was outside the control range, this was indicated by a number of 

consecutive flashes of the IR-LEDs as shown in table 2 (detailed information about 

the control range and impedance check can be found in the supplementary 

methods, S2). 
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Current source 

The aim of the current source is to generate pulses with the desired current, 

irrespective of the load impedance. The load is formed by tissue and electrode-

impedances, which vary per electrode pair. The load impedance can also vary 

slowly in time. Load variations cause current variations if a fixed voltage source is 

used. Therefore, in our current source design, a variable series resistor is put in 

series with the varying load (figure 2B). The resistance of this digital potentiometer 

(ON Semiconductor, type CAT5128) is automatically adapted by a microcontroller 

to get a constant total resistance despite electrode and tissue variations. The total 

resistance is selected to obtain the desired current for the fixed supply voltage. 

With this current source design the total component count and thereby the total 

stimulator size was minimized while accomplishing a stimulator capable of 

delivering current controlled biphasic pulse patterns to two individual stimulus 

channels. Electrode impedance was assumed to be constant during a stimulus 

pulse. Stimulus pulses were given periodically. For every pulse period, an optimal 

value of the series resistor was set, based on a measurement of the voltage across 

the series resistor during the previous pulse. This voltage was measured halfway 

during the positive pulse of each biphasic pulse shape. The measured voltage, 

combined with knowledge of the potentiometer resistance and the supply voltage is 

sufficient to calculate the load impedance and the new optimal setting. To minimize 

calculation load for the microcontroller, the relation between measured voltage and 

optimal potentiometer setting were pre-calculated in a table. The stimulus current 

of both channels were controlled independently by continuously changing only this 

single series resistor. For each change of desired current, a new table must be 

uploaded to the microcontroller.  Also, some fixed resistors on the PCB must be 

adapted. These resistors are used to optimize the control range of the current 

source for the desired current and expected load impedance. 

 

 
Table 2: Impedance out-of-range indication. 
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Programming & test fixture 

A programming & test fixture was devised to program and test the stimulator circuit 

boards (PCBs). The stimulator PCB contained five programming connections to 

program the microcontroller in circuit. The connection was made by placing the 

PCB in the programming & test fixture. A microchip PICKIT 3 programmer was 

used to load source code for a certain stimulus current amplitude into the 

microcontroller. Resistors of 30 K were connected to the two output connectors of 

the programming & test fixture, representing a normal load condition. Further an 

oscilloscope can then be connected to a cable on the test connector to verify 

correct functioning of the stimulator. 

 

Operating principle of the stimulator 

The implantable stimulator provided biphasic pulse patterns (figure 2A) to two 

individual electrodes i.e. stimulus channels. The stimulator was battery-powered 

and reusable. A simple coin magnet was used to switch the stimulator on or off. 

The stimulator had two modes of operation, standby-mode and active-mode. In 

active-mode the stimulator continuously generated stimulus pulse patterns for the 

two stimulus channels. The microcontroller then had the highest power 

consumption of all the components of the circuit. To maximize battery life the 

microcontroller was put in standby-mode in between two consecutive biphasic 

pulse patterns.  

 

Table 1: Main specifications of the stimulator system. 
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Experimental set-up 

Animals 

In this study male C57BL/6J mice were used. Initial breeding pairs were obtained 

from The Jackson Laboratory (Bar Harbor, ME, USA) and sustained in our 

breeding facility. All mice were housed under controlled conditions (temperature 

20-21°C and humidity 50-70%) with a 12-hour light-dark cycle and were 3-4 

months old at the start of the experiment. All animal experiments were approved by 

the Animal Experimentation Committee of Utrecht University and were carried out 

in agreement with Dutch Laws (Wet op de Dierproeven, 1996) and European 

regulations (Guideline 86/609/EEC). 

 

Surgery 

Mice underwent stereotactic surgery and were anesthetized using inhalation with 

1-2% isoflurane in oxygen and nitrous oxide and placed in a sterotaxic apparatus 

(model 902, Kopf, Tujunga, California, USA). Body temperature was controlled by 

use of a heating device. Twisted stainless steel electrodes (MS303/3-B/SPC, 

Bilaney Consultants, Dusseldorf, Germany) (electrode height 6 mm, contact 

distance between two wires 430 m, stimulation surface 320 m, bare electrode 

diameter 0.125 mm, insulated electrode diameter 0.150 mm) were implanted 

bilaterally aiming at the nucleus accumbens (anteroposterior, + 1.34 mm; 

mediolateral, +/- 1.58 mm; dorsoventral, -5 mm (from the skull) all from bregma at 

an angle of 15° based upon the Mouse Brain Atlas of Paxinos and Franklin (2008). 

Electrodes were fixed on the skull with dental cement (GC Fuji Plus Capsules, GC 

Corporation, Tokyo, Japan). The stimulator was implanted subcutaneously on the 

back of the mouse, by making an incision between the shoulder blades. The 

connector pins at the end of the leading system of the stimulator were slid in the 

electrodes that were attached to the skull (photographs of an implanted mouse are 

shown in Figure 3).  Additional pain reduction was achieved by means of 

subcutaneous administration with Carprofen (5mg/kg) 30 min. before, 12 and 24 

hours after surgery. Lidocaine was used to induce local analgesia on the dura. Eye 

liniment (Chlooramfenicol 1% + vit. A, Virbac Nederland B.V., Barneveld, The 

Netherlands) was used to prevent dehydration of the eyes. After surgery animals 

were able to recover for a period of one week, with food and water available ad 

libitum. 
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Pulse generator 

The voltage applied to the digital potentiometer and load impedance was switched 

on and off to determine the timing of the pulses. Its polarity was switched to 

determine the polarity of the pulses. This was done by the ‘pulse generator’, in fact 

two digital outputs of the microcontroller. Such digital outputs can assume voltages 

of either zero or the supply voltage level. By setting one output at a time to supply 

voltage, pulses with positive and negative polarity were generated (Figure 2B).  In 

between pulses, a low impedance zero volt difference was used by setting both 

digital outputs to zero Volt level.  

The pulse generator was driven by the microcontroller to generate the 

biphasic output pattern with the desired timing. The microcontroller also toggles 

multiplexer switches to relay the biphasic pulses to the two stimulus channel 

outputs alternately. While a pulse pattern was present at one stimulus channel, the 

other channel was not connected (high impedance, no current). As such, the timing 

of the pulses is similar as in the clinical presentation of DBS.  

 

 

 

 

Figure 2: Biphasic pulse pattern for a single channel, pulse period equals 7.68 ms (A). The 

current source was build as a voltage source in series with an automatically controlled variable 

resistor (digital potentiometer) (B). 
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In vivo validation  

For the in vivo validation of the stimulator an experiment was performed in freely-

moving animals (see section animals). C57BL/6J mice were implanted with 

electrodes aimed at the ventral striatum and subcutaneously with the micro 

stimulator (see section surgery). Stimulation parameters in both experiments were 

as described above, with current amplitude of 100A. For the validation of the 

micro stimulator expression of the immediate early gene c-fos was measured. This 

activity marker was previously shown to increase following DBS (Saryyeva et al., 

2011) .  Experiment; eight mice were divided in two groups, an  “ON” group that 

was stimulated for two hours  and an “OFF” group in which the stimulator was 

switched off (standby mode).  Two hours after cessation of stimulation all animals 

were sacrificed and brains were collected and frozen at -80°C and used for 

histological examination. 

  

Histological examination 

Fresh frozen brains were cryostat sectioned at 14 µm (-20 ºC), mounted on Super-

Frost Plus slides (Eric Scientific Co, Portmouth, NH) and stored at -80 ºC. Half of 

the sections were Nissle stained to check for correct placement of the electrodes 

and the other half were used for DIG in situ hybridization to examine c-fos 

activation in the vicinity of the electrode tip.  

 

DIG in situ hybridization  

The pre-hybridization washing protocol for fixation can be found in the 

Supplementary Methods. The probe was generated using cDNA synthesized from 

total rat brain RNA and labeled with digoxigenin (DIG labeling mix, Roche) (For the 

protocol of probe generation and sequences see Supplementary Methods, S3). 

The probe was shortly heated at 95 ºC before addition to the hybridization mix 

(50% formamide, 4x SSC, 0.4% bakers yeast tRNA, 2% 50x Denhardt’s reagent, 

10% Dextran, 0.05% salmon sperm DNA). Hybridization was performed with 40 ng 

c-fos probe per section in a humid chamber at 60 ºC overnight.  

Post-hybridization washes were carried out with 1x SSC at 60 ºC four 

times for 30 min. and once with 2x SSC containing RNAse A (0.3 units/ml, Roche) 

at 37 ºC. After a blocking step (DIG detection kit protocol, Roche), slides were 

incubated with anti-DIG-AP antibody (1:2500, Roche) overnight at 4 ºC, followed 

by washing with TBS (pH = 7.5) and magnesium TBS buffer (100 mM Tris, 100 

mM NaCl, 50 mM MgCl, pH = 9.5). Incubation with the substrate NBT/BCIP 

(Roche) 1:50 in magnesium buffer was performed in a humid chamber at room 

temperature for 28 h.  Reaction was stopped with TBS containing EDTA (1 mM 

EDTA, pH = 7.5) and two washing steps with water. Slides were left to dry and 

coverslipped using Merckoglas (Merck). 
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Performance testing 

In vitro 

All PCBs passed an in vitro performance test, several functions were examined; i) 

battery life and correct timing of the pulse pattern, ii) correct pulse current 

amplitude, iii) correct indication of an electrode-impedance out-of-range event.  

 

In vivo 

The stimulus pattern has been measured in vivo, two C57BL/6J mice were 

implanted with electrodes bilaterally and the stimulator was programmed for 

current amplitude of 100A.  

 

 

 

 

Figure 3: Photographs of an implanted C57BL/6J mouse. The stimulator is placed 

subcutaneously on the backside of the mouse (upper photo). First part of the leading system 

which is connected to the stimulator stays subcutaneously and the second part is placed 

outside the animal. The second part of the leading system is connected to the electrodes by 

sliding the connector pins in the electrodes (lower photo).   
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In vivo validation  

C57BL/6J mice were implanted with electrodes aimed at the ventral striatum 

(nucleus accumbens; figure 5). To show that the device successfully delivered 

stimulation in vivo, the effect of (2 hour) nucleus accumbens stimulation on c-fos 

expression was examined. Significant increased expression around the electrode-

tip was observed in all stimulated animals from the “ON” group which had received 

100A stimulation (n=6) compared to the control animals (“OFF” group; n=4) [t-

test; F=11.87, p=0.001], indicating that this increase was only seen after 2 hours of 

stimulation. Representative pictures of histological sections and c-fos quantification 

are shown in figure 6.  

  

 



Figure 4: Bench top testing of 

the pulse shape at resistive load 

of 30K, programmed for 

current amplitude of 100A (A). 

Pulse shape in vivo, 

programmed for current 

amplitude of 100A (B). 
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Results 

Performance testing 

In vitro  

All PCBs passed a performance test, examining several functions; i) battery life 

and timing of the pulse pattern, ii) pulse current amplitude, iii) indication of 

electrode-impedance out-of-range events.  

i) Battery life has been tested. All stimulators passed the criterion 

of a minimum battery life of 15 days (standby mode) with 10 

hours stimulation (active mode). Timing of the pulse pattern 

was checked for both stimulus channels with a 30 k resistive 

load (Figure 3A). Pulse width for both positive and negative 

pulse, inter pulse interval and pulse period were accurate to 

within 5% of their specified values (see figure 2A).  

ii) Pulse current amplitude was measured for both stimulus 

channels for varying load resistor values from 15 k to 45 k in 

steps of 5 k, and verifying that for each load the pulse current 

amplitude was accurate to within 10% of the pre-programmed 

desired value.  

iii) Correct functioning of the impedance monitoring was verified by 

simulating all six different out-of-range events as defined in 

Table 2 and checking that the corresponding number of flashes 

of the IR-leds was generated.  

In vivo 

Two mice were implanted with electrodes bilaterally and the stimulator was 

programmed for an amplitude of 100A. After one week of recovery both mice 

were anesthetized using inhalation with 1-2% isoflurane in oxygen and nitrous 

oxide and the stimulus pattern was measured in vivo (Figure 4B). The recorded 

stimulus patterns of the four electrodes were almost identical in shape and size. 

For all four electrodes no variations were seen in shape or size for successive 

stimulus patterns. The difference in pulse shape as compared to the in vitro tests 

(Figure 4A) can be explained by a capacitive component in the in vivo load 

impedance.  
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Discussion 

In this paper a new, re-usable wireless implantable micro stimulator device is 

described in detail to perform DBS in mice without restraining their mobility. In vivo 

testing revealed that experiments performed with this stimulator replicated earlier 

findings in rats stimulated with ‘conventional’ DBS equipment (see below). As 

such, these data indicate that it is now possible to perform DBS experiments in 

mice without restricting them in their movement.  

The stimulator can easily be switched “on” and “off” by placing a magnet in 

the vicinity of the stimulator. Correct functioning of the stimulator can be checked 

immediately by monitoring flashes of infrared LED’s inside the stimulator using an 

IR camera with monitor. The great advantage is that it is not necessary to restrain 

the animal during the process of switching “on” and checking the stimulator. 

Furthermore, similar to the clinical situation, this stimulator provides biphasic pulse 

patterns to two individual electrode pairs i.e. stimulus channels. The biphasic 

symmetrical square pulses that were used in these experiments mimic those 

previously described by others (Winter et al., 2007; Vassoler et al., 2008). They 

resemble the biphasic pulse pattern used in the clinical situation in the sense that 

the positive and negative parts are balanced to obtain a net charge of 

approximately zero. In clinical stimulators, the 2nd pulse is generally longer, with 

lower amplitude. If desired, electrode length and size of the exposed tip as well as 

electrode material can be adapted to meet experimental requirements.  

This device can easily be used in combination with several different 

behavioral animal models, for instance; open field, T-maze, food restricted induced 

hyperactivity (running wheel), operant chamber etc. The lead system from the 

stimulator to the electrodes is designed to be used in combination with commonly 

used commercially available stainless steel twisted electrodes (Bilaney 

Consultants, Dusseldorf, Germany) (Jackson et al., 2008;Sani et al., 

2007;Vassoler et al., 2008).  

To validate in vivo functioning of the device, an experiment was performed 

in freely-moving mice. Previously it has been shown that deep brain stimulation of 

the pedunculopontine tegmental nucleus in anesthetized rats induced strong c-fos 

expression at the stimulation site (Saryyeva et al., 2011). Similarly, our results 

showed a marked increase in c-fos expression around the electrode tip in the 

nucleus accumbens in mice following DBS at 100A. These results indicate that 

implanted mice were effectively stimulated without restricting their movement 

possibilities. 
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Figure 5: Sample histological section of the 

electrode placement. The, Nissle-stained, 

histological section shows a black diagonal bar 

running through the center of the electrode 

track. The lower endpoint of the bar indicates 

the lowest point of the electrode in the brain 

targeting the nucleus accumbens. 

 

Figure 6: c-Fos quantification and 

sample histological sections of a 

control (off) and stimulated 

(on)animal. The bar-graph in panel A 

presents the average number of c-

fos positive cells in resp. control 

(non-stimulated) and stimulated 

mice. Panel B shows two sample 

histological sections of a control- and 

stimulated animal. The asterix in 

these sections marks the endpoint of 

the electrodes. 
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the vicinity of the stimulator. Correct functioning of the stimulator can be checked 

immediately by monitoring flashes of infrared LED’s inside the stimulator using an 

IR camera with monitor. The great advantage is that it is not necessary to restrain 

the animal during the process of switching “on” and checking the stimulator. 

Furthermore, similar to the clinical situation, this stimulator provides biphasic pulse 

patterns to two individual electrode pairs i.e. stimulus channels. The biphasic 

symmetrical square pulses that were used in these experiments mimic those 

previously described by others (Winter et al., 2007; Vassoler et al., 2008). They 

resemble the biphasic pulse pattern used in the clinical situation in the sense that 

the positive and negative parts are balanced to obtain a net charge of 

approximately zero. In clinical stimulators, the 2nd pulse is generally longer, with 

lower amplitude. If desired, electrode length and size of the exposed tip as well as 

electrode material can be adapted to meet experimental requirements.  

This device can easily be used in combination with several different 

behavioral animal models, for instance; open field, T-maze, food restricted induced 

hyperactivity (running wheel), operant chamber etc. The lead system from the 

stimulator to the electrodes is designed to be used in combination with commonly 

used commercially available stainless steel twisted electrodes (Bilaney 

Consultants, Dusseldorf, Germany) (Jackson et al., 2008;Sani et al., 

2007;Vassoler et al., 2008).  

To validate in vivo functioning of the device, an experiment was performed 

in freely-moving mice. Previously it has been shown that deep brain stimulation of 

the pedunculopontine tegmental nucleus in anesthetized rats induced strong c-fos 

expression at the stimulation site (Saryyeva et al., 2011). Similarly, our results 

showed a marked increase in c-fos expression around the electrode tip in the 

nucleus accumbens in mice following DBS at 100A. These results indicate that 

implanted mice were effectively stimulated without restricting their movement 

possibilities. 
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Figure 5: Sample histological section of the 

electrode placement. The, Nissle-stained, 

histological section shows a black diagonal bar 

running through the center of the electrode 

track. The lower endpoint of the bar indicates 

the lowest point of the electrode in the brain 

targeting the nucleus accumbens. 

 

Figure 6: c-Fos quantification and 

sample histological sections of a 

control (off) and stimulated 

(on)animal. The bar-graph in panel A 

presents the average number of c-

fos positive cells in resp. control 

(non-stimulated) and stimulated 

mice. Panel B shows two sample 

histological sections of a control- and 

stimulated animal. The asterix in 

these sections marks the endpoint of 

the electrodes. 
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In conclusion, the results in this study indicate that the new wireless 

implantable stimulator in mice is showing similar results as known from the 

literature in rats were conventional deep brain stimulation techniques were used. 

This newly designed device can now be used in the highly needed DBS behavioral 

studies in mice (for example open field, elevated plus maze or social recognition) 

to further investigate the underlying mechanisms of DBS in behavioral animal 

models for psychiatric disorders. Furthermore, to investigate the genetic 

component underlying specific behaviors related to psychiatric diseases genetic 

mouse models e.g. Sapap-3 mutant mice (Welch et al., 2007), Slitrk5 knockout 

mice (Shmelkov et al., 2010), chromosoom substitution mouse strain panel (Kas et 

al., 2010) or spontaneous stereotypic behavior in deer mice (Korff et al., 2008) can 

now be used in combination with DBS.    
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S3 

Fixation and pre-hybridization washing steps 

Slides were warmed to room temperature before fixation with 4% PFA (4% 

paraformaldehyde in PBS, 154 mM NaCl, 0.896 mM KH2PO4, 4.58 mM Na2HPO4, 

pH = 7.5). After washing with PBS, acetylation of the slides was performed with 

acetic anhydride (0.25 % acetic anhydride in 1.5% triethanolamine buffer). 

Subsequently, slides were washed with PBS and 2x saline sodium citrate (SSC) 

buffer before applying the hybridization mix. 

 

Probe generation  

The probe was generated using cDNA synthesized from total rat brain RNA using 

the iScript reverse transcriptase kit with random hexamers according to 

manufacturer’s protocol (Bio-Rad). A polymerase chain reaction (PCR) was 

performed with c-fos specific primers with T3/T7 promoters. Primers (Eurogentec) 

were designed using Primer3 (Rozen and Skaletsky, 2000). All primers were 

checked for gene specificity by BLAST searching. The primers sequences used for 

c-fos (Genbank NM_022197.2) were T3 antisense:  

AATTAACCCTCACTAAAGGG-CACAGCCTGGTGAGTTTCAC and T7 sense: 

GTAATACGACTCACTATAGGG-TCACCCTGCCTCTTCTCAAT.  PCR product 

size was checked by agarose gel electrophoreses. From these PCR products 

labeled probes were generated by linear amplification using the MAXIscript Kit 

according to manufacturer’s protocol (Applied Biosystems). Probes were labeled 

with digoxigenin (DIG labeling mix, Roche).  Probe size and concentration were 

checked using agarose gel electrophoreses.  
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Supplementary Methods 

 
S1 

Stimulating electrodes and lead system 

The total length of the lead system was 45mm, allowing the mice to freely move 

their head after implantation without exerting force on the cable system. The 

connector pins were slid in the electrodes attached to the skull. For the 

construction of the lead system, stranded insulated stainless steel wire from 

Cooner Wire, type AS631 was used. The leads were stripped, immersed in Griffon 

S39 Rovista-N, tinned and soldered to the PCB. Subsequently, four wires were 

glued in the screw-lid with Loctite 3321, UV-hardened glue. A silicone tube with 

outer diameter of 0.8mm and length of 33mm was used to keep the four wires 

together and prevented migration of the individual wires during the implantation 

period. At the end of the wires, tinned copper contact pins were soldered, bent and 

finished with heat shrink. The heat shrink both isolated the contact pins and held 

the contact pins together.  

 

S2 

Control range and impedance check  

The stimulator was designed and checked to provide stimulus currents for 

electrode-impedances within a control range of 15 K – 45 K. Since the 

maximum compliance voltage of the current source equals the supply voltage, this 

imposed a constraint on the maximum stimulus current that can be obtained for a 

certain electrode-impedance. Stated differently, the supply voltage sets a 

maximum level to the electrode-impedance that can be driven with a certain 

desired current. Since the variable series resistor can only be changed in a limited 

number of steps, the accuracy of the realised current depended on the electrode-

impedance. Below some minimal load impedance, the accuracy of the stimulus 

current cannot be guaranteed. To monitor if the stimulator operates within this 

control range, the stimulator is equipped with two IR-LEDs, one mounted on either 

side of the PCB. This allowed for arbitrary orientation of the stimulator during 

implantation. If the electrode-impedance was out-of-range, this was indicated by a 

number of consecutive flashes of the IR-LEDs as shown in table 2. This enabled 

detection of a broken cable or a short-circuit. An out-of-range event was only 

indicated if a couple of hundred measurements of the electrode-impedance 

showed that the impedance was above the upper limit or below the lower limit of 

the control range. 
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S2 

Control range and impedance check  

The stimulator was designed and checked to provide stimulus currents for 

electrode-impedances within a control range of 15 K – 45 K. Since the 

maximum compliance voltage of the current source equals the supply voltage, this 

imposed a constraint on the maximum stimulus current that can be obtained for a 

certain electrode-impedance. Stated differently, the supply voltage sets a 

maximum level to the electrode-impedance that can be driven with a certain 

desired current. Since the variable series resistor can only be changed in a limited 

number of steps, the accuracy of the realised current depended on the electrode-

impedance. Below some minimal load impedance, the accuracy of the stimulus 

current cannot be guaranteed. To monitor if the stimulator operates within this 

control range, the stimulator is equipped with two IR-LEDs, one mounted on either 

side of the PCB. This allowed for arbitrary orientation of the stimulator during 

implantation. If the electrode-impedance was out-of-range, this was indicated by a 
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Abstract 

Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder 

characterized by lengthy rituals of increased and repetitive non-functional behavior. 

Cortico-striatal circuitry and genetic components have been implicated in the 

pathogenesis of OCD; however, systematic animal studies are necessary to show 

their functional relationship to disease phenotype. This study shows behavioral, 

neurochemical and pharmacological homology of OCD rituals in the A/J inbred 

mouse strain. In contrast to the C57BL/6J genetic background strain, A/J mice 

showed increased and repetitive non-functional behaviors during scheduled 

feeding. Sub-chronic treatment with a broad range of clinically effective and 

ineffective compounds for OCD provided strong predictive validity for this OCD-like 

behavior in mice. A/J mice also expressed cognitive inflexibility, an OCD 

characteristic, in a set-shifting task. Moreover, the compulsive phenotype was 

rescued by wireless deep brain stimulation of the lateral-ventral orbital frontal 

cortex (OFC), demonstrating the functional importance of targeted OFC neuronal 

signaling in OCD treatment. 
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In the present study, two mouse inbred strains were studied during a daily 

scheduled episode of limited food access to assess their biological functional 

behavior (eating and drinking) and (under these conditions) temporal non-

functional behavior (e.g., grooming, wheel running, rearing).  The two inbred 

mouse strains (A/J and C57BL/6J) were selected on the basis of previous studies 

indicating strain differences in high (A/J) and low (C57BL/6J) compulsive-like 

behaviors following repeated quinpirole treatment (de Haas et al., 2012a). 

Furthermore, in a similar scheduled feeding paradigm, mouse genetic mapping 

studies identified specific mouse A/J chromosomal regions that contributed to 

compulsive wheel running activity levels during the hours that the mice had limited 

access to food (Kas et al., 2010). Since these A/J chromosomal regions showed 

homology to human genomic regions previously linked to OCD (Shugart et al., 

2006;Kas et al., 2010), it is of particular interest to refine and validate the repetitive 

non-functional and functional behaviors expressed in the A/J mice during times 

that mice should take their limited opportunity to eat.  In addition, cognitive 

flexibility was tested in both mouse strains on a set-shifting task developed by 

Brown and colleagues (Birrell and Brown, 2000;McAlonan and Brown, 2003) and 

adapted for mice (Colacicco et al., 2002;Garner et al., 2006;Bissonette et al., 

2008). To evaluate neuro-chemical differences between A/J and C57BL/6J related 

to the expression of compulsive-like behavior, striatal dopamine (DA) and 

serotonin (5-HT) and its metabolites 3, 4-Dihydroxyphenylacetic acid (DOPAC), 

homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) were measured 

in brain tissue by using high performance liquid chromatography with 

electrochemical detection (HPLC-ECD).  To test whether the expression of non-

functional behavior could be attenuated by pharmacological treatment, drugs 

known to be efficacious in humans with OCD, i.e. drugs targeting the serotonin 

transporter such as paroxetine, and drugs that are ineffective in OCD patients, i.e. 

the selective noradrenergic uptake inhibitors such as desimipramine or 

benzodiazepines were tested. Furthermore, for the first time, the effect of high 

frequency deep brain stimulation of the lateral-ventral OFC on this compulsive 

behavior in freely moving mice was succesfully examined.  

 

 

 

 

 

 

 

 

 

Introduction 
 

Obsessive Compulsive Disorder (OCD) is a heritable psychiatric disorder defined 

by the presence of obsessive thoughts and repetitive compulsive actions and has 

an estimated lifetime prevalence of 2% (Sasson et al., 1997). The pathophysiology 

of OCD is still poorly understood, however, brain imaging studies indicate a role of 

cortico-striato-thalamic circuits (Del Casale et al., 2011). Thus far, treatments for 

OCD, such as cognitive behavioral therapy and pharmacotherapy with selective 

serotonin reuptake inhibitors (SSRIs), provide a clinically relevant symptoms 

reduction but only in approximately 50% of the patients (Abudy et al., 2011). 

Studies in OCD patients have shown that atypical antipsychotics may augment the 

effects of SSRIs in treatment refractory as well as in newly diagnosed patients 

(Vulink et al., 2009; Fineberg et al., 2006). These findings support the hypothesis 

that serotonin and/or dopamine may be implicated in the pathophysiology of OCD 

(Westenberg et al., 2007; Denys et al., 2004b).  Furthermore, deep brain 

stimulation (DBS) of targeted brain regions is being investigated as an 

experimental therapy for OCD (Denys et al., 2010;Sturm et al., 2003;Huff et al., 

2010;Aouizerate et al., 2004), but systematic animal studies are highly needed to 

understand the functional relationship between genetic background, brain circuits 

and the expression of OCD rituals. 

No animal model can mimic the totality of the OCD syndrome, but a 

successful animal model should include face, predictive and construct validity for a 

core disease feature (Willner, 1984). Unfortunately, a limited number of animal 

models for OCD symptomatology is available and none meet all these validity 

requirements (Albelda and Joel, 2011).  Therefore, identifying a validated animal 

homolog that represents the heterogeneity of OCD rituals would be of great value. 

Recent studies revealed measurable and reduced functionality for OCD behavior in 

human patients when compared to control subjects.  OCD rituals compromised a 

larger behavioral repertoire and higher rate of repetition due to the addition of non-

functional unique acts (Eilam et al., 2011; Zor et al., 2009b;Zor et al., 2009a). For 

the analysis, functional behaviors were defined as behaviors expressed by both 

OCD patients and healthy individuals and were being considered necessary to 

complete a certain task (e.g., parking a car). Non-functional behaviors were 

expressed only by one of the two groups (mostly OCD patients) and were 

considered not necessary to complete the task (e.g., touching, counting or 

checking) (Eilam et al., 2011; Zor et al., 2009b;Zor et al., 2009a). Together with 

repetitions and increased behavioral repertoire, the non-functional acts revealed a 

measurable motor hallmark of OCD behavior that provide an ethological basis for 

studying OCD behavior in animals (Eilam et al., 2011). 
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Striatal dopaminergic neurochemistry  

Dopamine (DA), serotonin (5-HT) and  their metabolites DOPAC, HVA and 5-HIAA 

and the total protein level were measured in brain tissue (striatum) by using HPLC-

ECD and the bicinchoninic  acid (BCA
TM

) protein assay, respectively, in order to 

establish the DA, 5-HT, DOPAC, HVA and 5-HIAA levels per weight protein. 

Neurochemical differences were evaluated between A/J and C57BL/6J and 

between a baseline group (ad libitum food access) and daily scheduled limited 

food access conditions (scheduled food access with voluntary running wheel 

access) (n=8 per group).  Brains were collected on the fourth day of limited food 

availability following the two hours of food access.  Brains from baseline controls 

were collected during the same time of day (second hour in the dark phase). The 

brains were dissected and cut in 300m coronal sections after which the striatum 

(anterior posterior +0.86, lateral +0.50 from Bregma) was punched (Paxinos and 

Franklin, 2008). Four punches were made with a glass pipette (inner diameter 0.8 

mm) and were homogenized in 250 L 0.1 M perchloric acid (p.a.; Merck, 

Darmstadt HE, Germany) with a potter homogenizer, after which the samples were 

centrifuged to separate the proteins from the supernatant. The supernatant was 

neutralized with 50 L 2 M sodium acetate (anhydrous; Merck) and the protein 

pellet was dissolved in  300 L 1 M sodium hydroxide (p.a.; Merck). A 50 L 

volume of neutralized supernatant was injected directly into the HPLC-ECD system 

for DA analysis, while for 5-HT, DOPAC, HVA and 5-HIAA analysis the samples 

were diluted twice before injection with phosphate buffer pH 2.0 (2 M sodium 

dihydrogen phosphate USP, adjusted to pH 2.0 with orthophosphoric acid 85%; 

Merck). The HPLC system consisted of a LC10AD-VP pump from Shimadzu 

(Kyoto, Japan), a Reliance injector from Spark-Holland (Emmen, The 

Netherlands), an Intro electrochemical detector from Antec (Leiden, The 

Netherlands) with data acquisition and analysis software from Shimadzu a Gemini 

C18 150x4.6 mm HPLC column from Phenomenex (Torrance CA, USA) for DA 

analysis and a Synergy Hydro-RP 150x1.0 mm HPLC column for 5-HT, DOPAC, 

HVA and 5-HIAA analysis. The system used an eluent of 100 mg/L EDTA (Merck) 

and 200 mg/L heptanesulfonic acid (Sigma-Aldrich, St. Louis MO, USA) in 50 mM 

phosphate buffer pH 3.0 (50 mM sodiumdihydrogenphosphate USP, adjusted to 

pH 3.0 with orthophosphoric acid 85%; Merck) with 5% (v/v) methanol (Sigma-

Aldrich). The flow was 1.1 mL/min, the column temperature 35 °C and an oxidation 

potential of 750 mV.  Sample concentrations were calculated using linear 

calibration curves consisting of DA, 5-HT, DOPAC, HVA and 5-HIAA standards 

(Sigma-Aldrich) prepared in the same solution as the injected samples. Protein 

levels in the pellet were measured using a BCA
TM

 Protein Assay Kit (Thermo 

Fisher Scientific, Rockford IL, USA) with a Versamax tunable microplate reader, 

with SOFTmax Pro data acquisition and analysis software (Molecular Devices, 

Sunnyvale CA, USA). Protein concentration was calculated based upon the 

 

Materials and Methods 

 
Animals  

Initial breeding pairs of A/J and C57BL/6J inbred mice were obtained from The 

Jackson Laboratory (Bar Harbor, ME, USA) and sustained in our breeding facility. 

Mice were housed under controlled conditions (temperature 20-21 °C and humidity 

50-70%) with a 12-hour light-dark cycle and were 3-4 months old at the start of the 

experiment. The experimental procedures were approved by the Animal 

Experimentation Committee of Utrecht University and were carried out in 

agreement with Dutch Laws (Wet op de Dierproeven, 1996) and European 

regulations (Guideline 86/609/EEC). 

 

Daily scheduled feeding paradigm 

Animals were housed individually in cages (26 x 12 x 16 cm, l x w x h) with 

voluntary access to a running wheel (diameter 14 cm, width 9 cm) and under ad 

libitum food and water conditions. Body weight and food intake were measured 

daily and running wheel activity was registered continuously (Cage Registration 

Software, Department of Biomedical Engineering, UMC Utrecht, The Netherlands). 

After one week of adaptation to the running wheel cages, the scheduled feeding 

paradigm of four consecutive days started. In this paradigm, food was available 

only for the first two hours of the dark fase. On the fourth day of scheduled food 

access videorecordings were made for visual scoring of behavioral frequencies 

during the two hours of food availability.  

 

Behavioral characterization  

First, the behavioral repertoire and in particular the frequency of functional and 

non-functional behaviors has been evaluated in A/J (n=4 per gender) compared to 

the C57BL/6J (n=4 per gender) background strain for both males and female mice. 

No differences were found between males and females in expressing this 

phenotype; therefore we decided to keep female mice in our subsequent 

experiments. To test cognitive flexibility, a separate group of C57BL/6J (n=8) and 

A/J (n=5) mice was tested on a set-shifting task that we previously developed and 

validated for mice (Bissonette et al., 2008). For detailed information about the set-

shifting protocol, please see the supplemetary information. 
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subcutaneously on the back of the mouse, by making an incision between the 

shoulder blades. The connector pins at the end of the leading system of the 

stimulator were slid in the electrodes that were attached to the skull. Additional 

pain reduction was achieved by means of subcutaneous administration with 

Carprofen (5mg/kg) 30 min. before, 12 and 24 hours after surgery. Lidocaine was 

used to induce local analgesia on the dura. Eye liniment (Chlooramfenicol 1% + vit. 

A, Virbac Nederland B.V., Barneveld, The Netherlands) was used to prevent 

dehydration of the eyes. After surgery animals were able to recover for a period of 

one week, with food and water available ad libitum. During the daily scheduled 

feeding paradigm stimulation was performed on the fourth day of scheduled food 

access. The stimulation started one hour before and during the two hours of food 

access (total of 3 hours).  At the end of the two hours of food availability, when 

stimulation was still ongoing, the animals were directly decapitated and brains 

were dissected and frozen for histological examination of correct placement of the 

electrodes and c-Fos activation in the vicinity of the electrode tip. The fresh frozen 

brains were cryostat sectioned (14m) and used for Nissl staining and DIG in situ 

hybridization (for detailed protocol of the DIG in situ hybridization see; de Haas et 

al., 2012b). After histological examination, the electrode placement in three 

animals was found to be incorrect (targeting the anterior part of the olfactory area, 

this group has been indicated as DBS-AO. Therefore results are shown of three 

groups DBS-OFC (n=5), DBS-AO (n=3) and sham (n=7).  

 

Statistical analysis 

Running wheel activity (RWA) levels were calculated as mean ± standard error of 

the means for each group (experiment 1, 3 and 4). Differences in running wheel 

activity levels per day or per 2 hours of food availability were assessed by a 

repeated measures (RM) ANOVA procedure (SPSS, version 12.0.1. for windows), 

using a between subject factor (GROUP) and within subject factor (DAYS) followed 

with post hoc t-testing (significance level; p=0.05). Frequency of behaviors were 

scored with Observer (Noldus, The Netherlands) and behavioral pattern analysis 

was performed by Theme version 5.0, Noldus Information Technology Bv, 

Netherlands. For detailed information about the T-pattern detection algorithm see 

(Magnusson, 2000) and for search parameters see (de Haas et al., 2010).  The 

frequency of behaviors and behavioral repertoire (number of different T-patterns) 

were expressed as mean ± standard error of the means for each group 

(experiment 1, 3 and 4). Differences were assessed by an ANOVA procedure 

(SPSS, version 12.0.1. for windows) using post-hoc t-testing (significance level; 

p0.05). Data from the set-shifting task in mice were reported as the number of 

trials to criterion, values were mean ± standard error of the means for each strain 

(experiment 1).  Differences were assessed by a one-way ANOVA procedure 

(SPSS, version 12.0.1. for windows). Dopamine and dopamine turnover were 

 

calibration curve of albumin standards (98% from bovine serum, Sigma-Aldrich) 

and an average of three measurements per sample was taken to calculate the DA, 

5-HT, DOPAC, HVA and 5-HIAA levels per mg of protein. 

 

Pharmacological studies 

Subchronic pharmacological treatment was assessed in A/J mice in the scheduled 

feeding paradigm. Different drugs were selected on the basis of their effectiveness 

and ineffectiveness in OCD patients; desipramine (DMI) (tricyclic antideppressant), 

chloordiazepam (CDP) (anxiolytic), paroxetine (SSRI), quetiapine (atypical 

antipsychotic). DMI (10, 20 and 25 mg/kg/day) and CDP (5 and 10 mg/kg/day) 

were dissolved in saline (n=4 per group). The control groups for these experiments 

received saline. Paroxetine (7.5 mg/kg/day) alone and quetiapine (10mg/kg/day) 

alone or in combination were dissolved  in saline containing 30% DMSO and 15% 

ethanol (n=8 per group). The control group of this experiment received saline 

containing 30% DMSO and 15% ethanol. Drugs and control solutions were 

delivered via osmotic minipumps (Type 1002, Alzet, Durect, Cupertino, California) 

and obtained by Tocris U.K. To perform the implantation of the osmotic minipumps 

(Type 1002, Alzet, Durect, Cupertino, California) mice were anesthetized using 

inhalation of 1.5% vaporized isoflurane. The osmotic mini pump was implanted 

subcutaneously on their back (incision between the shoulder blades). Following 2 

weeks of recovery from this surgical procedure, mice were tested in the scheduled 

feeding paradigm according to the protocol described above. 

 

Deep brain stimulation 

To study the effect of local deep brain stimulation on OCD-like rituals in mice, DBS 

of the OFC was performed in A/J mice exposed to the daily scheduled feeding 

paradigm by using a wireless implantable stimulator (detailed technical information 

see; (de Haas et al., 2012b). Bilateral stimulation was performed with a biphasic 

pulse pattern (pulse width 60sec / inter-pulse interval 200sec) with a stimulation 

frequency of 131Hz and stimulus current of 100A.  Mice underwent stereotactic 

surgery and were anesthetized using inhalation with 1-2% isoflurane in oxygen and 

nitrous oxide and placed in a sterotaxic apparatus (model 902, Kopf, Tujunga, 

California, USA). Body temperature was controlled by use of a heating device. 

Twisted stainless steel electrodes (MS303/3-B/SPC, Bilaney Consultants, 

Dusseldorf, Germany) (electrode height 3.5 mm, stimulation surface 320 m, bare 

electrode diameter 0.125 mm, insulated electrode diameter 0.150 mm) were 

implanted bilaterally aiming at the ventral-lateral OFC (LO/VO) (anteroposterior, + 

2.6 mm; mediolateral, +/- 1.7 mm; dorsoventral, -2.3 mm (from the skull) all from 

bregma at an angle of 15° based upon the Mouse Brain Atlas of Paxinos and 

Franklin (2008). Electrodes were fixed to the skull with dental cement (GC Fuji Plus 

Capsules, GC Corporation, Tokyo, Japan). The stimulator was implanted 



5

DBS of the OFC rescues a mouse homolog of obsessive-compulsive disorder rituals.

103 

subcutaneously on the back of the mouse, by making an incision between the 

shoulder blades. The connector pins at the end of the leading system of the 

stimulator were slid in the electrodes that were attached to the skull. Additional 

pain reduction was achieved by means of subcutaneous administration with 

Carprofen (5mg/kg) 30 min. before, 12 and 24 hours after surgery. Lidocaine was 

used to induce local analgesia on the dura. Eye liniment (Chlooramfenicol 1% + vit. 

A, Virbac Nederland B.V., Barneveld, The Netherlands) was used to prevent 

dehydration of the eyes. After surgery animals were able to recover for a period of 

one week, with food and water available ad libitum. During the daily scheduled 

feeding paradigm stimulation was performed on the fourth day of scheduled food 

access. The stimulation started one hour before and during the two hours of food 

access (total of 3 hours).  At the end of the two hours of food availability, when 

stimulation was still ongoing, the animals were directly decapitated and brains 

were dissected and frozen for histological examination of correct placement of the 

electrodes and c-Fos activation in the vicinity of the electrode tip. The fresh frozen 

brains were cryostat sectioned (14m) and used for Nissl staining and DIG in situ 

hybridization (for detailed protocol of the DIG in situ hybridization see; de Haas et 

al., 2012b). After histological examination, the electrode placement in three 

animals was found to be incorrect (targeting the anterior part of the olfactory area, 

this group has been indicated as DBS-AO. Therefore results are shown of three 

groups DBS-OFC (n=5), DBS-AO (n=3) and sham (n=7).  

 

Statistical analysis 

Running wheel activity (RWA) levels were calculated as mean ± standard error of 

the means for each group (experiment 1, 3 and 4). Differences in running wheel 

activity levels per day or per 2 hours of food availability were assessed by a 

repeated measures (RM) ANOVA procedure (SPSS, version 12.0.1. for windows), 

using a between subject factor (GROUP) and within subject factor (DAYS) followed 

with post hoc t-testing (significance level; p=0.05). Frequency of behaviors were 

scored with Observer (Noldus, The Netherlands) and behavioral pattern analysis 

was performed by Theme version 5.0, Noldus Information Technology Bv, 

Netherlands. For detailed information about the T-pattern detection algorithm see 

(Magnusson, 2000) and for search parameters see (de Haas et al., 2010).  The 

frequency of behaviors and behavioral repertoire (number of different T-patterns) 

were expressed as mean ± standard error of the means for each group 

(experiment 1, 3 and 4). Differences were assessed by an ANOVA procedure 

(SPSS, version 12.0.1. for windows) using post-hoc t-testing (significance level; 

p0.05). Data from the set-shifting task in mice were reported as the number of 

trials to criterion, values were mean ± standard error of the means for each strain 

(experiment 1).  Differences were assessed by a one-way ANOVA procedure 

(SPSS, version 12.0.1. for windows). Dopamine and dopamine turnover were 

 

calibration curve of albumin standards (98% from bovine serum, Sigma-Aldrich) 

and an average of three measurements per sample was taken to calculate the DA, 

5-HT, DOPAC, HVA and 5-HIAA levels per mg of protein. 

 

Pharmacological studies 

Subchronic pharmacological treatment was assessed in A/J mice in the scheduled 

feeding paradigm. Different drugs were selected on the basis of their effectiveness 

and ineffectiveness in OCD patients; desipramine (DMI) (tricyclic antideppressant), 

chloordiazepam (CDP) (anxiolytic), paroxetine (SSRI), quetiapine (atypical 

antipsychotic). DMI (10, 20 and 25 mg/kg/day) and CDP (5 and 10 mg/kg/day) 

were dissolved in saline (n=4 per group). The control groups for these experiments 

received saline. Paroxetine (7.5 mg/kg/day) alone and quetiapine (10mg/kg/day) 

alone or in combination were dissolved  in saline containing 30% DMSO and 15% 

ethanol (n=8 per group). The control group of this experiment received saline 

containing 30% DMSO and 15% ethanol. Drugs and control solutions were 

delivered via osmotic minipumps (Type 1002, Alzet, Durect, Cupertino, California) 

and obtained by Tocris U.K. To perform the implantation of the osmotic minipumps 

(Type 1002, Alzet, Durect, Cupertino, California) mice were anesthetized using 

inhalation of 1.5% vaporized isoflurane. The osmotic mini pump was implanted 

subcutaneously on their back (incision between the shoulder blades). Following 2 

weeks of recovery from this surgical procedure, mice were tested in the scheduled 

feeding paradigm according to the protocol described above. 

 

Deep brain stimulation 

To study the effect of local deep brain stimulation on OCD-like rituals in mice, DBS 

of the OFC was performed in A/J mice exposed to the daily scheduled feeding 

paradigm by using a wireless implantable stimulator (detailed technical information 

see; (de Haas et al., 2012b). Bilateral stimulation was performed with a biphasic 

pulse pattern (pulse width 60sec / inter-pulse interval 200sec) with a stimulation 

frequency of 131Hz and stimulus current of 100A.  Mice underwent stereotactic 

surgery and were anesthetized using inhalation with 1-2% isoflurane in oxygen and 

nitrous oxide and placed in a sterotaxic apparatus (model 902, Kopf, Tujunga, 

California, USA). Body temperature was controlled by use of a heating device. 

Twisted stainless steel electrodes (MS303/3-B/SPC, Bilaney Consultants, 

Dusseldorf, Germany) (electrode height 3.5 mm, stimulation surface 320 m, bare 

electrode diameter 0.125 mm, insulated electrode diameter 0.150 mm) were 

implanted bilaterally aiming at the ventral-lateral OFC (LO/VO) (anteroposterior, + 

2.6 mm; mediolateral, +/- 1.7 mm; dorsoventral, -2.3 mm (from the skull) all from 

bregma at an angle of 15° based upon the Mouse Brain Atlas of Paxinos and 

Franklin (2008). Electrodes were fixed to the skull with dental cement (GC Fuji Plus 

Capsules, GC Corporation, Tokyo, Japan). The stimulator was implanted 
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These results revealed that, when in need for food, A/J mice showed a 

high rate of repetition in their behavior indicated by the significant high total 

frequency in the expression of different behavioral components. Especially the 

frequency of behaviors not related to eating, i.e. non-functional behaviors, were 

more frequently expressed in A/J mice when compared to C57BL/6J mice. These 

strain differences in frequencies were not seen during the baseline week with ad 

libitum food access and voluntary wheel running availability (data not shown) [one-

way ANOVA; total F=3.04 ; p=0.33, eating F=0.06; p=0.90, drinking F=3.92; 

p=0.29, running F=0.20; p=0.12, grooming F=0.77; p=0.07, rearing F=0.94; 

p=0.81, exploration F=3.85; p=0.43], indicating that scheduled limited food access 

induced this behavior in A/J mice.  

The behavioral repertoire of mice was calculated by the number of different 

behavioral patterns (using Theme behavioral pattern analysis software, Noldus 

Information Technology, The Netherlands). This computer program detects 

patterns in the behavioral time-sequence during the daily two hours limited food 

access; the greater the number of different behavioral patterns, the greater the 

behavioral repertoire (de Haas et al., 2012a;de Haas et al., 2010;Magnusson, 

2000). Interestingly, A/J mice showed a significantly higher number of different 

behavioral patterns compared to C57BL/6J mice, indicating a larger behavioral 

repertoire (Fig. 1b) [F=3.50; p=0.018]. Taken together, during daily scheduled 

feeding and when compared to C57BL/6J mice,  A/J mice expressed a large 

behavioral repertoire with reduced functional behavior and a high level of repetition 

of non-functional behaviors. 

 

 

Figure 1.  A/J mice showed increased frequencies of non-functional behaviors and an 

increased behavioral repertoire when compared to C57BL/6J mice. Frequencies of all 

different functional (eating and drinking) and temporal non-functional behaviors during two 

hours of food availability on the fourth day of scheduled feeding (a). Behavioral repertoire was 

calculated as the number of different behavioral patterns in the behavior during two hours of 

food availability on the fourth day of scheduled feeding (b).  *indicates significant difference 

between the two strains (t-test p 0.05). 

 

expressed as relative levels, in which C57BL/6J baseline group was set at a 

hundred percent (experiment 2). Differences in dopamine and serotonin (turnover) 

levels were assessed by a two-way ANOVA procedure (SPSS, version 12.0.1. for 

windows), using a between subject factor (STRAIN) and within subject factor 

(GROUP) followed with post hoc t-testing (significance level; p0.05). 

 

 

Results 
 

Functional and temporal non-functional behavior  

Throughout the two hours of scheduled food availability A/J and C57BL/6J mice 

had ad libitum access to food and voluntary access to a running wheel.  In 

accordance to our previous findings (Kas et al., 2010), total daily running wheel 

activity (RWA) levels were significantly higher in C57BL/6J than in A/J mice (data 

not shown) [RM ANOVA; group F=35.18; p=<0.0001, group*time F=0.16; p=0.872].  

C57BL/6J mice significantly inhibited their running wheel activity levels during the 

two hours of food availability (data not shown). In contrast, A/J mice expressed 

consistent high RWA levels in this period (data not shown) [RM ANOVA; group 

F=0.89; p=0.36, group*time F=18.92; p=<0.0001].   

The frequency of functional  (eating and drinking) and temporal non-

functional behaviors (wheel running, rearing and grooming behavior) were visually 

scored in A/J and C57BL/6J mice exposed to a daily two hours limited food access 

schedule. Total frequencies and especially the frequency of behaviors that were 

not directly related to eating (non-functional) were significantly higher in A/J 

compared to C57BL/6J mice (Fig. 1a) [one-way ANOVA; total F=5.50; p=0.031, 

running F=6.98; p=0.036, grooming F=7.18; p=0.036, rearing F=5.15; p=0.026, 

exploration F=3.45; p=0.047]. No differences were seen in the frequency of eating 

and drinking [one-way ANOVA; F=1.64; p=0.67, F=5.58; p=0.859].  However, there 

was a significant difference in the duration of eating behavior between the two 

different strains. C57BL/6J mice spent 73% of the two hours on eating, in contrast 

to 38% in A/J mice (data not shown) [one-way ANOVA; F=0.53; p=0.0003]. Mean 

food intake corrected for body weight was significantly higher in C57BL/6J 

compared to A/J mice (data not shown) [one-way ANOVA; F=1.66; p=0.001],  

indicating more functional behavior in C57BL/6J compared to A/J under these 

limited food access conditions. When compared to A/J mice, C57BL/6J mice also 

spent more time on drinking [one-way ANOVA; F=0.0004; p=0.004] and less time 

on running [one-way ANOVA; F=3.51; p=0.001] and grooming [one-way ANOVA; 

F=1.47; p=0.019].  
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These results revealed that, when in need for food, A/J mice showed a 

high rate of repetition in their behavior indicated by the significant high total 

frequency in the expression of different behavioral components. Especially the 

frequency of behaviors not related to eating, i.e. non-functional behaviors, were 

more frequently expressed in A/J mice when compared to C57BL/6J mice. These 

strain differences in frequencies were not seen during the baseline week with ad 

libitum food access and voluntary wheel running availability (data not shown) [one-

way ANOVA; total F=3.04 ; p=0.33, eating F=0.06; p=0.90, drinking F=3.92; 

p=0.29, running F=0.20; p=0.12, grooming F=0.77; p=0.07, rearing F=0.94; 

p=0.81, exploration F=3.85; p=0.43], indicating that scheduled limited food access 

induced this behavior in A/J mice.  

The behavioral repertoire of mice was calculated by the number of different 

behavioral patterns (using Theme behavioral pattern analysis software, Noldus 

Information Technology, The Netherlands). This computer program detects 

patterns in the behavioral time-sequence during the daily two hours limited food 

access; the greater the number of different behavioral patterns, the greater the 

behavioral repertoire (de Haas et al., 2012a;de Haas et al., 2010;Magnusson, 

2000). Interestingly, A/J mice showed a significantly higher number of different 

behavioral patterns compared to C57BL/6J mice, indicating a larger behavioral 

repertoire (Fig. 1b) [F=3.50; p=0.018]. Taken together, during daily scheduled 

feeding and when compared to C57BL/6J mice,  A/J mice expressed a large 

behavioral repertoire with reduced functional behavior and a high level of repetition 

of non-functional behaviors. 

 

 

Figure 1.  A/J mice showed increased frequencies of non-functional behaviors and an 

increased behavioral repertoire when compared to C57BL/6J mice. Frequencies of all 

different functional (eating and drinking) and temporal non-functional behaviors during two 

hours of food availability on the fourth day of scheduled feeding (a). Behavioral repertoire was 

calculated as the number of different behavioral patterns in the behavior during two hours of 

food availability on the fourth day of scheduled feeding (b).  *indicates significant difference 

between the two strains (t-test p 0.05). 

 

expressed as relative levels, in which C57BL/6J baseline group was set at a 

hundred percent (experiment 2). Differences in dopamine and serotonin (turnover) 

levels were assessed by a two-way ANOVA procedure (SPSS, version 12.0.1. for 

windows), using a between subject factor (STRAIN) and within subject factor 

(GROUP) followed with post hoc t-testing (significance level; p0.05). 

 

 

Results 
 

Functional and temporal non-functional behavior  

Throughout the two hours of scheduled food availability A/J and C57BL/6J mice 

had ad libitum access to food and voluntary access to a running wheel.  In 

accordance to our previous findings (Kas et al., 2010), total daily running wheel 

activity (RWA) levels were significantly higher in C57BL/6J than in A/J mice (data 

not shown) [RM ANOVA; group F=35.18; p=<0.0001, group*time F=0.16; p=0.872].  

C57BL/6J mice significantly inhibited their running wheel activity levels during the 

two hours of food availability (data not shown). In contrast, A/J mice expressed 

consistent high RWA levels in this period (data not shown) [RM ANOVA; group 

F=0.89; p=0.36, group*time F=18.92; p=<0.0001].   

The frequency of functional  (eating and drinking) and temporal non-

functional behaviors (wheel running, rearing and grooming behavior) were visually 

scored in A/J and C57BL/6J mice exposed to a daily two hours limited food access 

schedule. Total frequencies and especially the frequency of behaviors that were 

not directly related to eating (non-functional) were significantly higher in A/J 

compared to C57BL/6J mice (Fig. 1a) [one-way ANOVA; total F=5.50; p=0.031, 

running F=6.98; p=0.036, grooming F=7.18; p=0.036, rearing F=5.15; p=0.026, 

exploration F=3.45; p=0.047]. No differences were seen in the frequency of eating 

and drinking [one-way ANOVA; F=1.64; p=0.67, F=5.58; p=0.859].  However, there 

was a significant difference in the duration of eating behavior between the two 

different strains. C57BL/6J mice spent 73% of the two hours on eating, in contrast 

to 38% in A/J mice (data not shown) [one-way ANOVA; F=0.53; p=0.0003]. Mean 

food intake corrected for body weight was significantly higher in C57BL/6J 

compared to A/J mice (data not shown) [one-way ANOVA; F=1.66; p=0.001],  

indicating more functional behavior in C57BL/6J compared to A/J under these 

limited food access conditions. When compared to A/J mice, C57BL/6J mice also 

spent more time on drinking [one-way ANOVA; F=0.0004; p=0.004] and less time 

on running [one-way ANOVA; F=3.51; p=0.001] and grooming [one-way ANOVA; 

F=1.47; p=0.019].  
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F=4.37; p=0.0004]. The DA turnover calculated as HVA/DA ratio also showed a 

strain difference between the scheduled feeding groups (Fig. 2c) [post hoc t-test; 

F=20.03; p=0.043] as well as the baseline groups [post hoc t-test; F=10.75; 

p=0.007]. This significant increase in DA turnover (calculated as DOPAC/DA or 

HVA/DA ratio) was not related to the high running wheel activity during food 

access in the A/J strain (data not shown) [DOPAC/DA r= -0.163, p=0.758; HVA/DA 

r= -0.098, p=0.853]. 

In summary, when comparing the daily scheduled feeding groups, DA 

levels were decreased in the A/J mice and the DA turnover was significantly 

increased when compared to C57BL/6J mice. These findings relate the expression 

of compulsive behavior in A/J mice under scheduled feeding conditions to 

increased DA turnover in the striatum.  

 

 

Figure 2.  The OCD-like behavior in 

scheduled fed A/J mice is associated 

with an increased dopamine turnover 

in the striatum.  Dopamine levels (a) 

and dopamine turnover (b and c) in the 

striatum of C57BL/6J and A/J mice in a 

baseline group (ad libitum food) and in 

a daily scheduled limited food access 

group (scheduled food restriction with 

voluntary running wheel access).  No 

strain differences were observed in 

striatal 5-HT levels and 5-HT turnover 

(data not shown); *indicates significant 

difference within a group between the 

strains (2 way ANOVA p 0.05). 

#indicates significant differences within 

a strain between the two groups (2 way 

ANOVA p 0.05). 

 

 

Cognitive flexibility 

Studies have also demonstrated that extradimensional set-shifting is impaired in 

OCD (Chamberlain et al., 2006).  To validate this phenotype in A/J mice, seperate 

groups of C57BL/6J and A/J mice were also tested on a set-shifting paradigm, 

including reversal, intra- and extra-dimensional set-shifting tasks. There was no 

significant difference between the two strains on trials to criterion during the intra-

dimensional shifts (see supplementary Fig. 1) [one-way ANOVA; IDSI F=0.001, 

p=0.974, IDSII F=0.221, p=0.647, IDSIII F=0.856, p=0.375, IDSIV F=0.310, 

p=0.589]. C57BL/6J and A/J mice performed similar on both reversal tasks [one-

way ANOVA; IDSIV rev F=0.748, p=0.406, EDS rev F=1.560, p=0.238]. However, 

comparable to OCD patients (Chamberlain et al., 2006;Watkins et al., 2005), there 

was a significant difference on the extra-dimensional discrimination during which 

A/J mice needed significantly more trials to reach the criterion compared to 

C57BL/6J (see supplementary Fig. 1) [one-way ANOVA; EDS F=7.959, p=0.017].  

 

Striatal dopaminergic neurochemistry 

To study the relationship of serotonin and dopamine signaling in the striatum and 

the compulsive-like behavior in mice, dopamine (DA) and serotonine (5-HT) and its 

metabolites DOPAC, HVA and 5-HIAA were measured in the striatum of C57BL/6J 

and A/J mice under both baseline (ad libitum food access) and daily scheduled 

limited food access conditions (scheduled food access with voluntary running 

wheel access).  

Results showed no significant differences in 5-HT [two-way ANOVA; strain 

F=1.74, p=0.199, strain x condition F=5.56, p=0.026; post-hoc t-tests p>0.05] or 5-

HT turnover (5-HIAA/5-HT) (data not shown) [two-way ANOVA; strain F=0.82, 

p=0.372, strain x condition F=2.20, p=0.149]. In contrast, there was a significant 

strain effect for DA and DA turnover calculated with either DOPAC or HVA (Fig. 2) 

[two-way ANOVA; DA F=66.65, p<0.0001, DOPAC/DA F=23.20, p<0.0001, 

HVA/DA F=6.82, p=0.014] as well as a significant strain X condition effect [two-way 

ANOVA; DA F=4.80, p=0.037, DOPAC/DA F=21.76, p=0.0002, HVA/DA F=5.40, 

p=0.028].  Dopamine levels in C57BL/6J mice were higher compared to A/J mice 

under baseline as well as under scheduled feeding conditions (Fig. 2a) [post hoc t-

test; baseline F=124.26; p=0.00013, scheduled feeding F=5.45; p=0.0002]. There 

were no differences found in dopamine levels within the A/J strain [post hoc t-test; 

F=0.84; p=0.31] or the C57BL/6J strain [post hoc t-test; F=21.74; p=0.09] between 

the baseline group and the scheduled feeding group. There was a significant strain 

difference in DOPAC/DA ratio between the two scheduled feeding groups, where 

A/J mice showed a higher DA turnover compared to C57BL/6J (Fig. 2b) [post hoc 

t-test; F=4.37; p=0.0004]. Furthermore, there was a significant difference in DA 

turnover within the A/J strain between the baseline and scheduled feeding groups, 

where DA turnover was increased in the scheduled feeding group [post hoc t-test; 
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F=4.37; p=0.0004]. The DA turnover calculated as HVA/DA ratio also showed a 

strain difference between the scheduled feeding groups (Fig. 2c) [post hoc t-test; 

F=20.03; p=0.043] as well as the baseline groups [post hoc t-test; F=10.75; 

p=0.007]. This significant increase in DA turnover (calculated as DOPAC/DA or 

HVA/DA ratio) was not related to the high running wheel activity during food 

access in the A/J strain (data not shown) [DOPAC/DA r= -0.163, p=0.758; HVA/DA 

r= -0.098, p=0.853]. 

In summary, when comparing the daily scheduled feeding groups, DA 

levels were decreased in the A/J mice and the DA turnover was significantly 

increased when compared to C57BL/6J mice. These findings relate the expression 

of compulsive behavior in A/J mice under scheduled feeding conditions to 

increased DA turnover in the striatum.  

 

 

Figure 2.  The OCD-like behavior in 

scheduled fed A/J mice is associated 

with an increased dopamine turnover 

in the striatum.  Dopamine levels (a) 

and dopamine turnover (b and c) in the 

striatum of C57BL/6J and A/J mice in a 

baseline group (ad libitum food) and in 

a daily scheduled limited food access 

group (scheduled food restriction with 

voluntary running wheel access).  No 

strain differences were observed in 

striatal 5-HT levels and 5-HT turnover 

(data not shown); *indicates significant 

difference within a group between the 

strains (2 way ANOVA p 0.05). 

#indicates significant differences within 

a strain between the two groups (2 way 

ANOVA p 0.05). 

 

 

Cognitive flexibility 

Studies have also demonstrated that extradimensional set-shifting is impaired in 

OCD (Chamberlain et al., 2006).  To validate this phenotype in A/J mice, seperate 

groups of C57BL/6J and A/J mice were also tested on a set-shifting paradigm, 

including reversal, intra- and extra-dimensional set-shifting tasks. There was no 

significant difference between the two strains on trials to criterion during the intra-

dimensional shifts (see supplementary Fig. 1) [one-way ANOVA; IDSI F=0.001, 

p=0.974, IDSII F=0.221, p=0.647, IDSIII F=0.856, p=0.375, IDSIV F=0.310, 

p=0.589]. C57BL/6J and A/J mice performed similar on both reversal tasks [one-

way ANOVA; IDSIV rev F=0.748, p=0.406, EDS rev F=1.560, p=0.238]. However, 

comparable to OCD patients (Chamberlain et al., 2006;Watkins et al., 2005), there 

was a significant difference on the extra-dimensional discrimination during which 

A/J mice needed significantly more trials to reach the criterion compared to 

C57BL/6J (see supplementary Fig. 1) [one-way ANOVA; EDS F=7.959, p=0.017].  

 

Striatal dopaminergic neurochemistry 

To study the relationship of serotonin and dopamine signaling in the striatum and 

the compulsive-like behavior in mice, dopamine (DA) and serotonine (5-HT) and its 

metabolites DOPAC, HVA and 5-HIAA were measured in the striatum of C57BL/6J 

and A/J mice under both baseline (ad libitum food access) and daily scheduled 

limited food access conditions (scheduled food access with voluntary running 

wheel access).  

Results showed no significant differences in 5-HT [two-way ANOVA; strain 

F=1.74, p=0.199, strain x condition F=5.56, p=0.026; post-hoc t-tests p>0.05] or 5-

HT turnover (5-HIAA/5-HT) (data not shown) [two-way ANOVA; strain F=0.82, 

p=0.372, strain x condition F=2.20, p=0.149]. In contrast, there was a significant 

strain effect for DA and DA turnover calculated with either DOPAC or HVA (Fig. 2) 

[two-way ANOVA; DA F=66.65, p<0.0001, DOPAC/DA F=23.20, p<0.0001, 

HVA/DA F=6.82, p=0.014] as well as a significant strain X condition effect [two-way 

ANOVA; DA F=4.80, p=0.037, DOPAC/DA F=21.76, p=0.0002, HVA/DA F=5.40, 

p=0.028].  Dopamine levels in C57BL/6J mice were higher compared to A/J mice 

under baseline as well as under scheduled feeding conditions (Fig. 2a) [post hoc t-

test; baseline F=124.26; p=0.00013, scheduled feeding F=5.45; p=0.0002]. There 

were no differences found in dopamine levels within the A/J strain [post hoc t-test; 

F=0.84; p=0.31] or the C57BL/6J strain [post hoc t-test; F=21.74; p=0.09] between 

the baseline group and the scheduled feeding group. There was a significant strain 

difference in DOPAC/DA ratio between the two scheduled feeding groups, where 

A/J mice showed a higher DA turnover compared to C57BL/6J (Fig. 2b) [post hoc 

t-test; F=4.37; p=0.0004]. Furthermore, there was a significant difference in DA 

turnover within the A/J strain between the baseline and scheduled feeding groups, 

where DA turnover was increased in the scheduled feeding group [post hoc t-test; 
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Thus, the pharmacological efficacy of these different drugs on A/J 

functional and temporal non-functional behaviors resembles the pharmacological 

profile of these drugs in OCD patients.  

 

 

Figure 3.  Frequencies of all different functional and temporal non-functional behaviors 

and the changes in behavioral repertoire in scheduled fed A/J mice following 

subchronic pharmacological treatment with DMI (a and b), CDP (c and d), paroxetine, 

quetiapine or combination of paroxetine and quetiapine (e and f). Behavioral repertoire 

was calculated as the number of different behavioral patterns in the behavior during 

two hours of food availability on the fourth day of scheduled feeding in the 

corresponding treatments.  *indicates significant difference between the groups (2 way 

ANOVA p0.05) and #indicates significant differences between paroxetine and 

combination group (t-test p 0.05). 
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To provide predictive validity for the OCD-like rituals in A/J mice under limited food 

access conditions, A/J mice were treated subchronically with different doses of the 

tricyclic antidepressant DMI, the anxiolytic CDP, the SSRI paroxetine alone or in 

combination with the atypical antipsychotic quetiapine. During these treatments, 

frequencies of functional (eating and drinking) and temporal non-functional 

behaviors were calculated on the fourth day of daily scheduled feeding. 

Different doses of DMI (10, 20 or 25 mg/kg) did not change the frequency 

of either functional or temporal non-functional behaviors when compared to saline 

treated mice (Fig. 3a) [one-way ANOVA; total F= 0.70; p=0.57, eating F=0.70; 

p=0.57, drinking F=1.51; p=0.26, running F=0.64; p=0.60, grooming F=0.69; 

p=0.58, rearing F=1.19; p=0.35, exploration F=0.61; p=0.62]. Also treatment with 

different doses of CDP (5 or 10 mg/kg) resulted in no significant differences 

compared to the saline group (Fig. 3c) [one-way ANOVA; total F=0.54; p=0.60, 

eating F=1.10; p=0.37, drinking F=1.34; p=0.31, running F=0.46; p=0.65, grooming 

F=0.30; p=0.74, rearing F=1.63; p=0.25, exploration F=0.32; p=0.74]. In contrast, 

subchronic treatment with paroxetine showed a significant reduction in the 

frequency of running and exploration (Fig. 3e) [one-way ANOVA; F=8.25; p=0.01, 

F=0.88; p=0.002]. Quetiapine alone showed a reduction in all functional and non-

functional behavioral frequencies except for rearing (Fig. 3e) [one-way ANOVA; 

eating F=0.35; p=0.01, drinking F=1.40; p=0.005, running F=2.23; p=0.03, 

grooming F=4.64; p=0.046, rearing F=0.80; p=0.30, exploration F=0.37; p=0.01] 

and the combination of quetiapine and paroxetine showed a reduction in all 

behavioral frequencies except grooming (Fig. 3e) [one-way ANOVA; eating 

F=0.33; p=0.02, drinking F=6.83; p=0.003, running F=2.30; p=0.003, grooming 

F=6.58; p=0.189, rearing F=0.07; p=0.03, exploration F=0.16; p=<0.0001]. The 

high rate of repetition, indicated by a high total frequency of behaviors expressed 

in A/J mice, was decreased in these treatment groups compared to saline (Fig. 3e) 

[one-way ANOVA; paroxetine F=0.20; p=0.001, quetiapine F=0.71; p=0.002, 

combination F=0.025; p=<0.0001]. However, the combination of quetiapine and 

paroxetine showed a greater effect on total frequencies than paroxetine alone (Fig. 

3e) [t-test F=0.11; p=0.048], indicating a synergistic effect of this combined 

treatment, similar to the human condition(Fineberg et al., 2006;Vulink et al., 2009).  

Treating A/J mice with different doses of DMI or CDP had no effect on the 

behavioral repertoire (Fig. 3b) [one-way ANOVA; DMI F=0.52; p=0.68] (Fig. 3d) 

[one-way ANOVA; CDP F=0.43; p=0.66]. In contrast, subchronic treatment with 

paroxetine, quetiapine or the combination of the two significantly decreased the 

behavioral repertoire in A/J mice compared to the saline group (Fig. 3f) [one-way 

ANOVA F=7.62; p=0.001, post-hoc t-test; paroxetine p=0.019, quetiapine p=0.027, 

combination p=0.001].  
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functional and temporal non-functional behaviors resembles the pharmacological 

profile of these drugs in OCD patients.  
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Figure 4.  Wireless deep brain stimulation of the OFC significantly reduced OCD-like rituals 

in freely moving A/J mice. Frequencies of all different functional and non-functional 

behaviors (a) and changes in behavioral repertoire (b) in scheduled fed A/J mice with or 

without deep brain stimulation of the OFC. Behavioral repertoire was calculated as the 

number of different behavioral patterns in the behavior during two hours of food availability 

on the fourth day of scheduled feeding. Deep brain stimulation of the OFC (DBS-OFC) was 

compared to implanted, but non-stimulated A/J mice (sham) and A/J mice stimulated in the 

anterior part of the olfactory area (DBS-AO). *indicates significant difference between the 

three groups (2 way ANOVA p0.05). 

 

 

Deep brain stimulation 

To study the functional relationship between the cortico-striato-thalamic circuitry in 

a mouse genetic background that is susceptible to express OCD-like rituals, the 

effects of DBS of the OFC on functional and temporal non-functional behaviors 

was examined in A/J mice during the daily scheduled feeding paradigm. These 

behaviors were quantified in stimulated versus non-stimulated A/J mice. 

Subsequent histological examination revealed that in three stimulated animals 

(from the “DBS-OFC” group) the electrodes were misplaced and were not targeting 

the OFC; in stead, the electrodes in these mice were placed in the anterior part of 

the olfactory area (AO). These animals were included in the analysis as a separate 

group called the “DBS-AO” group.  

Stimulation of the OFC showed a significant reduction in the high rate of 

repetition in A/J mice indicated by decreased total frequency of behaviors.  

Specifically the frequency of running was decreased (Fig. 4a) [one-way ANOVA; 

total F=1.381; p=0.002, eating F=6.947; p=0.285, drinking F=0.004; p=0.155, 

running F=11.504; p=0.048, grooming F=4.749; p=0.327, rearing F=1.553; 

p=0.611, exploration F=1.714; p=0.058].  Interestingly, while the frequency of 

running was specifically decreased, this did not affected the total RWA levels [RM 

ANOVA; group F=0.505; p=0.616, group*time F=1.724; p=0.144] (data not shown), 

indicating a reduction in the repetition of this non-functional behavioral component 

following OFC stimulation. The reduction in behavioral frequencies was not seen in 

the DBS-AO group (Fig. 4a) [one-way ANOVA; total F=0.049; p=0.496, eating 

F=5.898; p=0.592, drinking F=2.131; p=0.305, running F=0.013; p=0.992, 

grooming F=2.541; p=0.702, rearing F=0.380; p=0.236, exploration F=0.668; 

p=0.475].  

Furthermore, stimulation of the OFC, but not the AO, significantly reduced 

the behavioral repertoire (Fig. 4b) [one-way ANOVA; F=6.326; p=0.013, post-hoc t-

test; DBS-OFC p=0.002, DBS-AO p=0.937]. C-Fos expression levels were 

quantified in the stimulated (DBS-OFC) and non-stimulated group (sham) in the 

vicinity of the active electrode tip and are shown in Fig. 5. The number of c-Fos 

positive cells was significantly higher in the DBS group compared to the sham 

animals (Fig. 5b) [one-way ANOVA; F=5.642, p=0.02]. 
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Discussion 

 
Here, we identified a behavioral, neurochemical and pharmacological homology of 

OCD rituals in the A/J inbred mouse strain. Reminiscent of OCD patients, A/J mice 

(when in need for food) express repetitive non-functional behaviors leading to 

decreased functional behavior (i.e., eating duration). Neurochemical analysis 

revealed a high dopamine (DA) turnover in the striatum of A/J mice, suggesting a 

hyperdopaminergic state in relation to the expression of strain specific OCD-like 

behavior. Sub-chronic treatment with a broad range of clinically effective and 

ineffective compounds for OCD provided strong predictive validity for this OCD-like 

behavior in A/J mice. Furthermore, wireless deep brain stimulation of the lateral-

ventral OFC in freely moving A/J mice rescued their compulsive phenotype. By 

making use of this genetically susceptible mouse inbred strains, these findings 

demonstrate a functional relationship of targeted OFC neuronal signaling and the 

expression of OCD rituals.   

Reminiscent of the expression of a greater behavioral repertoire with 

reduced functionality in OCD patients (due to the increased repetition of non-

functional behaviors) (Zor et al., 2009a;Zor et al., 2009b) we found a larger 

behavioral repertoire, increased expression of non-functional behaviors, and 

reduced functional behavior (eating and drinking) during scheduled limited food 

access in A/J mice compared to the C57BL/6J strain.  A/J mice also showed a high 

rate of repetition in various behavioral components. Especially behaviors that are 

not related to eating, i.e. non-functional behaviors, are more frequently expressed 

compared to C57BL/6J mice. To further validate the A/J mice as a mouse model 

for OCD symptoms, we investigated cognitive (in) flexibility in a set-shifting task. In 

this paradigm, no significant differences were observed between A/J and 

C57BL/6J mice in intra-dimensional shifts or reversal learning. However, 

comparable to OCD patients (Chamberlain et al., 2006;Watkins et al., 2005), A/J 

needed significantly more trials to reach criterion on the extra-dimensional shift.  

Thus, consistent with previous genetic (Kas et al., 2010) and pharmacological (de 

Haas et al., 2012a;de Haas et al., 2010) studies in A/J versus C57BL/6J mice, the 

A/J genetic background provide a valuable resource for translational studies on 

OCD behavior.   

To provide predictive validity of the OCD-like rituals in A/J mice, the effect 

of pharmacological treatment on the repetitive non-functional behavior were 

studied in A/J mice using a broad range of clinically effective and ineffective drugs. 

In line with clinical data (Foa et al., 1992), DMI had no effect on the frequency of 

functional and non-functional behaviors nor on the behavioral repertoire of A/J 

mice during two hours of limited food access. Likewise, treatment with CDP, an 

anxiolytic drug that has been shown to be ineffective in OCD, was not effective on 
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A central role for the prefrontal cortex in OCD has been proposed based 

on human brain imaging studies that show a hyperactivity of the orbital prefrontal 

areas in OCD patients(Baxter, Jr. et al., 1988;Breiter and Rauch, 1996;Lacerda et 

al., 2003).  To provide evidence for the functional relationship between neuronal 

signaling in the OFC, genetic susceptibility, and the expression of OCD rituals, 

wireless deep brain stimulation (DBS) was performed in freely moving A/J mice 

under scheduled feeding conditions.  Here we showed that DBS of the OFC 

significantly decreased the rate of repetition of behaviors and reduced the 

behavioral repertoire.  These findings were found to be specific to the OFC, as 

mice that received DBS outside the OFC, showed OCD-like rituals similar to the 

non-stimulated A/J controls.  Thus far, no other DBS studies using the OFC as a 

direct brain target have been described. DBS of the subthalamic nucleus (STN) in 

refractory OCD and Parkinson’s patients revealed a positive correlation between 

decreased prefrontal metabolism (at the boundary of the OFC and the medial PFC) 

and decreased Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) compulsivity 

scores.  These findings suggest that the therapeutic effect of STN DBS may be 

related to the decrease of prefrontal cortex activity, and, consistent with our 

findings, especially in the OFC (Le Jeune et al., 2010;Kalbe et al., 2009;Guo et al., 

2008).   Taken together, the behavioral, neurochemistry and pharmacological 

validation indicate that A/J mice provide a useful genetic background strain for 

neurobiological studies on OCD rituals.  Based on DBS in this mouse model for 

OCD rituals, we propose that the OFC is a key neuronal target in the generation of 

OCD rituals and should be considered as an important new target for OCD 

treatment.   

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

the frequency of functional and non-functional behavior and on the behavioral 

repertoire. As to whether anxiety is a key feature of OCD is currently a matter of 

debate in the prologue to the DSM  V (Stein et al., 2010;Hollander et al., 

2008;Phillips et al., 2010;Bartz and Hollander, 2006), but our findings indicate that 

the non-functional behavior in this model is not due to high anxiety levels in the A/J 

strain. Subchronic treatment with paroxetine decreased the frequency of non-

functional behaviors (running, exploration and total frequencies) as well as the 

behavioral repertoire in the A/J mice.  The combination treatment of paroxetine 

with quetiapine was even more effective compared to paroxetine alone in 

decreasing the repetitive non-functional behavior in A/J mice and reduced this to 

the levels seen in the non-susceptible C57BL/6J mouse strain. These results are in 

line with the clinical findings demonstrating that SSRIs are currently first-line 

treatment in OCD patients and that in treatment of refractory patients, addition of 

atypical antipsychotics may augment the effects of SSRI’s. Monotherapy with 

quetiapine decreased the frequency of all behaviors (except grooming) and 

decreased the behavioral repertoire. As yet there is no clinical data on the effects 

of atypical antipsychotics in pure OCD patients, but case reports in patients with 

co-morbid psychosis suggest that it may exacerbate obsessive compulsive 

symptoms (Lykouras et al., 2003).  

By means of neuro-imaging studies in humans, increased dopamine 

signaling in the cortico-striato-thalamic circuitry has been related to OCD 

(Westenberg et al., 2007;Denys et al., 2004b;Del Casale et al., 2011).  To evaluate 

neurochemical differences between A/J and C57BL/6J in the striatum, 5-HT and 

DA levels as well as levels of turnover were measured at baseline (ad libitum food 

and without a running wheel) and during two hours of scheduled limited food 

access with voluntary access to a running wheel.  A/J mice had lower DA levels in 

the striatum under both baseline and scheduled feeding conditions when 

compared to the C57BL/6J mice. DA turnover was strongly increased in A/J mice 

during scheduled feeding compared to the baseline ad libitum fed A/J mice 

indicative of a strong relationship between DA turnover and the expression of 

OCD-like rituals. Since this increase was not seen in the C57BL/6J strain or A/J 

strain under baseline conditions, increased DA turnover in the striatum is 

associated with the expression of OCD-like rituals in scheduled fed A/J mice. No 

strain differences were observed in relation to 5-HT and 5-HT turnover. Therefore, 

the high DA turnover in the striatum suggests a hyperdopaminergic state when 

mice are displaying their compulsive behavior resembling the increased striatal 

hyperdopaminergic state in OCD (van der Wee et al., 2004;Olver et al., 

2009;Denys et al., 2004a).   

 

 

 



5

DBS of the OFC rescues a mouse homolog of obsessive-compulsive disorder rituals.

115 

A central role for the prefrontal cortex in OCD has been proposed based 

on human brain imaging studies that show a hyperactivity of the orbital prefrontal 

areas in OCD patients(Baxter, Jr. et al., 1988;Breiter and Rauch, 1996;Lacerda et 

al., 2003).  To provide evidence for the functional relationship between neuronal 

signaling in the OFC, genetic susceptibility, and the expression of OCD rituals, 

wireless deep brain stimulation (DBS) was performed in freely moving A/J mice 

under scheduled feeding conditions.  Here we showed that DBS of the OFC 

significantly decreased the rate of repetition of behaviors and reduced the 

behavioral repertoire.  These findings were found to be specific to the OFC, as 

mice that received DBS outside the OFC, showed OCD-like rituals similar to the 

non-stimulated A/J controls.  Thus far, no other DBS studies using the OFC as a 

direct brain target have been described. DBS of the subthalamic nucleus (STN) in 

refractory OCD and Parkinson’s patients revealed a positive correlation between 

decreased prefrontal metabolism (at the boundary of the OFC and the medial PFC) 

and decreased Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) compulsivity 

scores.  These findings suggest that the therapeutic effect of STN DBS may be 

related to the decrease of prefrontal cortex activity, and, consistent with our 

findings, especially in the OFC (Le Jeune et al., 2010;Kalbe et al., 2009;Guo et al., 

2008).   Taken together, the behavioral, neurochemistry and pharmacological 

validation indicate that A/J mice provide a useful genetic background strain for 

neurobiological studies on OCD rituals.  Based on DBS in this mouse model for 

OCD rituals, we propose that the OFC is a key neuronal target in the generation of 

OCD rituals and should be considered as an important new target for OCD 

treatment.   

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

the frequency of functional and non-functional behavior and on the behavioral 

repertoire. As to whether anxiety is a key feature of OCD is currently a matter of 

debate in the prologue to the DSM  V (Stein et al., 2010;Hollander et al., 

2008;Phillips et al., 2010;Bartz and Hollander, 2006), but our findings indicate that 

the non-functional behavior in this model is not due to high anxiety levels in the A/J 

strain. Subchronic treatment with paroxetine decreased the frequency of non-

functional behaviors (running, exploration and total frequencies) as well as the 

behavioral repertoire in the A/J mice.  The combination treatment of paroxetine 

with quetiapine was even more effective compared to paroxetine alone in 

decreasing the repetitive non-functional behavior in A/J mice and reduced this to 

the levels seen in the non-susceptible C57BL/6J mouse strain. These results are in 

line with the clinical findings demonstrating that SSRIs are currently first-line 

treatment in OCD patients and that in treatment of refractory patients, addition of 

atypical antipsychotics may augment the effects of SSRI’s. Monotherapy with 

quetiapine decreased the frequency of all behaviors (except grooming) and 

decreased the behavioral repertoire. As yet there is no clinical data on the effects 

of atypical antipsychotics in pure OCD patients, but case reports in patients with 

co-morbid psychosis suggest that it may exacerbate obsessive compulsive 

symptoms (Lykouras et al., 2003).  

By means of neuro-imaging studies in humans, increased dopamine 

signaling in the cortico-striato-thalamic circuitry has been related to OCD 

(Westenberg et al., 2007;Denys et al., 2004b;Del Casale et al., 2011).  To evaluate 

neurochemical differences between A/J and C57BL/6J in the striatum, 5-HT and 

DA levels as well as levels of turnover were measured at baseline (ad libitum food 

and without a running wheel) and during two hours of scheduled limited food 

access with voluntary access to a running wheel.  A/J mice had lower DA levels in 

the striatum under both baseline and scheduled feeding conditions when 

compared to the C57BL/6J mice. DA turnover was strongly increased in A/J mice 

during scheduled feeding compared to the baseline ad libitum fed A/J mice 

indicative of a strong relationship between DA turnover and the expression of 

OCD-like rituals. Since this increase was not seen in the C57BL/6J strain or A/J 

strain under baseline conditions, increased DA turnover in the striatum is 

associated with the expression of OCD-like rituals in scheduled fed A/J mice. No 

strain differences were observed in relation to 5-HT and 5-HT turnover. Therefore, 

the high DA turnover in the striatum suggests a hyperdopaminergic state when 

mice are displaying their compulsive behavior resembling the increased striatal 

hyperdopaminergic state in OCD (van der Wee et al., 2004;Olver et al., 

2009;Denys et al., 2004a).   
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Supplementary Methods 

 

Set-shifting task 

Mice were food deprived to reduce body weight to 85% of their ad libitum body 

weight and were habituated to the testing materials for three consecutive days 

before evaluation. At the start of each trial, the mouse was placed in the testing 

chamber to explore two bowls with combinations of odors and digging media until 

digging in one bowl started, this signified a choice. The bait was a piece of Honey 

Nut Cheerios cereal and the cues, either olfactory (odor) or somatosensory and 

visual (texture of the digging medium which hides the bait), were altered and 

counterbalanced. All detailed information about this task can be found in the 

previously published paper by Bissonette et al. (Bissonette et al., 2008). On the 

first day, mice were given four consecutive trials with the baited food bowl to 

ascertain they could reliably dig. Testing was performed over a four day period. On 

day 1 the simple discrimination (SD) and compound discrimination (CD) were 

tested, day 2; intradimensional shift (IDS) I, II and III, day 3; IDS IV and reversal 

discrimination (IDS IV rev), day 4; extradimensional shift (EDS) and reversal (EDS 

rev). A criterion of eight consecutive correct trials was required to complete each 

task. Data from the reversal and set shifting task in mice were expressed as the 

number of trials to criterion; values were mean ± standard error of the means for 

each strain.  Differences were assessed by a one-way ANOVA procedure (SPSS, 

version 12.0.1. for windows).  

 
 

Supplementary Figure 1 The number of trials to reach criterion for C57BL/6J (n=8) and A/J 

(n=5) mice. A/J mice showed a significant increase of failures during the extra-dimensional set-

shifting (EDS) task when compared to C57BL/6J.  *indicates significant difference between the 

strains (one way ANOVA p 0.05). 
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Abstract 
 

Obsessive compulsive disorder (OCD) is a disabling psychiatric disorder and has 

an estimated lifetime prevalence of 2%.  Patients with OCD may have different 

clinical presentations, because of the heterogeneity of OCD rituals it is difficult to 

use rating scales to quantify and analyze the rituals. Therefore, a new approach 

based on human ethology assessments has been introduced.  For this approach, 

videotapes were made of OCD patients performing rituals in their own home and 

compared to rituals performed by matched healthy individuals. The different 

behaviors were divided into functional and non-functional behavior. Results 

showed that repetition of behaviors and addition of non-functional behaviors (such 

as touching, checking) are important behavioral characteristics of OCD rituals. This 

approach enables the investigation of the structure and behavioral characteristics 

of OCD rituals across-species (e.g. mice and human) and also cross-clinical 

diagnoses (e.g. OCD, Anorexia Nervosa or Autism). Previously, we have studied 

two mouse inbred strains (A/J and C57BL/6J) during a daily scheduled episode of 

limited food access to assess their biological functional behavior (eating and 

drinking) and (under these conditions) temporal non-functional behavior (e.g., 

grooming, wheel running, rearing) (Chapter 5).  The aim of this pilot study was to 

replicate this ethological approach in a small sample of OCD patients with matched 

healthy control individuals. Furthermore, we would like to compare these results 

from functional and non-functional behaviors in humans with the behavioral results 

in mice. Results showed, in line with the literature, that rituals in OCD patients 

consisted of more behavioral acts and especially more non-functional behaviors 

compared to control rituals. The same approach was used for behavioral mice data 

which demonstrated a similar behavioral profile in A/J mice compared to OCD 

patients. Large proportion of their behavior was non-functional and, in total, A/J 

mice performed more behavioral acts compared to C57BL/6J mice. This 

ethological approach is very useful in identifying and quantifying OCD rituals cross 

species (human and mice) and therefore very helpful in translational research.   
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functional behavioral acts, it was found that the fraction of non-functional behaviors 

was 18.6% in control subjects, and 60.9% in OCD patients (Zor et al., 2009b). Zor 

et al. described the repetitions and the large number of non-functional behavioral 

acts as a hallmark of OCD behavior that provide an ethological basis for studying 

OCD behavior in animals. 

Previously, we have studied two mouse inbred strains during a daily 

scheduled episode of limited food access to assess their biological functional 

behavior (eating and drinking) and (under these conditions) temporal non-

functional behavior (e.g., grooming, wheel running, rearing) (Chapter 5).  Results 

showed, reminiscent of the expression of a greater behavioral repertoire with 

reduced functionality in OCD patients (due to the increased repetition of non-

functional behaviors) (Zor et al., 2009a;Zor et al., 2009b) we found a larger 

behavioral repertoire, increased expression of non-functional behaviors, and 

reduced functional behavior (eating and drinking) during scheduled limited food 

access in A/J mice compared to the C57BL/6J strain.  A/J mice also showed a high 

rate of repetition in various behavioral components. Especially behaviors that are 

not related to eating, i.e. non-functional behaviors are more frequently expressed 

compared to C57BL/6J mice. 

The aim of this pilot study was to replicate this ethological approach in a 

small sample of OCD patients with matched healthy control individuals. 

Furthermore, to compare these results of functional and non-functional behaviors 

in humans with the behavioral results in mice.    

 

Figure 1: Different behavioral acts performed by a healthy control individual and OCD patients 
during the ritual “leaving the house”. Large circles indicate functional and small circles indicate 
non-functional behavior.  

 

Introduction 
 

Obsessive compulsive disorder (OCD) is a disabling psychiatric disorder and has 

an estimated lifetime prevalence of 2%.  OCD is not a unitary concept,  patients 

with OCD may have different clinical presentations; cleaning, checking, ordering 

and hoarding are the most prevalent behaviors and concerns about contamination 

or harming others or impulses to count, touch or check are commonly seen 

obsessions. Both interviews and rating scales are used for diagnosis, assessment 

and treatments of OCD, however there are some limitations to consider. Rating 

scales are based on patient self-reports and that give limited information about the 

form and structure of their compulsions. The outcome of an interview is based on 

the subjectivity of the clinician and his/her knowledge and experience. Because of 

the heterogeneity of OCD rituals it is difficult to use rating scales to quantify and 

analyze the rituals. Therefore, a new approach based on human ethology 

assessments has been introduced to examine behavior on the basis of 

experimental observations rather than on evidence provided by the clinicians’ 

observations and patient self report data (Zor et al., 2009a). This approach enables 

the investigation of the structure and behavioral characteristics of OCD rituals 

across-species (e.g. mice and men) and also cross-clinical diagnoses (e.g. OCD, 

Anorexia Nervosa or Autism).  

For this approach, videotapes were made of OCD patients performing 

rituals in their own home and compared to rituals performed by matched healthy 

individuals. Rituals were deconstructed into specific behavioral acts which could be 

divided into functional and non-functional behavior. Functional behavior was 

defined as the behavioral acts that were performed by both the OCD patient and 

his/her matched control and that was found to be essential to perform the task 

(e.g., opening the door when leaving the house). Non-functional behavior was 

defined as the behavioral acts performed by only one of the two groups (mostly the 

OCD patient); these acts were found to be unnecessary or even irrelevant to the 

task (e.g., checking the bathroom window). Most commonly used non-functional 

behavioral acts in OCD rituals were “touch”, “hold”, “stare” and “check” (Zor et al., 

2009a).  

Previous studies showed that the overall duration of an OCD ritual was 

significantly longer compared to controls (Zor et al., 2009a; Zor et al., 2009b). 

There were no differences in mean duration of a behavioral act between OCD and 

control rituals. The increase in overall duration of an OCD ritual was found to be a 

result of increased number of different behavioral acts (larger behavioral 

repertoire) and repetition of behavioral acts. In controls, 80% of the behavioral acts 

were performed only once, whereas 50% of behavioral acts in OCD rituals were 

performed twice or more (Zor et al., 2009a). When comparing functional and non-
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Results 
 

Functional and non-functional behavior in humans 

OCD rituals contained a significantly higher total frequency of behavioral acts 

compared to control rituals (data not shown) [one-way ANOVA; F= 0.837, p= 

0.028]. As an example the ritual “leaving the house” was depicted in Figure 1, large 

circles represent the functional behavioral acts and the small circles the non-

functional behavioral acts (examples of non-functional behaviors are; touching, 

counting, checking). The frequency of non-functional behavioral acts was 

significantly higher in OCD rituals compared to control rituals (Figure 2B) [one-way 

ANOVA; F= 0.937, p= 0.001]. There was no difference found in frequency of 

functional behavioral acts between OCD and control rituals (data not shown) [one-

way ANOVA; F= 1.386, p= 0.485]. When comparing the frequency as a proportion 

of total frequency, OCD patients showed significantly more non-functional behavior 

compared to healthy individuals (Figure 2D) [one-way ANOVA; F= 0.462, p= 

0.030].  

 

Functional and non-functional behavior in mice 

In chapter 5 of this thesis the scheduled feeding paradigm is described as well as 

the difference between two inbred mouse strains (A/J and C57BL/6J) with regard 

to the degree of compulsive-like behavior these animals display. Their behavior 

during the two hours of food access was videotaped and different behaviors were 

scored and analyzed. Behaviors displayed by the mice could also be divided into 

functional and non-functional behavior. Since eating in this behavioral paradigm is 

essential to survive, the frequency of eating and drinking was defined as functional 

and the other behaviors not related to eating were defined as non-functional (e.g. 

running, grooming). 

A/J mice showed a significantly higher total frequency of behavioral acts 

compared to C57BL/6J (data not shown) [one-way ANOVA; F= 5.502, p= 0.031]. 

Frequency of non-functional behavioral acts was significantly higher in A/J 

compared to C57BL/6J (Figure 2A) [one-way ANOVA; F= 6.356, p= 0.046]. There 

was no difference in the frequency of functional behavioral acts (data not shown) 

[one-way ANOVA; F= 7.922, p= 0.701]. Of all behaviors, 75% was non-functional 

in A/J in contrast to 54% in C57BL/6J (Figure 2C) [one-way ANOVA; non-

functional: F= 0.277, p= 0.001].  

 

 

 

Materials and Methods 
 

Subjects 

In the present study six OCD rituals from three different patients, meeting the DSM 

IV criteria for OCD (two males, age 54 and 51;one female, age 38) and six control 

rituals of three age matched healthy individuals (one male, age 61 and two 

females, age 55 and 24) were videotaped and analyzed. After a complete 

description of the study to the subjects, written informed consent was obtained. 

 

Procedure 

The experimenter arrived at the patient’s home and described the aim and 

procedure of the research to the patient and asked again for the approval to 

participate.  The patient was requested to display one of the three rituals (hand 

washing, leaving the house or doing the dishes). After explanation of the procedure 

the experimenter started videotaping by following the patient with a handheld 

camera. After each ritual the patient was asked to rate the degree of similarity 

(from 0-100%) to their behavior performed without camera and experimenter. 

Patients rated their rituals to show between 90-95% similarity and healthy 

individuals rated between 60-100% similarity.  

 

Data analysis 

All different behavioral acts were scored by playing back the videotapes and 

making use of the computer program Observer (Noldus Information Technology 

BV, Wageningen, The Netherlands). The allocation of the behavioral acts were in 

agreement with the previous studies (Zor et al., 2009b); when behavioral acts were 

present in both the OCD and control group it was defined as functional, when 

present in only one of the two groups it was defined as non-functional.  

 

Statistics 

Frequency of functional and non-functional behavioral acts and behavioral acts as 

a proportion of total frequency was expressed as mean ± standard error of the 

mean for each group and differences were assessed by a one-way ANOVA 

procedure (SPSS, version 12.0.1. for windows).   
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Discussion 

 

In this pilot study we have replicated the ethological approach of Zor and co-

workers in a small sample of OCD patients vs. healthy individuals and made the 

comparison with previously collected mouse data of A/J vs. C57BL/6J mice in the 

scheduled feeding paradigm (chapter 5). Rituals in OCD patients consisted of 

more behavioral acts and especially more non-functional behaviors compared to 

control rituals. Total frequency of behavioral acts was higher in OCD patients due 

to repetition of behaviors and also by addition of non-functional behaviors. These 

results are in line with the literature, indicating that this is a robust and reliable 

analysis method for quantifying OCD rituals. The same approach was used for 

behavioral mice data which demonstrated a similar behavioral profile in A/J mice 

compared to OCD patients. Large proportion of their behavior was non-functional 

and, in total, A/J mice performed more behavioral acts compared to C57BL/6J 

mice. This ethological approach is very useful in identifying and quantifying OCD 

rituals cross species (human and mice) and therefore very helpful in translational 

research.  This is a critical next step for studying the neurobiological mechanisms 

underlying these translational phenotypes of OCD and to provide clinically relevant 

outcome measures for intervention studies in mice and human subjects. 

Furthermore, it would be interesting to use this tool across different psychiatric 

diagnosis to investigate whether these behavioral characteristics are also found in 

other disorders such as Anorexia Nervosa (AN) or other OCD spectrum disorders, 

and whether they share genetic underpinnings. In a future study, videotapes can 

be made from different OCD rituals (e.g. hand washing, locking the door) and 

eating rituals (e.g. having lunch or dinner) performed by healthy individuals, OCD 

and AN patients. The hypothesis would be that AN patients show similar non-

functional behaviors during eating rituals, but none or less during OCD rituals. 

OCD patients would show less non-functional behavior when eating compared to 

their specific OCD ritual. Taken together, this pilot study puts forward novel 

possibilities for OCD research in view of clinically relevant phenotypes with 

translational value. 

 
 
 
 
 
 
 
 
 
 

 

 

Figure 2: Frequency (A+C) and proportion of total frequency (B+D) of non-functional 
behavior of OCD patients vs. healthy individuals (n=6 per group) (A+B) and A/J vs. 
C57BL/6J mice (n=4 per group) (C+D). 
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Abstract 
 

Obsessive Compulsive Disorder (OCD) is a psychiatric condition characterized by 

recurring obsessions and compulsions that significantly interfere with daily 

functioning. Repetition of behaviors and addition of non-functional behaviors (such 

as touching, checking) are important behavioral characteristics of OCD rituals. The 

pathophysiology of OCD is still poorly understood. Neuroimaging studies in OCD 

patients have shown alterations in different brain areas, most common finding is 

the metabolic increase, particularly in the OFC and medial frontal cortex. The aim 

of this study was to investigate whether dysfunction of the OFC would attenuate 

non-functional compulsive-like behavior in C57BL/6J mice, a mouse strain that 

normally lacks the expression of this compulsive-like behavior in a scheduled 

feeding paradigm. OFC-lesioned and intact C57BL/6J mice were tested in a 

scheduled feeding paradigm, where food was only available for two hours a day 

with free access to a running wheel. There were no effects found of OFC lesions 

on daily running wheel activity neither during food access nor on body weight and 

food intake. However, OFC lesioned mice showed increased frequency of non-

functional behaviors at the expense of functional behavior such as eating, which 

was decreased in frequency. When calculating the proportions of functional and 

non-functional behavior there was a significant increase in the OFC lesion group in 

non-functional behavior (sham 65% and OFC lesion 73%). These findings indicate 

that OFC dysfunction in the (non-responsive) background strain C57BL/6J induces 

compulsive-like behavior. In conclusion, we showed the functional importance of 

the OFC in expressing compulsive behavior in mice. More (pre-) clinical research 

has to be done to get more insight into the functional role of the OFC in the 

neurobiology of OCD.  
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Abstract 
 

Obsessive Compulsive Disorder (OCD) is a psychiatric condition characterized by 

recurring obsessions and compulsions that significantly interfere with daily 

functioning. Repetition of behaviors and addition of non-functional behaviors (such 

as touching, checking) are important behavioral characteristics of OCD rituals. The 

pathophysiology of OCD is still poorly understood. Neuroimaging studies in OCD 

patients have shown alterations in different brain areas, most common finding is 

the metabolic increase, particularly in the OFC and medial frontal cortex. The aim 

of this study was to investigate whether dysfunction of the OFC would attenuate 

non-functional compulsive-like behavior in C57BL/6J mice, a mouse strain that 

normally lacks the expression of this compulsive-like behavior in a scheduled 

feeding paradigm. OFC-lesioned and intact C57BL/6J mice were tested in a 

scheduled feeding paradigm, where food was only available for two hours a day 

with free access to a running wheel. There were no effects found of OFC lesions 

on daily running wheel activity neither during food access nor on body weight and 

food intake. However, OFC lesioned mice showed increased frequency of non-

functional behaviors at the expense of functional behavior such as eating, which 

was decreased in frequency. When calculating the proportions of functional and 

non-functional behavior there was a significant increase in the OFC lesion group in 

non-functional behavior (sham 65% and OFC lesion 73%). These findings indicate 

that OFC dysfunction in the (non-responsive) background strain C57BL/6J induces 

compulsive-like behavior. In conclusion, we showed the functional importance of 

the OFC in expressing compulsive behavior in mice. More (pre-) clinical research 

has to be done to get more insight into the functional role of the OFC in the 

neurobiology of OCD.  
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specific to the OFC, as mice that received DBS outside the OFC, showed OCD-like 

rituals similar to the non-stimulated A/J controls.   

The aim of this study was to investigate whether dysfunction of the OFC 

would attenuate non-functional compulsive-like behavior in C57BL/6J mice, a 

mouse strain that normally lacks the expression of this compulsive-like behavior. 

OFC-lesioned and intact C57BL/6J mice were tested in a scheduled feeding 

paradigm, where food was only available for two hours a day with free access to a 

running wheel. The hypothesis was that OFC-lesioned C57BL/6J mice would show 

increased non-functional compulsive-like behavior, meaning increased rate of 

repetition of behaviors and a larger behavioral repertoire, compared to intact 

C57BL/6J mice.   

 

Materials and methods 
 

Animals  

In this study C57BL/6J mice were used. Initial breeding pairs were obtained from 

The Jackson Laboratory (Bar Harbor, ME, USA) and sustained in our breeding 

facility. All mice were socially housed under controlled conditions (temperature 20-

21 °C and humidity 50-70%) with a 12-hour light-dark cycle. Food and water were 

given ad libitum. All mice were 3-4 months old at the start of the experiment. The 

experimental procedure was approved by the Animal Experimentation Committee 

of Utrecht University and was carried out in agreement with Dutch Laws (Wet op 

de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 

 

Surgery OFC lesions 

C57BL/6J mice (sham group n=7, OFC lesion group n=8) underwent stereotactic 

surgery and were anesthetized using inhalation anesthesia with 1-2% isoflurane in 

oxygen and nitrous oxide and placed in a sterotaxic apparatus (model 902, Kopf, 

Tujunga, California, USA).  Bilateral stereotaxic lesions were made in the orbital 

frontal cortex (OFC) (anteroposterior, + 2.6 mm; mediolateral, +/- 1.2 mm; 

dorsoventral, -2 mm from the skull) all from bregma at an angle of 15° based upon 

the Mouse Brain Atlas of Paxinos and Franklin (2008). At each lesion site, ~0.1 l 

of sterile N-methyl-Daspartic acid (NMDA, 12.5 mg/ml in 0.9% saline, Sigma 

Chemical Co., St. Louis, MO) was injected. For control sham lesions, saline vehicle 

alone was injected. Additional pain reduction was achieved by means of 

subcutaneous administration with Carprofen (5mg/kg) 30 min. Before surgery, as 

well as 12 and 24 hours after surgery. Lidocaine was used to induce local 

analgesia on the dura. Eye liniment (Chlooramfenicol 1% + vit. A, Virbac 

Nederland B.V., Barneveld, The Netherlands) was used to prevent dehydration of 

the eyes. After surgery animals were able to recover for a period of at least two 

 

Introduction 
 

Obsessive Compulsive Disorder (OCD) is a psychiatric condition characterized by 

recurring obsessions and compulsions that significantly interfere with daily 

functioning. Repetition of behaviors and addition of non-functional behaviors (such 

as touching, checking) are important behavioral characteristics of OCD rituals (Zor 

et al., 2009). Hallmark of OCD is doubt and uncertainty regarding the 

consequences of certain acts or decisions (Sachdev and Malhi, 2005). The 

pathophysiology of OCD is still poorly understood. Neuroimaging studies are 

important in advancing our understanding of the neurobiology of OCD. Imaging 

studies in OCD patients have shown alterations in different brain areas; prefrontal 

cortex (PFC), orbital frontal cortex (OFC), basal ganglia, anterior cingulate cortex 

(ACC) and/or thalamus between OCD patients and healthy controls (Del Casale et 

al., 2011). Most common finding is the metabolic increase, particularly in the OFC 

and medial frontal cortex in OCD patients (Friedlander and Desrocher, 2006).  The 

OFC is implicated in planning, decision-making and reward processing, damage to 

the OFC has been linked to impairment in reversal learning (Tsuchida et al., 2010). 

Abnormal OFC activity can lead to longer deliberation before decisions are made, 

because of reward uncertainty. Hyperactivity has also been found in the ACC 

(which monitors decision outcome) and has been shown to positively correlate with 

symptom severity in OCD patients.  It has been suggested that OCD involves 

overactivity of a system designed to detect errors, leading to a preoccupation with 

correcting perceived mistakes, leading to repetition of the behavior (Fitzgerald et 

al., 2005). 

Currently, deep brain stimulation (DBS) is being investigated as an 

experimental therapy for OCD and different target brain areas are used (Goodman 

and Alterman, 2012). The underlying principle and neuronal mechanisms of DBS 

are not well understood, however, translation research has shown that DBS 

directly changes brain activity in a controlled manner and that the effects are 

reversible (Kringelbach et al., 2010). Previously, we have shown that DBS of the 

OFC in A/J mice can rescue compulsive-like behavior in a scheduled feeding 

paradigm (de Haas et al., submitted). This compulsive-like behavior was not 

present in the genetic background strain C57BL/6J indicating that genetic 

background, specific to A/J mice, is mediating the expression of this behavior. To 

provide evidence for the functional relationship between neuronal signaling in the 

OFC, genetic susceptibility, and the expression of OCD rituals, wireless DBS was 

performed in freely moving A/J mice under scheduled feeding conditions.  Results 

showed that DBS of the OFC significantly decreased the rate of repetition of 

behaviors and reduced the behavioral repertoire.  These findings were found to be 
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Currently, deep brain stimulation (DBS) is being investigated as an 

experimental therapy for OCD and different target brain areas are used (Goodman 

and Alterman, 2012). The underlying principle and neuronal mechanisms of DBS 

are not well understood, however, translation research has shown that DBS 

directly changes brain activity in a controlled manner and that the effects are 

reversible (Kringelbach et al., 2010). Previously, we have shown that DBS of the 

OFC in A/J mice can rescue compulsive-like behavior in a scheduled feeding 

paradigm (de Haas et al., submitted). This compulsive-like behavior was not 

present in the genetic background strain C57BL/6J indicating that genetic 

background, specific to A/J mice, is mediating the expression of this behavior. To 

provide evidence for the functional relationship between neuronal signaling in the 

OFC, genetic susceptibility, and the expression of OCD rituals, wireless DBS was 

performed in freely moving A/J mice under scheduled feeding conditions.  Results 
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Statistical analysis  

To assess the non-functional compulsive-like behavior, different parameters were 

used; running wheel activity (RWA), bodyweight, food intake and frequency of 

behaviors. The latter can be divided into functional (eating and drinking) and non-

functional behaviors (running, grooming, rearing and exploration).  RWA, body 

weight and food intake were expressed as mean ± standard error of the means for 

each group. Differences were assessed by a repeated measures (RM) ANOVA 

procedure (SPSS, version 12.0.1. for windows), using a between subject factor 

(GROUP) and within subject factor (DAYS) followed with post hoc t-testing 

(significance level; p=0.05). The frequency of behaviors was expressed as mean ± 

standard error of the means for each group. Functional behavior was calculated as 

the sum of all eating and drinking frequencies and expressed as percentage of 

total frequencies. Non-functional behavior was calculated as the sum of all running, 

grooming, rearing and exploration frequencies and expressed as percentage of 

total frequencies. Differences were assessed by a one-way ANOVA procedure 

(SPSS, version 12.0.1. for windows). 

 

 

Results 
 

Histology 

To verify the location of the lesion and degenerating neurons a Nissl and Fluoro-

Jade staining were performed 24h after the surgery. Representative 

photomicrographs are shown of a sham operated (Figure 1 A+C) and an OFC 

lesion animal (Figure 1 B+D). In both groups Fluoro-Jade positive cells were 

detected at the injection site in the OFC, probably due to damage caused by the 

injection needle; however after NMDA injection the number of positive cells was 

greater compared to sham operated animals. The area of positive cells was 

greater at the injection site but also higher around the needle, probably due to the 

injection procedure. 

 

Running wheel activity 

Daily running wheel activity (RWA) was not different between the OFC lesion and 

sham group (data not shown) [RM ANOVA; group F=0.152, p=0.702; group*time 

F=0.472, p=0.556]. The RWA during limited food access was also similar between 

the two groups (data not shown) [RM ANOVA; group F=0.048, p=0.830; 

group*time F=0.342, p=0.659].  

 

 

weeks, with food and water available ad libitum before being tested in a daily 

scheduled food restriction paradigm. 

 

Scheduled feeding paradigm 

At least two weeks before the experiment started mice were placed on an altered 

light-dark cycle (dark period started at 12 a.m.). Hereafter animals were housed 

individually in cages (26 x 12 x 16 cm, l x w x h) containing a running wheel 

(diameter 14 cm, width 9 cm). The animals were adapted to the running wheel for 

one week under ad libitum food and water conditions and daily measurements of 

body weight and food intake were taken. Individual running wheel activity was 

measured continuously by using Cage Registration Software (Department of 

Biomedical Engineering, UMC Utrecht, The Netherlands). After one week of 

adaptation the scheduled feeding paradigm of four consectuctive days started, 

were food was available only for the first two hours of the dark fase. Body weight 

and food intake were measured daily before and after food acces. On the fourth 

day of scheduled food access video recordings were made during the two hours of 

food availability. Frequency of behaviors were scored with Observer (Noldus, The 

Netherlands).  

 

Fluoro-Jade staining 

A Fluoro-Jade staining was performed to assess the extent of the neurotoxic lesion 

made by the NMDA injection.  Fresh frozen brains were cryostat (-20 ºC) sectioned 

at 16 µm, mounted on Super-Frost Plus slides (Eric Scientific Co, Portmouth, NH) 

and fully air dried on a slide warmer at 50°C for at least half an hour.  The slides 

were immersed in 100% ethyl alcohol for 3 min followed by a 1 min change in 70% 

alcohol and a 1 min change in distilled water. Then they were transferred to a 

solution of 0.06% potassium permanganate for 15 min and were gently shaken on 

a rotating platform. The slides were rinsed for 1 min in distilled water and were 

then transferred to the Fluoro-Jade staining solution where they are gently agitated 

for 30 min. A 0.01% stock solution of the dye was prepared by dissolving 10 mg 

Fluoro-Jade in 100 ml of distilled water. The 0.001% working solution of Fluoro-

Jade was prepared by adding 10 ml of the stock Fluoro-Jade solution to 90 ml of 

0.1% acetic acid in distilled water. After staining, the sections were rinsed with 

three 1 min changes of distilled water. Excess water was drained off, and the 

slides were rapidly air dried on a slide warmer or with a hot air gun. When dry, the 

slides were immersed in xylene and then coversliped with D.P.X. Aldrich Chem. 

Co., Milwaukee, WI. mounting media.  
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Frequency of (non) functional behaviors 

Total frequency of behaviors was not significantly different between the lesioned 

and sham group (Figure 2A) [one-way ANOVA; total F=1.565, p=0.230].  Non-

functional behaviors (e.g., grooming and running) were increased in contrast to the 

functional behaviors (eating and drinking) (Figure 2A) [one-way ANOVA; running 

F= 1.597, p=0.226; grooming F=2.434, p=0.140; rearing F=2.247, p=0.155; 

exploration F=1.901, p=0.188]. The frequency of eating was significantly lower in 

OFC lesion animals compared to sham, frequency of drinking was similar between 

the groups (Figure 2A) [one-way ANOVA; eating F=10.581, p=0.005; drinking 

F=0.040, p=0.844].  

 

% (non) Functional behavior 

All different behaviors can be divided in functional and non-functional and can be 

expressed as a proportion of total frequency. The OFC lesion group showed 

significantly more non-functional behavior compared to the sham group. In OFC 

lesion animals 73% of total behavior consist of non-functional behavior, in contrast 

to 65% in the sham group (Figure 2B) [one-way ANOVA; functional F=5.155, 

p=0.038; non-functional F=5.155, p=0.038].  

 

Body weight and Food Intake 

During limited food access, body weight and food intake were measured daily. 

There were no significant differences between the OFC lesion and sham group in 

both parameters (data not shown) [RM ANOVA; body weight: group F=0.780, 

p=0.392; group*time F=0.821, p=0.464; food intake: group F=0.400, p=0.537; 

group*time F=0.415, p=0.668].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Representative photomicrographs of a sham operated (A+C) and an OFC lesion 

animal (B+D). Nissl (A+B) and fluoro-jade staining (C+D) were performed 24h after surgery to 

identify correct placement and degenerating neurons due to the neurotoxic lesion.   
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Discussion 
 

In this study we show that dysfunction of the OFC, increased compulsive-like 

behavior in C57BL/6J mice in the scheduled feeding paradigm. There were no 

effects found of OFC lesions on daily running wheel activity neither during food 

access nor on body weight and food intake. However, OFC lesioned mice showed 

increased frequency of non-functional behaviors at the expense of functional 

behavior such as eating, which was decreased in frequency. In this model, eating 

is important to survive, because mice are unable to consume the normal daily 

amount of food in these two hours. When calculating the proportions of functional 

and non-functional behavior there was a significant increase in the OFC lesion 

group in non-functional behavior (sham 65% and OFC lesion 73%).  Interestingly, 

a comparable behavioral analysis was performed in OCD patients and healthy 

individuals in which frequency of non-functional behaviors as a proportion of total 

frequency was found to be 18.6% in control individuals and 60.9% in OCD patients 

(Zor et al., 2009). Previously, data showed that 75% of total behavior in A/J 

consists of non-functional behavior (data not shown). Our results indicate that OFC 

dysfunction in the (non-responsive) background strain C57BL/6J induces 

compulsive-like behavior with the same amplitude as in A/J mice. These findings 

are consistent with those from a previous study showing that lesion of the OFC 

increased compulsive lever pressing in the signal-attenuation rat model which 

could be prevented by treatment with the selective serotonin re-uptake inhibitor 

paroxetine (Joel et al., 2005).  

In conclusion, we showed the functional importance of the OFC in 

expressing compulsive behavior in mice. More (pre-) clinical research has to be 

done to get more insight into the functional role of the OFC in the neurobiology of 

OCD.  

 

 

 

 

 

Figure 2: A) Frequency of all different behaviors during two hours of food availability on the 

fourth day of scheduled feeding. B) Frequency of functional (eating and drinking) and non-

functional (running, grooming, rearing and exploration) behaviors as a proportion of total 

frequency. OFC lesion n=9 and sham n=8. *indicates significant difference between the two 

groups (one-way ANOVA p0.05).  
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Discussion 
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behavior in C57BL/6J mice in the scheduled feeding paradigm. There were no 
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individuals in which frequency of non-functional behaviors as a proportion of total 

frequency was found to be 18.6% in control individuals and 60.9% in OCD patients 

(Zor et al., 2009). Previously, data showed that 75% of total behavior in A/J 

consists of non-functional behavior (data not shown). Our results indicate that OFC 

dysfunction in the (non-responsive) background strain C57BL/6J induces 

compulsive-like behavior with the same amplitude as in A/J mice. These findings 

are consistent with those from a previous study showing that lesion of the OFC 

increased compulsive lever pressing in the signal-attenuation rat model which 

could be prevented by treatment with the selective serotonin re-uptake inhibitor 

paroxetine (Joel et al., 2005).  

In conclusion, we showed the functional importance of the OFC in 

expressing compulsive behavior in mice. More (pre-) clinical research has to be 

done to get more insight into the functional role of the OFC in the neurobiology of 

OCD.  

 

 

 

 

 

Figure 2: A) Frequency of all different behaviors during two hours of food availability on the 

fourth day of scheduled feeding. B) Frequency of functional (eating and drinking) and non-

functional (running, grooming, rearing and exploration) behaviors as a proportion of total 

frequency. OFC lesion n=9 and sham n=8. *indicates significant difference between the two 

groups (one-way ANOVA p0.05).  
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Abstract 
 

Obsessive Compulsive Disorder (OCD) is characterized by recurrent and 

persistent thoughts (obsessions) and repetitive, ritualistic and unwanted behaviors 

(compulsions) which cause significant distress and dysfunction. Pessimal behavior 

due to the repetition of behaviors and the addition of especially non-functional 

behaviors is found to be a hallmark for OCD rituals (Zor et al., 2009). The 

pathophysiology of OCD is still poorly understood, twin and family studies provide 

convincing evidence for the importance of genetic factors in the expression of 

OCD. Several linkage and association studies are performed, however with non-

significant results, therefore together with limited knowledge about 

pathophysiological pathways and networks of interacting genes in OCD it is too 

early to focus on specific candidate genes. Animal models are helpful in unraveling 

genetic mechanisms, therefore in this study quantitative trait loci (QTL) analysis 

was performed for a mouse homolog for OCD rituals. Previous animal studies have 

shown behavioral, neurochemical and pharmacological homology of OCD rituals in 

the A/J inbred mouse strain (chapter 5). In contrast to the C57BL/6J genetic 

background strain, A/J mice showed increased frequency of behaviors due to 

repetition of behaviors and the addition of especially non-functional behaviors 

during scheduled feeding.  The high frequency of behaviors in A/J mice indicated 

that they switch more between behaviors, resulting in a significantly higher number 

of running bouts compared to C57BL/6J. Phenotypic screening of a panel of 

mouse chromosome substitution (CS) strains, on the automated measure of the 

running bouts, revealed that only CSS2 showed (similar as the A/J) significant 

more running bouts compared to the C57BL/6J.  Therefore, a F2 progeny for this 

strain was generated, genotyped and phenotyped for this OCD-like phenotype. 

QTL analysis revealed one significant logarithm of odds (LOD) score on mouse 

chromosome 2. This study provides a good starting point for further genetic fine 

mapping of mouse candidate genes for this non-functional and inefficient behavior. 

To identify potential homologous human candidate genes underlying this 

compulsive-like behavior, the mouse genetic mapping data can be integrated with 

homologous human genome wide association data from OCD patients.    
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Abstract 
 

Obsessive Compulsive Disorder (OCD) is characterized by recurrent and 

persistent thoughts (obsessions) and repetitive, ritualistic and unwanted behaviors 

(compulsions) which cause significant distress and dysfunction. Pessimal behavior 

due to the repetition of behaviors and the addition of especially non-functional 

behaviors is found to be a hallmark for OCD rituals (Zor et al., 2009). The 

pathophysiology of OCD is still poorly understood, twin and family studies provide 

convincing evidence for the importance of genetic factors in the expression of 

OCD. Several linkage and association studies are performed, however with non-

significant results, therefore together with limited knowledge about 

pathophysiological pathways and networks of interacting genes in OCD it is too 

early to focus on specific candidate genes. Animal models are helpful in unraveling 

genetic mechanisms, therefore in this study quantitative trait loci (QTL) analysis 

was performed for a mouse homolog for OCD rituals. Previous animal studies have 

shown behavioral, neurochemical and pharmacological homology of OCD rituals in 

the A/J inbred mouse strain (chapter 5). In contrast to the C57BL/6J genetic 

background strain, A/J mice showed increased frequency of behaviors due to 

repetition of behaviors and the addition of especially non-functional behaviors 

during scheduled feeding.  The high frequency of behaviors in A/J mice indicated 

that they switch more between behaviors, resulting in a significantly higher number 

of running bouts compared to C57BL/6J. Phenotypic screening of a panel of 

mouse chromosome substitution (CS) strains, on the automated measure of the 

running bouts, revealed that only CSS2 showed (similar as the A/J) significant 

more running bouts compared to the C57BL/6J.  Therefore, a F2 progeny for this 

strain was generated, genotyped and phenotyped for this OCD-like phenotype. 

QTL analysis revealed one significant logarithm of odds (LOD) score on mouse 

chromosome 2. This study provides a good starting point for further genetic fine 

mapping of mouse candidate genes for this non-functional and inefficient behavior. 

To identify potential homologous human candidate genes underlying this 

compulsive-like behavior, the mouse genetic mapping data can be integrated with 

homologous human genome wide association data from OCD patients.    
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2003;Hill et al., 2006) and repetitive jumping and somersaulting (deer mouse 

Powell et al., 1999;Korff et al., 2008). Although, these genetic animal models show 

face validity there is a lack of construct and predictive validity. 

Previously, the food-restricted induced hyperactivity model (FRIH), has 

been described as a model for compulsive behavior in rats (Altemus et al., 

1996;Altemus et al., 1993). Scheduled food availability together with access to a 

running wheel induces hyperactivity in rats and mice. Treatment with drugs that 

rank as most effective, such as clomipramine,  and drugs with no effect in OCD 

patients , such as imipramine, provided evidence for the predictive validity for this 

model in rats. A previous study has shown that C57BL/6J mice suppress and A/J 

mice sustain high levels of wheel running during 2h of daily limited food access 

(Gelegen et al., 2007;Gelegen et al., 2008). Despite the need to eat, A/J mice 

remained those high activity levels and this behavior can be called non-functional; 

they express this behavior despite the negative consequence. Mice are unable to 

consume the normal daily amount of food in these two hours. During the time they 

can chose between eating and running, A/J mice prefer to run despite the fact that 

eating is important in terms of body weight homeostasis. Mouse genetic mapping 

studies for this phenotype have been described and identified A/J chromosomes 2, 

7 and 8 to contribute to this high wheel running levels during the hours that the 

mice had limited access to food. Since these A/J chromosomal regions showed 

homology to human genomic regions previously linked to OCD (Kas et al., 2010) 

additional studies were performed to refine and further validate the repetitive 

behavioral patterns expressed in the A/J genetic background during times that 

mice should take their limited opportunity to eat (de Haas et al.; chapter 5).  

Reminiscent to OCD patients, A/J mice showed, when in need of food, 

non-functional behavior expressed as high rate of repetition in their behavior 

indicated by the high frequency of behaviors. Especially the frequency of behaviors 

that are not related to eating, i.e. non-functional behaviors, are more frequent 

compared to C57BL/6J mice. In line with clinical data, drugs, known to be 

efficacious or consistently ineffective in OCD patients, have proven the predictive 

validity of A/J mice for this OCD-like behavior in the daily scheduled feeding 

paradigm. To search for mechanisms underlying these OCD-related behaviors in 

A/J mice, quantitative trait loci (QTL) analysis was performed on mouse 

chromosome 2 for the non-functional and inefficient behavior during two hours of 

food access. This mouse genetic mapping data can subsequently being integrated 

with homologous human genome wide association data from OCD patients in 

order to identify potential homologous human candidate genes underlying this 

compulsive-like behavior. 

 

 

Introduction 

 
Obsessive Compulsive Disorder (OCD) is characterized by recurrent and 

persistent thoughts, images or impulses (obsessions) that well up in the mind and 

repetitive, ritualistic and unwanted behaviors (compulsions) which cause significant 

distress and dysfunction. The performance of non-functional acts together with 

repetitions is referred to as pessimal behavior and is found to be a hallmark for 

OCD (Zor et al., 2009). The pathophysiology of OCD is still poorly understood, 

imaging and lesion studies are suggesting a role of the cortico-striato-thalamic 

circuits (Del Casale et al., 2011). Although there is cognitive behavioral therapy 

and pharmacotherapy, still approximately 10% of OCD patients remain treatment 

resistant, therefore, more and better treatments remains an unmet need for OCD 

(Simpson, 2010).  

Twin and family studies provide convincing evidence for the importance of 

genetic factors in the expression of OCD. Van Grootheest et al. reviewed the OCD 

twin research literature over 70 years and found that in children OCD symptoms 

are heritable with genetic influences between 45% and 65% and in adults between 

27% and 47% (van Grootheest et al., 2005). Family studies on OCD probands and 

their relatives provide cumulative evidence  that some forms of OCD are familial 

(Pauls, 2008).  Association studies reported several candidate genes as possible 

risk factors for OCD, involving the serotonergic (e.g. 5-HT2A and 5-HT1D receptor 

(Zohar et al., 2004), dopaminergic (e.g. D2, COMT (Denys et al., 2006) and 

glutamatergic system (e.g. SLC1A1 (Wendland et al., 2009). However, several 

linkage and association studies are performed, they were all with non-significant 

results, therefore together with limited knowledge about pathophysiological 

pathways and networks of interacting genes in OCD it is to early to focus on 

specific candidate genes (Pauls, 2008).   

Animal models are helpful in unraveling genetic mechanisms; several 

genetic animal models for OCD are described. These models are mostly based on 

face validity and behavioral similarities instead of specific known mutations in 

humans. Most models are based on excessive grooming behavior, such as the 

dopamine transporter (DAT) knockdown (Zhuang et al., 2001;Berridge et al., 

2005), Hoxb8 mutant (Greer and Capecchi, 2002), Slitrk5 knockout (Shmelkov et 

al., 2010) and Sapap3 knockout (Welch et al., 2007) mice. Excessive grooming 

behavior in mice is described to resemble the symptoms of Trichotillomania or the 

compulsive cleaning and checking behavior in patients. Other models are more 

based on abnormal repetitive behavior such as repetitive leaping (D1CT-7 

transgenic (McGrath et al., 1999b;McGrath et al., 1999a), increased chewing on 

non-nutritive clay (5-HT2c knockout Tecott et al., 1995;Nonogaki et al., 1998), 

wheel running (Aromatase knockdown Fisher et al., 1998;van den Buuse et al., 
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2003;Hill et al., 2006) and repetitive jumping and somersaulting (deer mouse 

Powell et al., 1999;Korff et al., 2008). Although, these genetic animal models show 

face validity there is a lack of construct and predictive validity. 

Previously, the food-restricted induced hyperactivity model (FRIH), has 

been described as a model for compulsive behavior in rats (Altemus et al., 

1996;Altemus et al., 1993). Scheduled food availability together with access to a 

running wheel induces hyperactivity in rats and mice. Treatment with drugs that 

rank as most effective, such as clomipramine,  and drugs with no effect in OCD 

patients , such as imipramine, provided evidence for the predictive validity for this 

model in rats. A previous study has shown that C57BL/6J mice suppress and A/J 

mice sustain high levels of wheel running during 2h of daily limited food access 

(Gelegen et al., 2007;Gelegen et al., 2008). Despite the need to eat, A/J mice 

remained those high activity levels and this behavior can be called non-functional; 

they express this behavior despite the negative consequence. Mice are unable to 

consume the normal daily amount of food in these two hours. During the time they 

can chose between eating and running, A/J mice prefer to run despite the fact that 

eating is important in terms of body weight homeostasis. Mouse genetic mapping 

studies for this phenotype have been described and identified A/J chromosomes 2, 

7 and 8 to contribute to this high wheel running levels during the hours that the 

mice had limited access to food. Since these A/J chromosomal regions showed 

homology to human genomic regions previously linked to OCD (Kas et al., 2010) 

additional studies were performed to refine and further validate the repetitive 

behavioral patterns expressed in the A/J genetic background during times that 

mice should take their limited opportunity to eat (de Haas et al.; chapter 5).  

Reminiscent to OCD patients, A/J mice showed, when in need of food, 

non-functional behavior expressed as high rate of repetition in their behavior 

indicated by the high frequency of behaviors. Especially the frequency of behaviors 

that are not related to eating, i.e. non-functional behaviors, are more frequent 

compared to C57BL/6J mice. In line with clinical data, drugs, known to be 

efficacious or consistently ineffective in OCD patients, have proven the predictive 

validity of A/J mice for this OCD-like behavior in the daily scheduled feeding 

paradigm. To search for mechanisms underlying these OCD-related behaviors in 

A/J mice, quantitative trait loci (QTL) analysis was performed on mouse 

chromosome 2 for the non-functional and inefficient behavior during two hours of 

food access. This mouse genetic mapping data can subsequently being integrated 

with homologous human genome wide association data from OCD patients in 

order to identify potential homologous human candidate genes underlying this 

compulsive-like behavior. 

 

 

Introduction 

 
Obsessive Compulsive Disorder (OCD) is characterized by recurrent and 

persistent thoughts, images or impulses (obsessions) that well up in the mind and 

repetitive, ritualistic and unwanted behaviors (compulsions) which cause significant 

distress and dysfunction. The performance of non-functional acts together with 

repetitions is referred to as pessimal behavior and is found to be a hallmark for 

OCD (Zor et al., 2009). The pathophysiology of OCD is still poorly understood, 

imaging and lesion studies are suggesting a role of the cortico-striato-thalamic 

circuits (Del Casale et al., 2011). Although there is cognitive behavioral therapy 

and pharmacotherapy, still approximately 10% of OCD patients remain treatment 

resistant, therefore, more and better treatments remains an unmet need for OCD 

(Simpson, 2010).  

Twin and family studies provide convincing evidence for the importance of 

genetic factors in the expression of OCD. Van Grootheest et al. reviewed the OCD 

twin research literature over 70 years and found that in children OCD symptoms 

are heritable with genetic influences between 45% and 65% and in adults between 

27% and 47% (van Grootheest et al., 2005). Family studies on OCD probands and 

their relatives provide cumulative evidence  that some forms of OCD are familial 

(Pauls, 2008).  Association studies reported several candidate genes as possible 

risk factors for OCD, involving the serotonergic (e.g. 5-HT2A and 5-HT1D receptor 

(Zohar et al., 2004), dopaminergic (e.g. D2, COMT (Denys et al., 2006) and 

glutamatergic system (e.g. SLC1A1 (Wendland et al., 2009). However, several 

linkage and association studies are performed, they were all with non-significant 

results, therefore together with limited knowledge about pathophysiological 

pathways and networks of interacting genes in OCD it is to early to focus on 

specific candidate genes (Pauls, 2008).   

Animal models are helpful in unraveling genetic mechanisms; several 

genetic animal models for OCD are described. These models are mostly based on 

face validity and behavioral similarities instead of specific known mutations in 

humans. Most models are based on excessive grooming behavior, such as the 

dopamine transporter (DAT) knockdown (Zhuang et al., 2001;Berridge et al., 

2005), Hoxb8 mutant (Greer and Capecchi, 2002), Slitrk5 knockout (Shmelkov et 

al., 2010) and Sapap3 knockout (Welch et al., 2007) mice. Excessive grooming 

behavior in mice is described to resemble the symptoms of Trichotillomania or the 

compulsive cleaning and checking behavior in patients. Other models are more 

based on abnormal repetitive behavior such as repetitive leaping (D1CT-7 

transgenic (McGrath et al., 1999b;McGrath et al., 1999a), increased chewing on 

non-nutritive clay (5-HT2c knockout Tecott et al., 1995;Nonogaki et al., 1998), 

wheel running (Aromatase knockdown Fisher et al., 1998;van den Buuse et al., 
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switch more between behaviors, they show significantly more running bouts, 

especially short running bouts ( 10 sec) compared to C57BL/6J.   

 

Genotyping 

Genomic DNA was isolated from spleen and tail from F1-hybrids, F2-intercross 

mice and A/J and C57BL/6J mice, using a phenol/chlorophorm/iso-amylalcohol 

protocol. To generate a genetic map fourteen microsatellite markers distributed 

over chromosome 2 were chosen (Mouse Genome Informatics, 

http://www.informatics.jax.org). Microsatellite marker genotyping was performed by 

PCR. Primers (150nM forward/reverse) flanking these markers (Sigma-Aldrich, 

Zwijndrecht, the Netherlands) were used to amplify the DNA (50g/reaction) in a 

Veriti 96 wells thermocycler (PCR system, Applied Bioscience Inc., Foster City, 

CA, USA) using Super Taq polymerase (SphaeroQ, Gorinchem, The Netherlands: 

0.25 units/reaction). The PCR products were separated on 3% agarose gels and 

visualized by ethidium bromide staining. For the nine additional SNPs, TaqMan 

Assay by Design was ordered (Applied Biosystems, Foster City, CA, USA). The 

TaqMan assay was performed according to the TaqMan-protocol (Applied 

Biosystems) on a total of 10 ng of genomic mouse DNA, in a total reaction-volume 

of 5 l. The assays were run on a sequence detection system (7900HT) (Applied 

Biosystems). The values obtained were corrected and normalized against controls. 

Genotype assessments were based on 95% confidence interval. 

 

Map construction  

Segregation ratio of the genotypes of individual markers was checked with the Chi-

squared goodness-of-fit test. For all loci the allele frequencies were not statistically 

different (p>0.05) from the expected ratio, 1:2:1 (BB:BA:AA). Cox et al. (2009) 

have constructed a revised genetic map of the mouse genome and demonstrated 

that utilization of the revised genetic map improves QTL mapping (Cox et al., 

2009). Therefore, marker positions (in cM) were taken from this map by using the 

‘mouse map converter’ (http://cgd.jax.org/mousemapconverter/).  

 

QTL analysis 

The location of the QTLs affecting the (logarithmically transformed) phenotype and 

the variance explained by each locus were determined using the MapQTL® 

software package, version 4.0 (Van Ooijen et al., 2002). QTL analysis was 

performed by MQM (multiple-QTL-model or marker-QTL-marker) mapping, which 

is more powerful than the traditional interval mapping approach (Jansen, 1994). 

This method is essentially a combination of interval mapping and multiple 

regression. The model involves regression both on QTL within an interval and on 

marker loci outside that interval. Markers take over the role of nearby QTLs and 

are fitted as cofactors while testing for a single QTL elsewhere in the genome. This 

 

Materials and Methods 
 

CSS2-F2 population 

Initial breeding pairs for CS strains and their progenitors were obtained from The 

Jackson Laboratory (Bar Harbor, ME, USA). F1 hybrids were generated by 

crossing CS-strain 2 (CSS2) females and males to C57BL/6J males and females, 

respectively. An F2 population (CSS2 F2) was generated by intercrossing the F1 

hybrid males and females. All mice were socially housed under controlled 

conditions (temperature 20-21 °C and humidity 50-70%) with a 12 hours light / 12 

hours dark cycle (lights on at noon). Food and water were given ad libitum. All 

mice were 3-4 months old at the start of the experiment. The experimental 

procedure was approved by the Animal Experimentation Committee of Utrecht 

University and was carried out in agreement with Dutch Laws (Wet op de 

Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 

 

Daily scheduled feeding paradigm 

Female F2 mice (n=73) were housed individually in cages (26 x 12 x 16 cm, l x w x 

h) containing a running wheel (diameter 14 cm, width 9 cm). The animals were 

adapted to the running wheel cages for one week under ad libitum food and water 

conditions and daily measurements of body weight and food intake were taken. 

Individual running wheel activity was measured continuously by using Cage 

Registration Software (Department of Biomedical Engineering, UMC Utrecht, The 

Netherlands). After one week of adaptation the scheduled feeding paradigm of four 

consectuctive days started, were food was available only for the first two hours of 

the dark fase. Body weight and food intake were measured daily before and after 

food acces.  

 

Non-functional behavior 

The main parameter “frequency of behaviors”, previously used for non-functional 

behavior in the daily scheduled feeding paradigm was calculated from scorings 

data during the two hours of food access. The frequency of behaviors in A/J is 

significantly higher compared to C57BL/6J mice indicating that they switch more 

between behaviors. To perform the behavioral analysis for the complete F2 

population (CSS2 F2, n=73) an automated measure of the running bouts was used 

for the QTL analysis. We have selected this automated measure because of the 

high correlation between the frequency of behaviors (visually scored) and the total 

running bouts (automatically scored) [r =0.877, p<0.0001]. A running bout is 

defined as a period of running wheel activity, when there is no running wheel 

activity for 4 sec or longer the running bout is ended. Thereafter, when the animal 

starts running again, a new running bout will be registered. Because the A/J mice 
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switch more between behaviors, they show significantly more running bouts, 

especially short running bouts ( 10 sec) compared to C57BL/6J.   
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Zwijndrecht, the Netherlands) were used to amplify the DNA (50g/reaction) in a 

Veriti 96 wells thermocycler (PCR system, Applied Bioscience Inc., Foster City, 

CA, USA) using Super Taq polymerase (SphaeroQ, Gorinchem, The Netherlands: 
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TaqMan assay was performed according to the TaqMan-protocol (Applied 

Biosystems) on a total of 10 ng of genomic mouse DNA, in a total reaction-volume 

of 5 l. The assays were run on a sequence detection system (7900HT) (Applied 

Biosystems). The values obtained were corrected and normalized against controls. 

Genotype assessments were based on 95% confidence interval. 
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Segregation ratio of the genotypes of individual markers was checked with the Chi-

squared goodness-of-fit test. For all loci the allele frequencies were not statistically 

different (p>0.05) from the expected ratio, 1:2:1 (BB:BA:AA). Cox et al. (2009) 

have constructed a revised genetic map of the mouse genome and demonstrated 

that utilization of the revised genetic map improves QTL mapping (Cox et al., 

2009). Therefore, marker positions (in cM) were taken from this map by using the 

‘mouse map converter’ (http://cgd.jax.org/mousemapconverter/).  

 

QTL analysis 

The location of the QTLs affecting the (logarithmically transformed) phenotype and 

the variance explained by each locus were determined using the MapQTL® 

software package, version 4.0 (Van Ooijen et al., 2002). QTL analysis was 

performed by MQM (multiple-QTL-model or marker-QTL-marker) mapping, which 

is more powerful than the traditional interval mapping approach (Jansen, 1994). 
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Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 
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Non-functional behavior 

The main parameter “frequency of behaviors”, previously used for non-functional 
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data during the two hours of food access. The frequency of behaviors in A/J is 

significantly higher compared to C57BL/6J mice indicating that they switch more 

between behaviors. To perform the behavioral analysis for the complete F2 

population (CSS2 F2, n=73) an automated measure of the running bouts was used 

for the QTL analysis. We have selected this automated measure because of the 

high correlation between the frequency of behaviors (visually scored) and the total 

running bouts (automatically scored) [r =0.877, p<0.0001]. A running bout is 

defined as a period of running wheel activity, when there is no running wheel 

activity for 4 sec or longer the running bout is ended. Thereafter, when the animal 

starts running again, a new running bout will be registered. Because the A/J mice 
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Results 

 
Daily scheduled feeding paradigm 

Running bout analysis revealed a significant difference between A/J and C57BL/6J 

mice in total running bouts during the 2h food access. A/J mice showed 

significantly more running bouts compared to C57BL/6J mice [one way ANOVA; 

F=8.837, p<0.0001] especially the number of short running bouts were higher in 

A/J [one way ANOVA; F=21.382, p<0.0001].  A panel of CS strains derived from 

the C57BL/6J and A/J parental strains was tested using the same daily scheduled 

feeding paradigm. This behavioral screen revealed that only the CSS2 showed 

significant more running bouts compared to the C57BL/6J genetic background 

strain (Figure 1B) [one way ANOVA, F=6.455, p<0.001; post-hoc Dunnett’s method 

for multiple strain comparison, p=0.031].  Of all CS strains tested, CSS2 also 

expressed the highest absolute levels of short running bouts, however, there was 

no significant difference between the CSS2 and C57BL/6J strain for the short 

running bouts (Figure 1A) [one way ANOVA, F=5.691, p<0.001; post-hoc Dunnett’s 

method for multiple strain comparison, p=0.229].   

 

 

Figure 1: A: Number of short running 

bouts during the 2h of food access. B: 

Total number of running bouts during 

the 2h of food access.  *indicates 

significant difference between the CS 

or A/J strain compared to the 

C57BL/6J strain (post-hoc Dunnett’s 

method for multiple strain comparison 

p 0.05). 

 

 

way, the cofactors function as a genetic background control and absorb most of 

the genetic effects of their nearby QTLs from the residual variance. As a result, the 

power of the QTL analyses is enhanced. Cofactors for the MQM analysis were 

identified by applying the ‘automatic selection of cofactors’ option of MapQTL. 

Results were expressed as logarithm of odds (LOD) scores and LOD >2.59 was 

considered significant. For MQM mapping, simulation studies have demonstrated 

that the thresholds derived for conventional interval mapping are still valid in many 

situations (Jansen, 1994). The mode of inheritance was chosen as free, additive, 

dominant or recessive according to the differences in the mean values of the 

transformed circulating cholesterol level between mice that were homozygous 

C57BL/6J (BB), heterozygous (AB), or homozygous A/J (AA). After grouping by 

genotype for the DNA marker at the peak of the QTL, trait comparison of the F2 

animals was performed. If a DNA marker and the trait of interest are segregating 

independently, the values of the trait will be equally distributed among the 

homozygote and heterozygote genotypes. All data within genotype groups were 

normally distributed by using the Kolmogorov-Smirnov one-sample test. The co-

segregation of phenotypes with alleles at the selected marker locus was evaluated 

with one-way ANOVA analysis with post-hoc Student’s t test. The mode of 

inheritance was chosen as free, additive, dominant or recessive according to the 

significance of differences in the mean values of the traits between mice that were 

homozygous C57BL/6J, hetereozygous and homozygous A/J. In the ANOVA tests, 

homogeneity of variances was tested (Levene’s test). When necessary, the 

variances were equalized by logarithmic transformation of the data. After 

transformation the within-group data were still normally distributed.   

 

Statistics 

Total number of running bouts and the number of short running bouts were 

expressed as mean values ± standard error of the means for each mouse strain. 

For CS strain to C57BL/6J comparisons, significance levels (=0.05) were 

corrected using Dunnett’s method to account for the multiple strain comparison.   
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Genetic mapping of non-functional behavior on mouse chromosome 2 

The QTL analysis on the CSS2-F2 population was performed for two parameters, 

the number of short running bouts (Figure 2A) and total number of running bouts 

(Figure 2B). For the short running bouts two QTLs were mapped on A/J 

chromosome 2, namely, peak 1 (LOD 2.48) and peak 2 (LOD 2.67). The 1-LOD 

support interval of peak 1 was 81.456.468 - 96.599.653 bp and peak 2 

171.851.635 - 179.555.237 bp (Figure 2A). For the second parameter (total 

running bouts) also two QTLs were mapped; peak 1 (LOD 1.97) and peak 2 (LOD 

2.07). The 1-LOD support interval of peak 1 was 58.559.811 - 74.996.547 bp and 

peak 2 171.507.778 - 182.916.558 bp (Figure 2B). The interval of the second peak 

for both parameters was overlapping and only peak 2 of the parameter short 

running bouts was found to be significant [LOD >2.59]. In the significant interval we 

searched for possible candidate genes based on three criteria. The first criterion 

was based on the expression profile of these genes, thereby only selecting genes 

known to be expressed in the brain (www.brain-map.org). The second criteria was 

based on A/J and C57BL/6J mRNA expression levels in microarray datasets, 

thereby only selecting genes with a significant gene expression level difference 

between the two strains (mean difference  0.05).  The third criterion was based on 

known A/J and C57BL/6J gene polymorhisms (both coding synonymous and non-

synonymous) and haplotype differences (www.genenetwork.org). From all the 

genes within the significant QTL interval, seventeen genes (of which 2 were coding 

non-synonymous) fulfilled all three criteria (see Table 1).  

 

 

 Peak 

2 

Total number of genes 239 

1)   Brain expression 111 

2)   Expression difference microarray 21 

3) A/J vs C57BL/6J difference    

(haplotype mapping) 

  Synonymous  

  Non-Synonynous 

15 

2 

 

 

 

Table 1: Total number of genes is shown for the interval of the significant peak 2 of the 
short running bouts. First, the number of genes that are known to be expressed in the brain 
expressed is indicated. Of the brain expressed genes, subsequently, the number is shown 
of genes with a known gene expression difference between A/J and C57BL/6J.  Finally 
from the remaining possible candidate genes, the ones are shown meeting the third 
criteria, namely with a known polymorphism between the two progenitor strains. 
 

 

  
 

Figure 2: QTL mapping on chromosome 2. A: Short running bouts; two intervals with 
LOD scores of 2.48 and 2.67. B: Total running bouts; two intervals with LOD scores of 
1.97 and 2.07. [LOD >2.59 is found to be significant] 
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Discussion 

 

Studies showed that A/J mice in a daily scheduled feeding paradigm sustained 

high running wheel activity during the 2h of food access (Gelegen et al., 2007). 

Previously, we have shown behavioral, neurochemistry and pharmacological 

validation of the A/J strain as a useful genetic background strain for neurobiological 

studies on OCD rituals (de Haas et al.; chapter 5).  Reminiscent to OCD patients, 

A/J mice showed high frequency of behaviors due to repetition of behaviors and 

the addition of especially non-functional behaviors. Treatment with drugs known to 

be effective in OCD patients could reduce this high frequency in A/J to a similar 

level as the C57BL/6J (non-susceptible) strain. From the CSS panel, CSS 2, 6 and 

7 showed, similar as the A/J mice, significant higher running wheel activity during 

the 2h of food access compared to the C57BL/6J mice (Kas et al., 2010). The high 

frequency of behaviors in A/J mice indicate that they switch more between 

behaviors, resulting in a significantly higher number of running bouts compared to 

C57BL/6J. The CSS panel was also screened on this automated measure of the 

running bouts and results showed that only CSS2 showed, similar as the A/J, 

significant more running bouts compared to the C57BL/6J. Therefore, quantitative 

trait loci (QTL) analysis was performed on mouse chromosome 2 for the non-

functional and inefficient behavior during two hours of food access.  

QTL mapping on the CSS2-F2 population revealed one significant 

logarithm of odds (LOD) score on mouse chromosome 2. Based on three criteria 

we searched for genes within this QTL interval and this resulted in seventeen 

genes. These results provide a good starting point for further genetic fine mapping 

of mouse candidate genes for this non-functional and inefficient behavior. 

Furthermore, to identify potential homologous human candidate genes underlying 

this non-functional and inefficient behavior, this mouse genetic mapping data can 

be integrated with homologous human genome wide association data from OCD 

patients.    
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Summary and General Discussion 
 

The pathophysiology of obsessive compulsive disorder (OCD) is still poorly 

understood. Effective treatments for OCD do exist, such as cognitive behavioral 

therapy and pharmacotherapy, however, a subpopulation of 10% of OCD patients 

remain treatment resistant. Estimated lifetime prevalence of OCD is 2%, patients 

with OCD may have different clinical presentations; the most prevalent behaviors 

are cleaning, checking, ordering and hoarding. Obsessions can be concerns about 

contamination or harming others or impulses to count, touch or check. The aim of 

this thesis was to obtain more insight in specific brain areas, neuronal pathways, 

neurotransmitters, genetic loci and candidate genes underlying OCD on the basis 

of rodent studies.  

 

The first aim was to determine the validity of the quinpirole-induced 

compulsive checking rat model by quantifying the dimensions of ritualistic 

‘compulsive-like’ behavior (chapter 2). For this, a new behavioral pattern analysis 

tool was used to determine behavioral repertoire and repetitions in animal 

behavior. It has been found that the duration of OCD rituals were significantly 

longer compared to rituals performed by healthy individuals due to the addition of 

behaviors (larger behavioral repertoire) and the repetition of behaviors in OCD 

patients (Zor et al., 2009a). Therefore, in this animal study we examined the same 

behavioral parameters to quantify the compulsive-like behavior in rats. In this 

model rats were treated twice a week with the D2/D3 receptor agonist quinpirole or 

saline for five consecutive weeks and placed on a large open field for behavioral 

observation. The quinpirole treated rats did not explore the whole arena as saline 

treated rats did; instead they only visited a specific part of the open field 

extensively.  This resulted, unlike OCD patients, in a smaller behavioral repertoire 

and similar as OCD patients, the behaviors were performed more frequently 

compared to saline treated rats (high rate of repetition). The quinpirole-induced 

behavior resembled only part of the compulsive behavior in OCD patients, 

indicating some face validity for this model.  To study the neurobiological 

underpinnings of quinpirole-induced behavior, extracellular dopamine was 

measured in the nucleus accumbens. A role of dopamine in the pathophysiology of 

OCD is supported by the findings that dopamine agonists seem to exacerbate 

OCD symptoms and that atypical antipsychotics may augment the response to 

SSRI treatment in patients with refractory OCD (Denys et al., 2002; Mcdougle et 

al., 2000). Neuroimaging studies showed higher densities of the dopamine 

transporter in tandem with a down regulation of the D2 receptors in the basal 

ganglia of OCD patients (van der Wee et al., 2004; Denys et al., 2006). These 

findings suggest a higher dopaminergic tone in this brain circuitry. In the 

 

microdialysis study, results showed that acute quinpirole administration in saline 

pre-treated rats resulted in decreased extracellular dopamine levels in the nucleus 

accumbens. This is suggesting a stimulatory effect on the pre-synaptic D2 

autoreceptor resulting in more inhibition thus less extra cellular dopamine. In 

contrast, chronic quinpirole pre-treated rats showed significant more extracellular 

dopamine compared to the saline group, suggesting that chronic quinpirole 

treatment resulted in desensitization of the pre-synaptic D2 autoreceptor resulting 

in less inhibition thus more extra cellular dopamine, indicating a more 

hyperdopaminergic state. These results demonstrated a role of dopamine in the 

expression of this quinpirole-induced behavior in rats. The hyperdopaminergic 

state found in rats is also suggested by neuroimaging studies in OCD patients, 

contributing to the construct validity of this model. By using the behavioral pattern 

analysis we were able to quantify the dimensions of ritualistic ‘compulsive-like’ 

behavior induced by quinpirole treatment, giving this model some face validity 

however not very convincing. The results of the microdialysis study showed similar 

as suggested in OCD a hyperdopaminergic state in the nucleus accumbens, giving 

this model construct model. To obtain additional evidence for construct validity for 

this model, we were interested to investigate the effect of genetic background on 

the expression of quinpirole-induced behavior.  

 

Genetic factors are found to be important in the expression of OCD (van 

Grootheest et al., 2005; Pauls, 2008). To study the effect of genetic background on 

animal behavior, mouse strains are widely used due to the great variety and 

availability of resources. Therefore, the aim of chapter 3 was to convert the rat 

quinpirole-induced compulsive checking model to a mouse model and to study the 

effect of long-term quinpirole treatment on behavior in two different inbred strains 

of mice (C57BL/6J and A/J).  Behavioral pattern analysis revealed that, similar as 

in Sprague Dawley rats, long-term quinpirole treatment in C57BL/6J mice resulted 

in an increased repetition and a decreased behavioral repertoire, indicating a more 

stereotypic behavior instead of compulsive-like behavior. Quinpirole treatment in 

A/J mice resembled the behavioral profile of OCD patients because of the 

increased repetition and increased behavioral repertoire. When using this 

quinpirole model as an inducer of compulsive-like behavior, A/J mice were more 

sensitive to develop this compulsive like behavior compared to C57BL/6J. This 

suggested that genetic background has an impact on the expression of quinpirole 

induced compulsive like behavior in mice and contributed to the construct validity 

of this model.   
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This quinpirole model seemed to be a suitable animal model to study the 

dimensions of ritualistic compulsive behavior in rats and mice. Face validity was 

obtained by addressing the same behavioral parameters as in human studies 

(behavioral repertoire and rate of repetition). Construct validity was supported by 

the findings of the hyperdopaminergic state in the nucleus accumbens in rats and 

the effect of genetic background on the expression of behavior in mice. As 

mentioned previously, repetitions of behavior and the large number of behavioral 

acts (behavioral repertoire) are found to be a hallmark of OCD behavior. In human 

studies the behaviors performed within a ritual can be divided in functional and 

non-functional behavior (Zor et al., 2009b). Functional behaviors were behaviors 

expressed by both OCD patients and healthy individuals and were necessary to 

complete a certain task. Non-functional behaviors were expressed only by one of 

the two groups (mostly OCD patients) and were not necessary to complete the 

task, for example; touching, counting and checking. In this quinpirole animal 

model, it was quite difficult to distinguish between functional and non-functional 

behaviors. Because we were interested to investigate this additional behavioral 

characteristic for OCD in especially A/J mice, a scheduled feeding paradigm has 

been introduced to address this issue of behavioral functionality. 

 

In chapter 5, behavioral, pharmacological and neurochemical 

characterization of the scheduled feeding paradigm as a mouse model for OCD 

was performed and the functional role of the OFC in this compulsive behavior was 

investigated by assessing deep brain stimulation. In this study, two mouse inbred 

strains (C57BL/6J and A/J) were studied during a daily scheduled episode of 

limited food access to assess their biological functional behavior (eating and 

drinking) and (under these conditions) temporal non-functional behavior (e.g., 

grooming, wheel running, rearing). Reminiscent of the expression of a greater 

behavioral repertoire with reduced functionality in OCD patients (due to the 

increased repetition of non-functional behaviors) (Zor et al., 2009a;Zor et al., 

2009b) we found a larger behavioral repertoire, increased expression of non-

functional behaviors, and reduced functional behavior (eating and drinking) during 

scheduled limited food access in A/J mice compared to the C57BL/6J strain.  This 

indicated that the behavior expressed by A/J mice in this scheduled feeding 

paradigm resembled all behavioral characteristics found in OCD patients. This 

model showed, in contrast to the quinpirole model, strong face validity. 

 

 

 

 

 

 

 

To verify this strong face validity for the A/J in the scheduled feeding 

paradigm, we have quantified the ritualistic (non) functional behaviors in OCD 

patients and healthy individuals and compared these results with the behavioral 

results in C57BL/6J and A/J mice (chapter 6). In line with the literature, OCD 

rituals contained a significantly higher total frequency of behavioral acts compared 

to control rituals. When comparing the frequency of non-functional behaviors as a 

proportion of total frequency, OCD patients showed significantly more non-

functional behavior compared to healthy individuals. The same behavioral profile of 

a high number of total frequencies and a large proportion of non-functional 

behavior was seen in A/J mice compared to OCD patients. This study 

demonstrated that this is a robust and reliable analysis method for quantifying 

OCD rituals and confirmed the strong face validity for the A/J strain in the 

scheduled feeding paradigm. 

 

To further validate the A/J mice as a mouse model for OCD symptoms, 

cognitive flexibility was tested in C57BL/6J and A/J mice on a set-shifting task 

developed by Brown and colleagues (Birrell and Brown, 2000;McAlonan and 

Brown, 2003) and adapted for mice (Colacicco et al., 2002;Garner et al., 

2006;Bissonette et al., 2008) (chapter 5). This set-shifting task was based on the 

Wisconsin Card Sorting Test (WCST), which is used in human studies to test 

different components of attentional flexibility, including reversal learning, set 

formation and the ability to shift attention between stimulus dimensions. It has 

been shown that OCD patients and first-degree relatives required significantly 

more trials to reach criterion for the extradimensional shift compared to healthy 

subjects (Chamberlain et al., 2007). This impairment on extradimensional shifting 

was not seen in Trichotillomania patients, however, impaired inhibition on 

responses (impulsivity) was found in both OCD and Trichotillomania patients 

(Chamberlain et al., 2006). Comparable to OCD patients (Chamberlain et al., 2006; 

Watkins et al., 2005), A/J needed significantly more trials to reach criterion on the 

extra-dimensional shift compared to the C57BL/6J strain, indicating cognitive 

inflexibility. This study demonstrated that A/J mice showed the same performance 

on this set-shifting task as OCD patients, contributing to the face validity of this 

mouse strain as a mouse model for OCD symptoms.  

   

To test the predictive validity of the OCD-like rituals of A/J mice in the 

scheduled feeding paradigm, the effect of pharmacological treatment on the 

repetitive non-functional behavior was studied in A/J mice using a broad range of 

clinically effective and ineffective drugs (chapter 5). To date, selective serotonin 

reuptake inhibitors (SSRI’s) are first-line treatment in OCD and provide a clinically 

relevant symptoms reduction but only in approximately 50% of the patients (Abudy 

et al., 2011). Studies in treatment refractory and newly diagnosed patients OCD 
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patients have shown that atypical antipsychotics may augment the effects of 

SSRI’s (Vulink et al., 2009). In this study, A/J mice were treated with ineffective 

(desipramine a tricyclic antideppressant or chloordiazepam an anxiolytic drug) or 

effective drugs (paroxetine a SSRI, quetiapine an atypical antipsychotic or the 

combination of both) and the effect on frequency of functional and non-functional 

behaviors and the behavioral repertoire was examined. In line with clinical data 

(Foa et al., 1992), desipramine or chloordiazepam had no effect on the frequency 

of functional and non-functional behaviors nor on the behavioral repertoire of A/J 

mice during two hours of limited food access. Subchronic treatment with paroxetine 

alone and the combination treatment decreased the repetitive non-functional 

behavior in A/J mice, whereas the combination treatment reduced this behavior to 

the levels seen in the non-susceptible C57BL/6J mouse strain. These findings 

were in line with clinical data and provided this model strong predictive validity as a 

model for OCD-like rituals.  

 

As mentioned previously, there is supporting evidence for a role of 

serotonin and dopamine in the pathophysiology of OCD (Westenberg et al., 

2007;Denys et al., 2004). To evaluate neurochemical differences between A/J and 

C57BL/6J in the striatum, serotonin (5-HT) and dopamine (DA) levels as well as 

levels of turnover were measured at baseline (ad libitum food and without a 

running wheel) and during two hours of scheduled limited food access with 

voluntary access to a running wheel (chapter 5). DA turnover was strongly 

increased in A/J mice during scheduled feeding; no increase was seen in the 

C57BL/6J strain or A/J strain under baseline conditions. No differences were found 

in 5-HT levels or 5-HT turnover between the groups or mouse strains. The 

increased striatal DA turnover in A/J mice indicated a hyperdopaminergic state in 

the striatum which was associated with the expression of OCD-like rituals in the 

scheduled feeding paradigm. These findings were supporting evidence for 

construct validity of this model, as mentioned previously, human neuroimaging 

studies also suggested a higher dopaminergic tone in the basal ganglia of OCD 

patients (van der Wee et al., 2004;Denys et al., 2006).  

 

Human neuroimaging studies also proposed a central role for the 

prefrontal cortex in OCD, showing a hyperactivity of the orbital prefrontal (OFC) 

areas in OCD patients (Baxter, Jr. et al., 1988; Breiter and Rauch, 1996;Lacerda et 

al., 2003).  To provide evidence for the functional relationship between neuronal 

signaling in the OFC, genetic susceptibility, and the expression of OCD rituals, 

wireless deep brain stimulation (DBS) was performed in freely moving A/J mice 

under scheduled feeding conditions (chapter 5). DBS is a technique where 

electrodes are implanted bilaterally in a specific brain area. The electrodes are 

connected to a pulse generator which is inserted under the skin into a pocket 

 

under the clavicle and can be programmed externally. This technique is a well 

established treatment for Parkinson’s disease and is currently being investigated 

as an experimental therapy for OCD. Different target brain areas are used for DBS 

in OCD patients, mostly described areas are the anterior limb of the internal 

capsule (ALIC), nucleus accumbens (NAC), ventral capsule/ventral striatum VC/VS 

and the subthalamic nucleus (STN) (Goodman and Alterman, 2012). For this study 

we have developed a new light-weight wireless implantable micro stimulator device 

for mice that delivers biphasic pulse patterns to two individual electrode pairs, 

mimicking the clinical situation (chapter 4). In this study DBS of the OFC was 

performed in A/J mice in the scheduled feeding paradigm. Results showed that 

DBS of the OFC significantly decreased the rate of repetition of behaviors and 

reduced the behavioral repertoire.  These findings were found to be specific to the 

OFC, as mice that received DBS outside the OFC, showed OCD-like rituals similar 

to the non-stimulated A/J controls.  We therefore proposed that the OFC is a key 

neuronal target in the generation of OCD rituals and should be considered as an 

important new target for OCD treatment.  Thus far, no other DBS studies using the 

OFC as a direct brain target have been described. However, DBS of the 

subthalamic nucleus (STN) in refractory OCD and Parkinson’s patients revealed a 

positive correlation between decreased prefrontal metabolism (at the boundary of 

the OFC and the medial PFC) and decreased Yale-Brown Obsessive-Compulsive 

Scale (Y-BOCS) compulsivity scores (Le Jeune et al., 2010;Kalbe et al., 2009;Guo 

et al., 2008). Suggesting that the therapeutic effect of STN DBS in refractory OCD 

patients may be related to the decrease of prefrontal cortex activity, especially in 

the OFC. Similar, direct electrical stimulation of the OFC in A/J mice also resulted 

in symptom reduction in the scheduled feeding paradigm. Using the OFC as DBS 

target can induce several unwanted cognitive side effects, since the OFC is 

implicated in planning, decision-making and reward processing. Abnormal OFC 

activity can lead to longer deliberation before decisions are made, because of 

reward uncertainty. However, without effective treatment OCD patients already 

display cognitive impairments such as cognitive inflexibility. Extensive research is 

needed to examine the cognitive effects of OFC DBS before considering this brain 

area as a target for DBS in OCD patients.  

 

In chapter 7, we investigated the role of the OFC in the expression of 

compulsive behavior in the scheduled feeding paradigm. The effect of OFC 

lesioning in C57BL/6J mice, a mouse strain that normally lacks the expression of 

this compulsive-like behavior, on the non-functional compulsive-like behavior was 

tested. OFC-lesioned and intact C57BL/6J mice were screened in the same 

scheduled feeding paradigm used in previous studies. OFC lesioned mice showed 

increased frequency of non-functional behaviors at the expense of functional 

behavior (eating and drinking), which was decreased in frequency. When 
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(desipramine a tricyclic antideppressant or chloordiazepam an anxiolytic drug) or 

effective drugs (paroxetine a SSRI, quetiapine an atypical antipsychotic or the 

combination of both) and the effect on frequency of functional and non-functional 

behaviors and the behavioral repertoire was examined. In line with clinical data 

(Foa et al., 1992), desipramine or chloordiazepam had no effect on the frequency 

of functional and non-functional behaviors nor on the behavioral repertoire of A/J 

mice during two hours of limited food access. Subchronic treatment with paroxetine 

alone and the combination treatment decreased the repetitive non-functional 

behavior in A/J mice, whereas the combination treatment reduced this behavior to 

the levels seen in the non-susceptible C57BL/6J mouse strain. These findings 

were in line with clinical data and provided this model strong predictive validity as a 

model for OCD-like rituals.  

 

As mentioned previously, there is supporting evidence for a role of 

serotonin and dopamine in the pathophysiology of OCD (Westenberg et al., 

2007;Denys et al., 2004). To evaluate neurochemical differences between A/J and 

C57BL/6J in the striatum, serotonin (5-HT) and dopamine (DA) levels as well as 

levels of turnover were measured at baseline (ad libitum food and without a 

running wheel) and during two hours of scheduled limited food access with 

voluntary access to a running wheel (chapter 5). DA turnover was strongly 

increased in A/J mice during scheduled feeding; no increase was seen in the 

C57BL/6J strain or A/J strain under baseline conditions. No differences were found 

in 5-HT levels or 5-HT turnover between the groups or mouse strains. The 

increased striatal DA turnover in A/J mice indicated a hyperdopaminergic state in 

the striatum which was associated with the expression of OCD-like rituals in the 

scheduled feeding paradigm. These findings were supporting evidence for 

construct validity of this model, as mentioned previously, human neuroimaging 

studies also suggested a higher dopaminergic tone in the basal ganglia of OCD 

patients (van der Wee et al., 2004;Denys et al., 2006).  

 

Human neuroimaging studies also proposed a central role for the 

prefrontal cortex in OCD, showing a hyperactivity of the orbital prefrontal (OFC) 

areas in OCD patients (Baxter, Jr. et al., 1988; Breiter and Rauch, 1996;Lacerda et 

al., 2003).  To provide evidence for the functional relationship between neuronal 

signaling in the OFC, genetic susceptibility, and the expression of OCD rituals, 

wireless deep brain stimulation (DBS) was performed in freely moving A/J mice 

under scheduled feeding conditions (chapter 5). DBS is a technique where 

electrodes are implanted bilaterally in a specific brain area. The electrodes are 

connected to a pulse generator which is inserted under the skin into a pocket 

 

under the clavicle and can be programmed externally. This technique is a well 

established treatment for Parkinson’s disease and is currently being investigated 

as an experimental therapy for OCD. Different target brain areas are used for DBS 

in OCD patients, mostly described areas are the anterior limb of the internal 

capsule (ALIC), nucleus accumbens (NAC), ventral capsule/ventral striatum VC/VS 

and the subthalamic nucleus (STN) (Goodman and Alterman, 2012). For this study 

we have developed a new light-weight wireless implantable micro stimulator device 

for mice that delivers biphasic pulse patterns to two individual electrode pairs, 

mimicking the clinical situation (chapter 4). In this study DBS of the OFC was 

performed in A/J mice in the scheduled feeding paradigm. Results showed that 

DBS of the OFC significantly decreased the rate of repetition of behaviors and 

reduced the behavioral repertoire.  These findings were found to be specific to the 

OFC, as mice that received DBS outside the OFC, showed OCD-like rituals similar 

to the non-stimulated A/J controls.  We therefore proposed that the OFC is a key 

neuronal target in the generation of OCD rituals and should be considered as an 

important new target for OCD treatment.  Thus far, no other DBS studies using the 

OFC as a direct brain target have been described. However, DBS of the 

subthalamic nucleus (STN) in refractory OCD and Parkinson’s patients revealed a 

positive correlation between decreased prefrontal metabolism (at the boundary of 

the OFC and the medial PFC) and decreased Yale-Brown Obsessive-Compulsive 

Scale (Y-BOCS) compulsivity scores (Le Jeune et al., 2010;Kalbe et al., 2009;Guo 

et al., 2008). Suggesting that the therapeutic effect of STN DBS in refractory OCD 

patients may be related to the decrease of prefrontal cortex activity, especially in 

the OFC. Similar, direct electrical stimulation of the OFC in A/J mice also resulted 

in symptom reduction in the scheduled feeding paradigm. Using the OFC as DBS 

target can induce several unwanted cognitive side effects, since the OFC is 

implicated in planning, decision-making and reward processing. Abnormal OFC 

activity can lead to longer deliberation before decisions are made, because of 

reward uncertainty. However, without effective treatment OCD patients already 

display cognitive impairments such as cognitive inflexibility. Extensive research is 

needed to examine the cognitive effects of OFC DBS before considering this brain 

area as a target for DBS in OCD patients.  

 

In chapter 7, we investigated the role of the OFC in the expression of 

compulsive behavior in the scheduled feeding paradigm. The effect of OFC 

lesioning in C57BL/6J mice, a mouse strain that normally lacks the expression of 

this compulsive-like behavior, on the non-functional compulsive-like behavior was 

tested. OFC-lesioned and intact C57BL/6J mice were screened in the same 

scheduled feeding paradigm used in previous studies. OFC lesioned mice showed 

increased frequency of non-functional behaviors at the expense of functional 

behavior (eating and drinking), which was decreased in frequency. When 
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calculating the proportions of functional and non-functional behavior there was a 

significant increase in the OFC lesion group in non-functional behavior. These 

results showed that lesioning of the OFC increased compulsive-like behavior in 

C57BL/6J mice in the scheduled feeding paradigm, further underscoring the 

functional importance of the OFC in expressing compulsive behavior in mice. 

 

As mentioned previously, genetic factors are found to be important in the 

pathophysiology of OCD. Several linkage and association studies were performed, 

however, all with non-significant results. Several candidate genes as possible risk 

factors for OCD were proposed, involving the serotonergic (e.g. 5-HT2A and 5-HT1D 

receptor (Zohar et al., 2004), dopaminergic (e.g. D2, COMT (Denys et al., 2006) 

and glutamatergic system (e.g. SLC1A1 (Wendland et al., 2009). Animal models 

are helpful in unraveling genetic mechanisms; therefore a quantitative trait loci 

(QTL) analysis was performed. The aim of chapter 8 was to identify a QTL on 

mouse chromosome 2 for the non-functional and inefficient behavior during two 

hours of food access in the scheduled feeding paradigm. In chapter 5 we have 

shown that A/J mice provided a useful genetic background strain for 

neurobiological studies on OCD rituals.   The high frequency of behaviors in A/J 

mice, described previously, indicated that they switch more between behaviors, 

resulting in a significantly higher number of running bouts compared to C57BL/6J. 

Phenotypic screening of a panel of mouse chromosome substitution (CS) strains, 

on the automated measure of the running bouts, revealed that only CSS2 showed 

(similar as the A/J) significant more running bouts compared to the C57BL/6J.  

Therefore, a F2 progeny for this strain was generated, genotyped and phenotyped 

for this OCD-like phenotype. QTL analysis revealed one significant logarithm of 

odds (LOD) score on mouse chromosome 2. We searched for genes within this 

QTL interval based on three criteria (brain expression, expression difference 

microarray and A/J vs C57BL/6J difference). Within the significant QTL interval, 

seventeen genes (of which 2 were coding non-synonymous) fulfilled all three 

criteria. Based on the literature, two of those genes may be of interest in 

psychiatric disorders; BMP7 (bone morhogenetic protein 7) and DOK5 (encodes a 

substrate of tropomyosin-related kinase B/C receptors involved in neurotrophin 

signaling). In a genome wide association study of citalopram response in major 

depressive disorder, three SNPs were associated (p values less than 1x10
-5

) with 

response and remission, one of them was the BMP7 gene (Garriock et al., 2010). 

Ordway et al. showed low BMP7 gene expression in brainstem astrocytes in major 

depression (Ordway et al., 2011). A genome wide association study in youths with 

and without bipolar disorder suggest that DOK5 influence the magnitude of 

amygdale activation during face processing, particular in those with bipolar 

disorder (Liu et al., 2010). However, these results provide a good starting point, 

further genetic fine mapping is necessary to identify mouse candidate genes for 

 

this non-functional and inefficient behavior. The function of these future candidate 

genes on animal behavior can be examined by screening knock-out mice in the 

scheduled feeding paradigm. Furthermore, to identify potential homologous human 

candidate genes underlying this non-functional and inefficient behavior, the mouse 

genetic mapping data can be integrated with homologous human genome wide 

association data from OCD patients.   

 

 

 

Figure 1: Summary of the studies performed in the scheduled feeding paradigm. Several 
effective and ineffective drugs were tested in A/J mice. The neurotransmitter dopamine was 
measured in the striatum of A/J and C57BL/6J mice. DBS of the OFC in A/J mice and OFC 
lesioning in C57BL/6J were examined. QTL analysis on mouse chromosome 2 for the non-
functional and inefficient behavior was performed. 
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calculating the proportions of functional and non-functional behavior there was a 

significant increase in the OFC lesion group in non-functional behavior. These 

results showed that lesioning of the OFC increased compulsive-like behavior in 

C57BL/6J mice in the scheduled feeding paradigm, further underscoring the 

functional importance of the OFC in expressing compulsive behavior in mice. 

 

As mentioned previously, genetic factors are found to be important in the 

pathophysiology of OCD. Several linkage and association studies were performed, 

however, all with non-significant results. Several candidate genes as possible risk 

factors for OCD were proposed, involving the serotonergic (e.g. 5-HT2A and 5-HT1D 

receptor (Zohar et al., 2004), dopaminergic (e.g. D2, COMT (Denys et al., 2006) 

and glutamatergic system (e.g. SLC1A1 (Wendland et al., 2009). Animal models 

are helpful in unraveling genetic mechanisms; therefore a quantitative trait loci 

(QTL) analysis was performed. The aim of chapter 8 was to identify a QTL on 

mouse chromosome 2 for the non-functional and inefficient behavior during two 

hours of food access in the scheduled feeding paradigm. In chapter 5 we have 

shown that A/J mice provided a useful genetic background strain for 

neurobiological studies on OCD rituals.   The high frequency of behaviors in A/J 

mice, described previously, indicated that they switch more between behaviors, 

resulting in a significantly higher number of running bouts compared to C57BL/6J. 

Phenotypic screening of a panel of mouse chromosome substitution (CS) strains, 

on the automated measure of the running bouts, revealed that only CSS2 showed 

(similar as the A/J) significant more running bouts compared to the C57BL/6J.  

Therefore, a F2 progeny for this strain was generated, genotyped and phenotyped 

for this OCD-like phenotype. QTL analysis revealed one significant logarithm of 

odds (LOD) score on mouse chromosome 2. We searched for genes within this 

QTL interval based on three criteria (brain expression, expression difference 

microarray and A/J vs C57BL/6J difference). Within the significant QTL interval, 

seventeen genes (of which 2 were coding non-synonymous) fulfilled all three 

criteria. Based on the literature, two of those genes may be of interest in 

psychiatric disorders; BMP7 (bone morhogenetic protein 7) and DOK5 (encodes a 

substrate of tropomyosin-related kinase B/C receptors involved in neurotrophin 

signaling). In a genome wide association study of citalopram response in major 

depressive disorder, three SNPs were associated (p values less than 1x10
-5

) with 

response and remission, one of them was the BMP7 gene (Garriock et al., 2010). 

Ordway et al. showed low BMP7 gene expression in brainstem astrocytes in major 

depression (Ordway et al., 2011). A genome wide association study in youths with 

and without bipolar disorder suggest that DOK5 influence the magnitude of 

amygdale activation during face processing, particular in those with bipolar 

disorder (Liu et al., 2010). However, these results provide a good starting point, 

further genetic fine mapping is necessary to identify mouse candidate genes for 

 

this non-functional and inefficient behavior. The function of these future candidate 

genes on animal behavior can be examined by screening knock-out mice in the 

scheduled feeding paradigm. Furthermore, to identify potential homologous human 

candidate genes underlying this non-functional and inefficient behavior, the mouse 

genetic mapping data can be integrated with homologous human genome wide 

association data from OCD patients.   

 

 

 

Figure 1: Summary of the studies performed in the scheduled feeding paradigm. Several 
effective and ineffective drugs were tested in A/J mice. The neurotransmitter dopamine was 
measured in the striatum of A/J and C57BL/6J mice. DBS of the OFC in A/J mice and OFC 
lesioning in C57BL/6J were examined. QTL analysis on mouse chromosome 2 for the non-
functional and inefficient behavior was performed. 
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Concluding remarks and future perspectives 

 
According to the three validation criteria, we can conclude that this repetitive non-

functional behavior displayed by A/J mice in the scheduled feeding paradigm has 

strong face, construct and predictive validity as an animal model for compulsive 

rituals. The A/J mouse strain is found to be a susceptible strain for the expression 

of compulsive behavior in the quinpirole model and the scheduled feeding 

paradigm. Furthermore, A/J mice showed, comparable to OCD patients, cognitive 

inflexibility on the set-shifting task.  

Several studies were performed in the scheduled feeding paradigm (Figure 

1). The pharmacological studies in the A/J strain showed a similar profile as in 

OCD patients. The neurotransmitters dopamine was measured in the striatum in 

A/J and C57BL/6J mice. Increased striatal dopamine turnover in A/J mice, when 

displaying the OCD rituals, indicated a hyperdopaminergic state in the striatum. 

The function of the OFC was examined in a DBS study in A/J and a lesion study in 

C57BL/6J. DBS in A/J mice reduced the expression of the OCD rituals, whereas 

OFC lesioning in C57BL/6J mice increased the expression of OCD rituals. These 

results demonstrate the involvement of the neurotransmitter dopamine and two 

brain areas, the striatum and the OFC, in the expression of OCD rituals in A/J 

mice.  

Based on the OFC DBS study in A/J mice, we propose the OFC as a 

possible neuronal target for OCD treatment. However, more research is needed to 

examine the cognitive effects of OFC DBS before considering this brain area as a 

target for DBS in OCD patients. It would be of interest to examine whether OFC 

DBS in A/J mice can rescue the cognitive inflexibility in the set shifting task. 

Another future study could investigate whether OFC DBS in A/J in the scheduled 

feeding paradigm can reduce the high dopamine turnover in the striatum.  

The A/J genetic background provides a valuable resource for translational 

studies on OCD behavior.  QTL analysis revealed one significant logarithm of odds 

(LOD) score on mouse chromosome 2. When mouse candidate genes are 

identified in the obtained QTL interval, gene knock-out mice for these specific 

genes may be screened in this model to provide a functional genotype-phenotype 

relationship. To identify potential homologous human candidate genes underlying 

this non-functional and inefficient behavior, this mouse genetic mapping data will 

be integrated with homologous human genome wide association data from OCD 

patients.   This comparative genetics approach may provide new leads to further 

understand the neurobiological mechanisms underlying OCD rituals. Especially 

genes related to OFC neuro-circuitry function may be of great importance for 

developing etiology-directed treatments to reduce the expression of non-functional 

OCD rituals. 
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Concluding remarks and future perspectives 

 
According to the three validation criteria, we can conclude that this repetitive non-

functional behavior displayed by A/J mice in the scheduled feeding paradigm has 

strong face, construct and predictive validity as an animal model for compulsive 

rituals. The A/J mouse strain is found to be a susceptible strain for the expression 

of compulsive behavior in the quinpirole model and the scheduled feeding 

paradigm. Furthermore, A/J mice showed, comparable to OCD patients, cognitive 

inflexibility on the set-shifting task.  

Several studies were performed in the scheduled feeding paradigm (Figure 

1). The pharmacological studies in the A/J strain showed a similar profile as in 

OCD patients. The neurotransmitters dopamine was measured in the striatum in 

A/J and C57BL/6J mice. Increased striatal dopamine turnover in A/J mice, when 

displaying the OCD rituals, indicated a hyperdopaminergic state in the striatum. 

The function of the OFC was examined in a DBS study in A/J and a lesion study in 

C57BL/6J. DBS in A/J mice reduced the expression of the OCD rituals, whereas 

OFC lesioning in C57BL/6J mice increased the expression of OCD rituals. These 

results demonstrate the involvement of the neurotransmitter dopamine and two 

brain areas, the striatum and the OFC, in the expression of OCD rituals in A/J 

mice.  

Based on the OFC DBS study in A/J mice, we propose the OFC as a 

possible neuronal target for OCD treatment. However, more research is needed to 

examine the cognitive effects of OFC DBS before considering this brain area as a 

target for DBS in OCD patients. It would be of interest to examine whether OFC 

DBS in A/J mice can rescue the cognitive inflexibility in the set shifting task. 

Another future study could investigate whether OFC DBS in A/J in the scheduled 

feeding paradigm can reduce the high dopamine turnover in the striatum.  

The A/J genetic background provides a valuable resource for translational 

studies on OCD behavior.  QTL analysis revealed one significant logarithm of odds 

(LOD) score on mouse chromosome 2. When mouse candidate genes are 

identified in the obtained QTL interval, gene knock-out mice for these specific 

genes may be screened in this model to provide a functional genotype-phenotype 

relationship. To identify potential homologous human candidate genes underlying 

this non-functional and inefficient behavior, this mouse genetic mapping data will 

be integrated with homologous human genome wide association data from OCD 

patients.   This comparative genetics approach may provide new leads to further 

understand the neurobiological mechanisms underlying OCD rituals. Especially 

genes related to OFC neuro-circuitry function may be of great importance for 

developing etiology-directed treatments to reduce the expression of non-functional 

OCD rituals. 
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Obsessieve compulsieve stoornis (OCD) is een psychiatrische ziekte die bij 2% 

van de bevolking voorkomt. Kenmerkend voor OCD zijn de obsessies (die 

gerelateerd kunnen zijn aan de angst om besmet te raken of om iemand pijn te 

doen) en het compulsief gedrag (wat kan bestaan uit excessief schoonmaken, 

handen wassen, checken, tellen). Deze compulsieve gedragingen worden meestal 

in een vast ritueel uitgevoerd wat meerdere malen wordt herhaald. Gedragsstudies 

hebben laten zien dat de rituelen van OCD patiënten langer zijn dan die van 

gezonde controle personen door de herhaling en de toevoeging van (vooral niet-

functionele) gedragingen. De onderliggende neurobiologie van OCD is vrijwel 

onbekend, maar door middel van diermodellen kunnen we meer te weten komen 

over de betrokken hersengebieden, neurotransmitters en mogelijke kandidaat 

genen. Om te bepalen of een diermodel voldoet aan de eisen zijn er drie validatie 

criteria; “face” validiteit (symptomen), “predictive” validiteit (reponse op farmaca of 

andere behandelingen) en “construct” validiteit (onderliggende mechanismen). 

 

In hoofdstuk 2 en 3 is de validiteit van het quinpirole geïnduceerde compulsieve 

checking model onderzocht in ratten en muizen door middel van het kwantificeren 

van de verschillende dimensies van compulsief gedrag. Hiervoor is een nieuwe 

patroon analyse gebruikt waarmee het gedragsrepertoire en de mate van herhaling 

bepaald kan worden, dit zijn dezelfde parameters die ook gebruikt zijn in de 

humane gedragsstudies. In het quinpirole model worden de dieren twee keer per 

week behandeld met quinpirole (D2/D3 receptor agonist) of saline en vervolgens op 

een groot openveld tafel geplaatst voor gedragsobservatie. Het gedrag van 

quinpirole behandelde ratten kwam deels overeen met de gedragskenmerken in 

OCD patiënten (Hoofdstuk 2). In tegenstelling tot OCD patiënten was het 

gedragsrepertoire bij de rat kleiner maar vergelijkbaar als bij de patiënten werden 

de gedragingen wel vaak herhaald. Deze resultaten wijzen meer op stereotiep 

gedrag in plaats van compulsief gedrag en resulteren in een zwakke “face” 

validiteit. Door meer te weten te komen over de onderliggende neurobiologie van 

dit gedrag is er door middel van microdialyse dopamine gemeten in de nucleus 

accumbens. Resultaten wijzen, net als neuroimaging studies in OCD patiënten, op 

een hyperdopaminerg systeem in de nucleus accumbens van de quinpirole 

behandelde ratten. Deze resultaten dragen bij aan de “construct” validiteit van dit 

model.  

 

 

Het is bekend dat genetische factoren belangrijk zijn in de expressie van OCD. Om 

het effect van de genetische achtergrond op diergedrag te onderzoeken worden 

verschillende muizenstammen gebruikt. In hoofdstuk 3 word het quinpirole model 

aangepast voor muizen om zo het effect van genetische achtergrond op de 

expressie van quinpirole geïnduceerd compulsief gedrag te onderzoeken. In deze 

studie worden de A/J en C57BL/6J inteelt muizenstammen getest. Resultaten van 

de patroon analyse laten zien dat de C57BL/6J muizen hetzelfde fenotype laten 

zien als de rat (kleiner gedragsrepertoire met verhoogde repetitie). Het gedrag van 

de A/J muizen is vergelijkbaar als dat van OCD patiënten met zowel een groter 

gedragsrepertoire als een verhoogde repetitie van gedrag. Hieruit blijkt dat de 

genetische achtergrond zeker wel belangrijk is in de expressie van compulsief 

gedrag en dat de A/J stam gevoeliger is om compulsief gedrag te ontwikkelen dan 

de C57BL/6J, dit draagt bij aan de “construct” validiteit van dit quinpirole model. 

 

In de humane gedragsstudies zijn de verschillende gedragingen onderverdeeld in 

functioneel en niet-functioneel gedrag. Functioneel gedrag bevat gedragingen die 

zowel door de OCD patiënten als de controle personen worden uitgevoerd en deze 

zijn essentieel voor het uitvoeren van de taak. Niet-functioneel gedrag bestaat uit 

gedragingen die door een van de twee groepen wordt uitgevoerd (meestal de OCD 

patiënten) en deze zijn dus niet essentieel voor het uitvoeren van de taak, bv. 

aanraken, tellen en checken. In het quinpirole model is het moeilijk de 

functionaliteit van het diergedrag te bepalen, daarom is er in hoofdstuk 5 het 

“scheduled feeding paradigma” geïntroduceerd. Hier wordt gekeken naar de 

kenmerken van het “scheduled feeding paradigma” als model voor compulsief 

gedrag op basis van gedrag, farmacologische en neurochemische validatie. Verder 

wordt de rol van de orbitale frontale cortex (OFC) onderzocht door middel van 

diepe hersenstimulatie (DBS). In deze studie worden dezelfde muizenstammen 

(A/J en C57BL/6J) bestudeerd waarbij ze vrije toegang tot een loopwiel en 

dagelijks beperkt voedseltoegang hebben (alleen de eerste twee uur van de 

donkerfase). Onder deze condities zijn de biologisch functionele (eten en drinken) 

en de niet-functionele gedragingen beoordeeld. In vergelijking tot de C57BL/6J 

muizen was het gedragsrepertoire van A/J muizen groter, verder was de expressie 

van niet-functioneel gedrag verhoogd en de expressie van functioneel (eet) gedrag 

verlaagd. Het gedrag van A/J muizen in dit gedragsparadigma bevat dus alle OCD 

kenmerken (groter gedragsrepertoire, meer niet-functioneel gedrag en repetitie van 

gedrag) wat een sterke “face” validiteit betekend voor de A/J muis in dit model.  
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Cognitieve inflexibiliteit is kenmerkend voor OCD en dit endofenotype hebben we 

door middel van een intra/extra dimensionale set-shifting taak getest in de A/J en 

C57BL/6J muizen (Hoofdstuk 5). Deze taak is gebaseerd op de Wisconsin Card 

Sorting Test welke gebruikt wordt in humane gedragsstudies om verschillende 

componenten van attentional flexibiliteit, reversal learning en set shifting te testen. 

Het is gebleken dat OCD patiënten en hun eerstegraads familieleden significant 

meer trials nodig hadden voor het uitvoeren van de extradimensionale shift in 

vergelijking met controle personen. A/J muizen vertoonden, net als OCD patiënten, 

cognitieve inflexibiliteit op de intra/extra dimensionale set-shifting taak. Deze 

resultaten betekenen meer “face” validiteit voor de A/J muis als muismodel voor 

OCD symptomen.  

 

Om “predictive” validiteit te testen van de OCD-achtige rituelen van A/J muizen 

binnen het “scheduled feeding paradigma” wordt het effect van behandeling met 

farmaca bestudeerd. A/J muizen worden subchronisch behandeld met een breed 

scala aan klinisch effectieve en ineffectieve medicijnen (Hoofdstuk 5). Selectieve 

serotonine re-uptake inhibitors (SSRI’s) worden tot op heden gebruikt als 

eerstelijns behandeling van OCD waarbij ongeveer 50% van de patiënten een 

significant symptoom reductie laat zien. De combinatie van SSRI’s met een 

atypisch antipsychoticum blijkt ook een effectieve behandeling te zijn in behandel 

resistente OCD patiënten. In deze studie worden A/J muizen behandeld met 

ineffectieve middelen zoals desipramine (tricyclisch antidepressivum) en 

chloordiazepam (anxiolyticum) en effectieve middelen zoals paroxetine (SSRI) en 

de combinatie paroxetine met quetiapine (atypisch antipsychotica). Het effect van 

de verschillende farmaca op de frequentie van functioneel en niet-functioneel 

gedrag en het gedragsrepertoire werd onderzocht. In lijn met de klinische data had 

de behandeling met desipramine of chloordiazepam geen effect op de 

verschillende gedragsparameters. Subchronische behandeling met paroxetine 

alleen of in combinatie met quetiapine verlaagde de repetitieve niet-functionele 

gedragingen in de A/J muis, de combinatie behandeling het gedrag verlaagde tot 

het niveau van de C57BL/6J muis. Deze vindingen waren vergelijkbaar met de 

humane situatie en deze betekend een sterke “predictive” validiteit.  

 

Om meer inzicht te krijgen in de rol van serotonine (5-HT) en dopamine (DA) in de 

expressie van compulsief gedrag zijn de neurochemische verschillen tussen A/J en 

C57BL/6J in het “scheduled feeding paradigma” onderzocht (Hoofdstuk 5). De 5-

HT en DA waardes en de turnover van beide zijn gemeten in het striatum tijdens 

baseline (ad libitum voedsel en zonder loopwiel) en tijdens “scheduled feeding” 

met toegang tot het loopwiel. De DA turnover was sterk verhoogd in de A/J tijdens 

“scheduled feeding”, er waren geen verschillen te zien tussen de stammen tijdens 

de baseline conditie. De 5-HT waardes of 5-HT turnover was niet verschillend 

 

tussen de groepen. De verhoogde DA turnover in de A/J muizen tijdens “scheduled 

feeding” wijst op een hyperdopaminerg staat in het striatum tijdens de expressie 

van OCD-achtige rituelen. Deze vindingen betekenen een sterke “construct” 

validiteit voor dit model, aangezien humane neuroimaging studies ook wijzen op 

een hyperdopaminerge staat in de basale ganglia van OCD patiënten.  

 

Humane neuroimaging studies laten ook een verhoogde activiteit zien in de OFC in 

OCD patiënten. Door middel van een DBS studie wordt de functionele relatie 

tussen neuronale signalering van de OFC, genetische gevoeligheid en de 

expressie van OCD rituelen onderzocht (Hoofdstuk 5). DBS is een techniek 

waarbij elektrodes bilateraal worden geïmplanteerd in een specifiek hersengebied. 

De elektrodes zijn verbonden aan een puls generator welke onderhuids is 

geplaatst en extern geprogrammeerd kan worden. Deze techniek is een 

succesvolle behandelmethode voor Parkinson’s en wordt nu als experimentele 

behandeling voor OCD onderzocht. Voor de DBS studie in muizen hebben we een 

licht gewicht draadloos stimulatie device ontwikkeld wat onderhuids geïmplanteerd 

wordt (Hoofdstuk 4). Het device levert, vergelijkbaar als de klinische situatie, 

bifasisch puls patronen naar twee individuele elektrode paren. DBS van de OFC in 

A/J muizen in het “scheduled feeding paradigma” resulteerde in een verlaging van 

de repetitie van gedrag en een kleiner gedragsrepertoire. Deze effecten waren 

specifiek voor de OFC, aangezien de muizen die stimulatie buiten de OFC 

ontvingen dezelfde OCD-achtige rituelen vertoonden als de niet gestimuleerde A/J 

muizen. Daarom stellen we voor dat de OFC een belangrijk neuronale target is in 

de ontwikkeling van OCD rituelen en overwogen moet worden als belangrijk nieuw 

target voor OCD behandeling.  

 

In hoofdstuk 7 wordt de rol van de OFC in de expressie van compulsief gedrag in 

het “scheduled feeding paradigma” verder onderzocht. Er wordt gekeken naar het 

effect van een OFC laesie in de C57BL/6J muis, een muizenstam die normaal 

geen compulsief gedrag vertonen, op het niet-functionele compulsieve gedrag. 

Resultaten laten zien dat een OFC laesie leidt tot een verhoogde frequentie van 

niet-functionele gedragingen en dit gaat ten koste van de functionele gedragingen 

(eten en drinken). Een OFC laesie in C57BL/6J muizen resulteerde in een 

verhoging van compulsief gedrag en dit draagt bij aan het functionele belang van 

de OFC in de expressie van compulsief gedrag.  

  

Genetische factoren zijn belangrijk in OCD, verschillende linkage en associatie 

studies zijn uitgevoerd helaas met niet-significante resultaten. In hoofdstuk 8 

wordt er een quantitative trait loci (QTL) analyse uitgevoerd op muis chromosoom 

2 voor het niet-functionele en inefficiënte gedrag tijdens de voedselperiode in het 

“scheduled feeding paradigma”. QTL analyse resulteerde in een significante 
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Genetische factoren zijn belangrijk in OCD, verschillende linkage en associatie 

studies zijn uitgevoerd helaas met niet-significante resultaten. In hoofdstuk 8 

wordt er een quantitative trait loci (QTL) analyse uitgevoerd op muis chromosoom 

2 voor het niet-functionele en inefficiënte gedrag tijdens de voedselperiode in het 

“scheduled feeding paradigma”. QTL analyse resulteerde in een significante 
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logarithm of odds (LOD) score. Op basis van drie criteria is er gezocht naar genen 

binnen dit interval en dit resulteerde in zeventien genen. Dit is een goed startpunt 

voor verdere genetische finemapping wat noodzakelijk is voor de identificatie van 

kandidaat genen voor dit niet functionele inefficiënte gedrag.  

 

Op basis van de drie validatie criteria kunnen we hierbij concluderen dat dit 

repetitieve, niet-functionele gedrag vertoond door de A/J in het “scheduled feeding 

paradigma” sterke “face”, “construct” en “predictive” validiteit heeft voor een 

diermodel voor compulsief gedrag. De A/J muizenstam is een gevoelige stam om 

compulsief gedrag te ontwikkelen zowel in het quinpirole model als in het 

“scheduled feeding paradigma”. Op basis van de OFC DBS resultaten in de A/J 

muis in het “scheduled feeding paradigma” concluderen wij dat de OFC een 

belangrijk target is voor OCD behandeling. Er is meer onderzoek nodig naar de 

cognitieve effecten van OFC DBS voordat dit hersengebied daadwerkelijk 

overwogen wordt als nieuw target voor DBS behandeling in OCD patiënten.  
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Dankwoord

Dankwoord 
 
Net als bij iedereen is dit proefschrift natuurlijk niet zonder hulp van vele andere tot 
stand gekomen. Deze mensen wil ik hier graag bedanken. 
  
Allereerst wil ik Prof.dr. Herman Westenberg bedanken, hij heeft mij (na ruim een 
jaar als analist bij hem gewerkt te hebben) de kans gegeven om te starten met mijn 
promotieonderzoek in samenwerking met Dr. Martien Kas. Hij was iemand met 
veel kennis en onderzoekservaring waar ik veel van heb geleerd. Herman, helaas 
kan je het eindresultaat niet meer bewonderen, maar ik hoop dat je het mooi zou 
hebben gevonden. 
 
Prof.dr. Roger Adan, na het overlijden van Herman was ik blij dat jij de taak als 
promotor op je wilde nemen, hartelijk dank hiervoor. 
 
Mijn co-promotor Dr. Martien Kas wil ik natuurlijk ook graag bedanken, zonder jouw 
hulp was dit proefschrift zeker niet tot stand gekomen. Jouw deur stond altijd open 
en daar heb ik ook zeker gebruik van gemaakt, ik kon altijd met vragen en goede of 
slechte resultaten bij je binnenlopen. Bedankt voor je vertrouwen en dat je mij de 
ruimte hebt gegeven voor eigen ideeën en initiatieven. Jou (onuitputtelijke) 
enthousiasme was voor mij (na bv. de zoveelste DBS tegenvaller) soms een beetje 
onbegrijpelijk maar heeft uiteindelijk wel gezorgd voor een mooi eindresultaat (al 
zeg ik het zelf). 
 
Dr. Geoffrey van der Plasse, mijn tweede co-promotor, samen zijn we begonnen bij 
Herman, jij als postdoc, ik als OIO. Ik heb jouw kritische blik op het onderzoek en 
je kennis en ervaring erg gewaardeerd, bedankt hiervoor!  
 
Natuurlijk de Kas groep; Eneda, Ela, Hilgo, Hugo, Leonie, Marijke en Mark bedankt 
voor de leuke tijd en jullie hulp. Oppelaar! Bedankt voor de gezelligheid, flauwe 
grapjes en al je hulp bij de muisjes. Ook al kreeg ik nog weleens te horen “hoezo 
heb je mijn hulp nodig? Dat kan je toch zelf, jij bent ook analist!” ;-)  en nee, we 
gaan het niet meer over de zwangere muizen hebben . Eneda bedankt voor de 
gezelligheid als kamergenoot maar ook buiten het werk en dat we samen alle ups 
and downs van het onderzoek konden delen. Ela and Leonie, many thanks for your 
help with the histology, c-Fos staining and quantification. Marijke Laarakker, we 
hebben samen (ook met Geoffrey) veel lol gehad tijdens de PhD workshop in Nice. 
 
 

Natuurlijk wil ik ook de master studenten Pauline, Amir, Kristel en Tiny bedanken. 
Voor de hulp met het punchen en de HPLC analyse wil ik Kristel, Tom Roeling, 
Javier Sastre Toraño en Prof. Ad de Jong bedanken. Annelies Nijdam (toen 
werkzaam bij diergeneeskunde) bedankt voor je hulp met het onder de knie krijgen 
van het computerprogramma Theme. Jeanette Sopacua bedankt voor je hulp met 
o.a. administratieve dingetjes. Linda van Kerkhof, het was fijn dat je elke keer zo 
flexibel was in de voogdij van de observer key . Many thanks to Dr. Elizabeth 
Powell and Dr. Greg Bissonette for the wonderful stay in Baltimore and all their 
help with the set-shifting paradigm.   
 
De heren bij de medische technologische dienst (Rolf, Leonard en Ernest) en Jan 
Brakkee heel erg bedankt voor de prettige samenwerking. Ik heb stiekem toch wel 
genoten van het prutsen en Willie wortelen aan het DBS device, wat was ik blij 
toen bleek dat het ook echt werkte! 
 
Mijn roomies; Eneda, Marek, Jules en Anne bedankt voor alle gezelligheid. Jules 
bedankt voor de volle snoeppotten en de vele “ja.. maar Ria…” vragen   
Anne, tijdens onze thee momenten hebben we lief en leed gedeeld. De laatste 
loodjes waren ook voor mij significant minder zwaar omdat we ze samen konden 
dragen ;-) Ik ben heel blij dat je mijn paranimf bent en straks achter mij staat!  
Ellen, bedankt voor de gezellige lunches en de leuke tijd tijdens het Neuroscience 
congres in Chicago. Simone bedankt voor de gezelligheid, wie weet komen we je 
nog een keer opzoeken in LA. Mede OIO’s en postdocs bedankt voor de leuke tijd, 
zeker tijdens ons verblijf in Washington tijdens het Neuroscience congres! 
 
Ook het thuisfront was natuurlijk belangrijk, het blijft altijd lastig om op een 
verjaardag of in de kroeg uit te leggen wat het promoveren nu eigenlijk inhoud… ik 
wil alle vrienden en (schoon) familie bedanken voor de belangstelling, gezelligheid 
en afleiding de afgelopen jaren. In het bijzonder natuurlijk mijn vader, Louis & Sara 
en de kids. Ruud, de pony keuringen waren altijd een goed excuus voor de nodige 
afleiding, gezelligheid en ontspanning.  
 
Enrico, zonder jou was ik nooit zover gekomen. We kennen elkaar nu bijna 13 jaar 
en je hebt mij altijd gesteund en gemotiveerd. Je was altijd geïnteresseerd en 
dacht zelfs mee met mijn onderzoek, ja ook met het DBS device ;-) In de afgelopen 
4 jaar zijn we getrouwd en is onze kleine man Sem geboren, twee hele mooie 
momenten van ons leven! Jij bent mijn maatje en ik ben heel blij dat je tijdens de 
promotie achter mij staat als paranimf.  
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