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Abstract

Obsessive-compulsive disorder (OCD), a highly prevalent and debilitating disorder, is incompletely understood in terms of
underpinning behavioural, psychological, and neural mechanisms. This is attributable to high symptomatic heterogeneity;
cardinal features comprise obsessions and compulsions, including clinical subcategories. While obsessive and intrusive
thoughts are arguably unique to humans, dysfunctional behaviours analogous to those seen in clinical OCD have been
examined in nonhuman animals. Genetic, ethological, pharmacological, and neurobehavioural approaches all contribute to
understanding the emergence and persistence of compulsive behaviour. One behaviour of particular interest is maladaptive
checking, whereby human patients excessively perform checking rituals despite these serving no purpose. Dysfunctional and
excessive checking is the most common symptom associated with OCD and can be readily operationalised in rodents. This
review considers animal models of OCD, the neural circuitries associated with impairments in habit-based and goal-directed
behaviour, and how these may link to the compulsions observed in OCD. We further review the Observing Response Task
(ORT), an appetitive instrumental learning procedure that distinguishes between functional and dysfunctional checking, with
translational application in humans and rodents. By shedding light on the psychological and neural bases of compulsive-like
checking, the ORT has potential to offer translational insights into the underlying mechanisms of OCD, in addition to being

a platform for testing psychological and neurochemical treatment approaches.
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Introduction

Obsessive-compulsive disorder (OCD) is a debilitating
neuropsychiatric illness with a lifetime prevalence of 3.5%,
affecting more 5.4% of women and 1.7% of men (Angst
et al., 2004; Fawcett et al., 2020). OCD is characterised by
two cardinal symptom clusters: obsessions and compul-
sions. Obsessions denote unwanted, intrusive, and recurring
thoughts, mental images, or impulses that patients struggle
to suppress, whereas compulsions describe repetitive and
stereotyped behaviours that the individual feels compelled
to perform (Van Oppen et al., 1995). Those affected typi-
cally have great insight about the irrational nature of their
obsessions and subsequent compulsive coping strategies and
display self-awareness into the impact their OCD symptoms
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have on their lives, highlighting the disorder’s often ego-dys-
tonic phenomenology (i.e. obsessive-compulsive symptoms
are incongruent with a person’s goals or concept of adaptive
behaviour; Clark & O’Connor, 2005; Rasmussen & Eisen,
1992; Rasmussen & Eisen, 1997). In addition to the costs to
the individual affected directly by OCD, OCD is estimated
to cost UK healthcare providers more than £378 million per
year; total societal costs exceed £5 billion annually (Kochar
et al., 2023).

Traditionally, OCD has been conceptualised as a
disorder in which compulsions are performed to alleviate
the distress and anxiety produced by obsessive thoughts
(Rachman, 1998; Salkovskis, 1985). Until 2013, when it
was reclassified in the fifth edition of the Diagnostic and
Statistical Manual of Mental Health Disorders (DSM-
V), OCD was considered to be an anxiety disorder, with
symptoms reflecting dysfunction of a “security motivation
system” (Szechtman and Woody, 2004). This system, it is
argued, allows individuals to predict and avoid threats and
receive a “safety” or “termination” signal when the threat
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has been successfully avoided; however, in patients with
OCD, this security motivation system fails, either through
a loss of the feeling that the threat has been successfully
avoided (Szechtman and Woody, 2004) or because the level
of threat has been overestimated (Tolin et al., 2006). People
with OCD are less tolerant to (Tolin et al., 2003; Rotge et al.,
2015) and show increased checking under (Rachman, 2002)
conditions of uncertainty, which is usually perceived as
anxiogenic. A reduction in anxiety could potentially account
for the efficacy of selective serotonin reuptake inhibitors
(SSRIs) as first-line treatments for OCD (Vo6llm et al.,
2006; Tang et al., 2016), although as other anxiolytic drugs
are not effective (Robbins et al., 2019), SSRIs may instead
act to modulate cognitive flexibility (Clarke et al., 2007,
Barlow et al., 2015). Furthermore, anxiety and intolerance
of uncertainty cannot be the only drivers of OCD. People
without OCD also feel increased urges to check if their
ongoing levels of perceived threat are elevated (Parrish &
Radomsky, 2010, 2011). Intolerance of uncertainty is not
specific to OCD, because it is also observed in generalised
anxiety disorder (Holaway et al., 2006) and major depressive
disorder (Gentes & Ruscio, 2011).

OCD is a heterogeneous disorder, marked by high
interindividual variability in how symptoms and core
features manifest (Calamari et al., 1999; Mataix-Cols et al.,
2005). Several symptomatic clusters have been identified,
and more than one can be present in a given person
living with OCD. One common cluster revolves around
contamination fears (Olatunji et al., 2007; Wahl et al., 2008),
whereas another cluster focuses on order and symmetry
(Radomsky & Rachman, 2004). Excessive checking is a
common and debilitating symptomatic feature of OCD
(Strauss et al., 2020), exemplified by individuals feeling
compelled to verify repeatedly the completion of mundane
tasks without any functional reason for doing so. Excessive
checking is amongst the most prevalent symptoms seen in
patients with OCD, which often is exacerbated by feelings
of anxiety (Sasson et al., 1997; Heyman et al., 2006; Fullana
et al., 2010), although not necessarily (Clair et al., 2013).
Moreover, perseverative checking is highly representative
of the compulsive persistence of behaviour despite aversive
consequences for patients’ daily functioning.

The primacy of compulsive behaviour in OCD, rather
than the involuntary and intrusive thoughts that characterise
obsessions, makes the development of cross-species mod-
els of OCD substantially more tractable. These translational
models provide the capacity for causal testing of dysfunc-
tional processes and circuits identified in the human patient
literature. We review the processes and neural circuits that
are dysfunctional in OCD before discussing prominent ani-
mal models of OCD that have been used to inform these
investigations. Finally, we focus on a relatively new ani-
mal behavioural analogue of dysfunctional checking: the
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Observing Response Task (ORT; Eagle et al., 2014; Morein-
Zamir et al., 2018), which we have been using in our lab to
characterise the transition from functional to dysfunctional
behaviours in OCD.

Psychological and neural mechanisms of OCD:
Evidence from human studies

Understanding the psychological processes that go awry
in OCD allows for more targeted understanding of neural
circuit differences. These predominantly revolve around
working memory dysfunction, memory distrust, excessive
error monitoring, impulsivity and deficits in response inhibi-
tion, impaired cognitive flexibility, and aberrations in goal-
directed learning and habit formation.

Dysfunctional psychological processes
in OCD

One prominent neuropsychological feature compromised
in OCD psychopathology is executive functioning, chiefly
demonstrated within the context of working memory (Martin
et al., 1995) but also in changes in impulsivity and response
inhibition and impaired cognitive flexibility.

Working memory

Multiple studies have observed memory changes in OCD
patients. Working memory deficits have been observed in
OCD patients across a range of behavioural tests, includ-
ing the canonical N-back task (Nakao et al., 2009; de Vries
et al., 2014; Heinzel et al., 2021), the impaired performance
of which was associated with increased activation of frontal
brain regions. This included increased activity in the right
dorsolateral prefrontal cortex (Nakao et al., 2009) and aber-
rant frontoparietal activation (de Vries et al., 2014). Accord-
ing to a systematic synthesis of 46 experimental studies con-
ducted by Harkin & Kessler (2011), the working memory
deficits associated with compulsive checking in OCD can be
attributed to heightened cognitive load.

The reduced working memory capacity of OCD patients
led to the proposal of the “memory deficit hypothesis,”
whereby OCD patients’ memory abilities were postulated
to be inferior to those of healthy individuals (Sher et al.,
1983). However, subsequent research has found no signifi-
cant differences between obsessive-compulsive patients and
healthy counterparts in longer-term memory accuracy or
vividness of reported details on a memory recall test (Moritz
et al., 2009a). This is supported by several meta-analyses
(Cuttler & Graf, 2009; Moritz et al., 2009b; Kalenzaga
et al., 2020; Dar et al., 2022). These lend their support to
the notion that what was initially interpreted as a deficit in
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memory accuracy was rather a matter of memory distrust.
Self-assessed memory performance amongst OCD patients
can be modulated by their perceived responsibility in a given
scenario (Radomsky et al., 2001; Moritz et al., 2007) and is
amplified during uncertainty (Toffolo et al., 2016). Further-
more, repeated checking aggravates memory distrust and
diminished confidence in OCD patients’ memory-related
judgments (van den Hout & Kindt, 2003; Radomsky et al.,
2006). Even when environmental certainty was evidently
improved, thereby increasing self-reported memory con-
fidence in OCD patients, their actions seldom changed in
accordance to enhanced trust in their situational judgment
(Vaghi et al., 2017). This illustrates a dissociation between
cognitive understanding of contingencies between behaviour
and outcome (i.e., patients with OCD know which actions
are and are not necessary) versus actual behaviour. This
dissociation could drive a feedback cycle of dysfunctional
checking, in which checking increases memory distrust,
leading to a compulsion to check again.

Impulsivity and response inhibition

An alternative, not mutually exclusive, view is that patients
with OCD show a dissociation in the cognitive understand-
ing of the outcomes and their behaviour but continue to act
differently because of impulsivity or deficits in response
inhibition. This could be the result of a lack of sensory
“completion” signals after performance of an action, lead-
ing to repetition of the behaviour until it “feels right” (Frith
et al., 2000) or deficits in the inhibition and control of a
response once initiated. Deficits in response inhibition have
been widely reported in OCD patients (Bannon et al., 2002;
Chamberlain et al., 2005). OCD patients show deficits on
the Stop-Signal Reaction Time (SSRT) task, a test of action
inhibition, compared with their first-degree relatives and
unrelated, healthy controls (Menzies et al., 2007). Further-
more, there is a correlation between obsessive-compulsive
tendencies and performance on the Go/No-Go task (Abra-
movitch et al., 2015). A recent meta-analysis (Mar et al.,
2022) found consistent slowing of reaction times on the
SSRT task in patients with OCD, and when considered in
the context of similar impairments (Guo et al., 2018) on
the Think/No Think task, which measures the capacity to
suppress unwanted thoughts, this suggests a likely deficit in
cognitive control that may be shared with other compulsive
disorders (Robbins et al., 2019).

Cognitive flexibility

Cognitive flexibility describes the mental ability to shift
attention between different external stimuli or tasks as well
as to successfully adapt behaviour in accordance with situ-
ational relevancy (Ionescu, 2012; Dajani & Uddin, 2015).

Cognitive flexibility therefore denotes a critical executive
function that operates under constantly changing environ-
mental demands, alongside working memory and response
inhibition (Diamond, 2013). The three mental domains are
codependent in that effective attentional control is neces-
sary for cognitive flexibility, which requires inhibition of
responses to irrelevant stimuli. OCD patients have been
reported to have deficits in cognitive flexibility as meas-
ured using the Wisconsin Card Sorting Test (WCST; Boone
et al., 1991; Lucey et al., 1997; Okasha et al., 2000; Tiikel
et al., 2012) and the CANTAB Intra-Extra Dimensional
(IED) Set Shifting task (Downes et al., 1989; Sahakian &
Owen, 1992). The finding that unaffected first-degree rela-
tives of OCD patients also have impaired IED performance
compared with healthy controls (Chamberlain et al., 2007)
may suggest that cognitive flexibility is a neuropsychological
endophenotype of OCD (Chamberlain et al., 2021; Vaghi,
2021). Crucially, the robustly shown deficits in cognitive
flexibility amongst OCD patients, especially those display-
ing excessive checking, chiefly pertain to fundamental dif-
ferences in goal-directed and habitual learning processes.

Goal-directed and habitual learning in OCD

It has been argued (Graybiel & Rauch, 2000) that compul-
sive behaviours seen in OCD, such as excessive washing or
dysfunctional checking rituals, are habits gone awry. This
view is supported by studies showing an imbalance between
goal-directed and habit-based learning systems in OCD
patients (Gillan et al., 2011). While healthy control par-
ticipants displayed flexible, goal-directed control over their
responses by implementing stimulus feedback during learn-
ing, OCD patients did not, suggesting an overreliance on
habitual responding (Gillan et al., 2014). Additionally, OCD
patients have been found to express diminished sensitivity
to outcome devaluation (Gottwald et al., 2018), a hallmark
test of the goal-directedness of behaviour (Dickinson, 1985).
OCD patients also are impaired in adjusting their behaviour
in light of contingency degradation, another test of the goal-
directedness of behaviour, despite self-reported awareness
of reduced causality between actions and outcomes (Vaghi
et al., 2019).

Despite some minor variability in the replicability of
findings (Cavedini et al., 2010; Rajender et al., 2011), it is
widely accepted that goal-based behavioural deficits rep-
resent susceptibility markers and endophenotypes of OCD
(Dong et al., 2020). Accordingly, the tendency towards aber-
rant goal-directed learning may be present in asymptomatic
relatives of OCD patients without being overtly manifested
to the extent of clinical or statistical significance compared
with healthy controls. Such an argument finds support from
neuroimaging studies, showing task-related functional hypo-
activity in the neural correlates of goal-directed behaviour in
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unaffected relatives of OCD-affected individuals compared
to healthy subjects (Vaghi et al., 2017a). Furthermore, these
goal-directed performance deficits in OCD patients are asso-
ciated with reduced functional connectivity between the dor-
sal lateral prefrontal cortices (dIPFC) and putamen (Vaghi
et al., 2017b), and aberrant white matter connectivity in this
goal-directed neural circuitry correlates with OCD symptom
severity (Vaghi et al., 2017b; Peng et al., 2021).

Neural correlates and mechanisms of OCD

The wide-ranging nature of psychological dysfunction in
OCD is associated with structural and functional differences
in cortical and subcortical brain networks in OCD patients.

Corticostriatal model of OCD

The prevailing neurobiological model of OCD is the corti-
costriatal account (Pauls et al., 2014; Menzies et al., 2008),
supported by multimodal imaging and metabolic alterations
in patients compared with healthy individuals (Kwon et al.,
2003; Moreira et al., 2017). Accordingly, those corticostri-
atal impairments also relate to specific domains of neuropsy-
chological deficits, including working memory dysfunction,
diminished response inhibition, and cognitive inflexibility
(de Vries et al., 2014; Heinzel et al., 2018; Gu et al., 2008).

The neural correlates of OCD pathophysiology include
structural grey matter changes (Radua & Mataix-Cols, 2009;
Eng et al., 2015) and reductions in resting state functional
connectivity in corticostriatal networks (Chen et al., 2016).
Moreover, functional connectivity between the putamen and
frontal cortical subregions correlates with symptom sever-
ity, measured by the Yale-Brown Obsessive-Compulsive
Scale (Y-BOCS), in unmedicated OCD patients (Park et al.,
2020) and elevated functional connectivity between specific
regions within the wider cortico-striatal-thalamo-cortical
network, namely the caudate nucleus, orbitofrontal (OFC),
anterior cingulate (ACC), and dIPFC (Harrison et al., 2009).

Even in healthy controls, reliance on habits has been asso-
ciated with shifts in the underlying neural circuitry. How-
ever, in OCD there appears to be an imbalance between the
neural systems supporting goal-directed and habitual behav-
iour, and prefrontal control of these. Unmedicated OCD
patients show abnormal connectivity between the putamen
and caudate nucleus, which negatively correlates with task-
switching performance (Peng et al., 2022). Furthermore,
there are correlations in genetic risk factors associated with
OCD and enlarged striatal structures, such as the nucleus
accumbens and putamen (Hibar et al., 2018). There also are
differences in connectivity between prefrontal regions, such
as the ACC and dIPFC with the caudate (Peng et al., 2021),
with monozygotic twins both affected by OCD showing
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reduced inferior frontal white matter volume compared to
dizygotic twin controls (den Braber et al., 2011).
Functional activation differences between OCD patients
and healthy controls are most apparent during symptom
provocation. Using a personalised symptom provocation
procedure, Banca et al. (2015) found deactivation of the cir-
cuitries involving the caudate nucleus and prefrontal cortex
alongside hyperactivation of the subthalamic nucleus and
putamen. Avoidance of, or relief from, the provocation cues
produced deactivation of the putamen, leading the authors
to speculate that putamen activation is a crucial behavioural
modulator. Moreover, they found decreased ventromedial
prefrontal (vmPFC) and dIPFC activity as well as reduced
caudate activation amongst patients compared with con-
trols, arguing for these anatomical structures’ dysregulation
as mechanistic factors giving rise to compulsivity in OCD.
This neural activity pattern also involves connections to the
ACC amidst related cortical and striatal regions. Thus, the
corticostriatal dysfunctions alluded to here are assumed to
contribute to cognitive inflexibility by virtue of greater reli-
ance on habitual behaviour (Remijnse et al., 2013; Burguiere
et al., 2015; Smith & Graybiel, 2022). Notably, this account
would explain clinical symptoms, such as excessive check-
ing in OCD as a phenotype and side-effect of impaired cog-
nitive control and pathological habit formation (Goodwin
& Sher, 1992; Graybiel & Rauch, 2000; Gu et al., 2008).
While there appear to be common core differences in
functional connectivity in patients with OCD, there also
are changes in neural function that correlate specifically
with different OCD subtypes: imaging OCD patients dur-
ing symptom provocation produced different functional
activation depending on the OCD subtype. While hoarding
elicited the greatest activation in the left precentral gyrus
and right OFC, washing compulsions correlated with bilat-
eral vimPFC and right caudate nucleus activity, and check-
ing was most strongly associated with neural hyperactiva-
tion in striatal regions, such as the putamen and globus
pallidus as well as dorsal areas of the prefrontal cortex
(Mataix-Cols et al., 2004). Different symptom dimensions
being underpinned by distinct neural substrates appears
replicable across studies (van den Heuvel et al., 2009;
Yu et al., 2022). For instance, Murayama et al. (2013)
substantiated the neural differentiation between excessive
washing and dysfunctional checking behaviours. They
observed, in unmedicated individuals with washing com-
pulsions, hyperactivation in numerous bilateral corticocer-
ebellar brain areas, thus alluding to wider-reaching neural
involvement underlying patients’ behavioural pathology.
For these washers, insular connectivity may represent an
important mechanistic function, supported by its role in
disgust and processing aversive stimuli (Ravindran et al.,
2020; Straube & Miltner, 2011; Palminteri et al., 2012).
In contrast, subjects exhibiting dysfunctional checking
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demonstrated hypoactivation in the left caudate as well
as ACC (Murayama et al., 2013), hence indicating a more
specific neural response pattern than their “washing” coun-
terparts. Moreover, ACC activation was significantly cor-
related with symptomatic severity in compulsively check-
ing patients. This further corroborates a distinct neural
correlate as being associated with the symptom dimension
of dysfunctional checking compared with an ostensibly
more general neural basis for contamination fears and cor-
responding washing rituals.

As for other mental health disorders, understanding of
the mechanisms of OCD can be greatly advanced by the
study of translational animal models that are amenable to
causal manipulations (Rutherford & Milton, 2022). While
obsessions and intrusive thoughts are unlikely to be read-
ily studied in animals (although see Gourley et al., 2021),
recent reconceptualisations of OCD (Robbins et al., 2019)
that place emphasis on the primacy of compulsions, rather
than obsessions, suggest that animal models may be able
to provide insight into the disorder.

Animal models of OCD

Despite some scepticism (Nestler & Hyman, 2010), animal
models are critical for causal studies relating to the neuro-
biological bases of behaviour (Rutherford & Milton 2022;
Vanderschuren et al., 2023). Whereas obsessions remain
a challenge to model in animals (Gourley et al., 2021),
animal models are highly useful for granting insights into
fundamental processes that go awry in mental health dis-
orders, including the recruitment of habit-based and goal-
directed learning systems relevant to OCD. However, the
validity of a given animal model of human neuropsychi-
atric illness can only be ascertained by rigorous testing
and back-translation (Venniro et al., 2020; Rutherford &
Milton, 2022), which can be particularly difficult for dis-
orders in which few effective treatments are available for
human patients (e.g. drug addiction; Rutherford & Milton,
2022). Where such treatments are available, animal models
can be assessed in terms of their predictive, as well as face
and construct validity (Willner, 1986; Geyer & Markou,
1995) and also in terms of their reproducibility, reliability,
and robustness of findings.

Animal models of OCD can be broadly defined into
ethological models, in which naturalistic behaviour appears
compulsive under pharmacological, circuit-based (e.g.
optogenetic) or genetic manipulations, and neurobehavioural
models, in which compulsive-like behaviour is produced by
training animals on specific behavioural tasks. These are
then usually validated through the use of pharmacological or
neural manipulations that would be predicted to exacerbate
or ameliorate OCD-like symptoms in the model.

Ethological models of OCD

The modelling in animals of complex mental health con-
ditions, such as OCD, will likely benefit from multiple,
converging approaches, which would include both labo-
ratory-based studies of behaviour and more ethological
approaches (Rutherford & Milton, 2022). Accordingly, the
existence of repetitive, seemingly disordered behaviours
has been reported in various nonhuman animal species,
with a strong association with a stress-inducing contexts.
These include canine tail-chasing (Brown et al., 1987),
acral licking dermatitis and fur chewing (Rapoport et al.,
1992), excessive grooming in mice (Garner et al., 2004),
and psychogenic alopecia in cats (Swanepoel et al., 1998).
Notably, the association between some of the aforemen-
tioned behaviours and stress alludes to the correlation and
comorbidity between obsessive-compulsive disorder or
clinical anxiety (Adams et al., 2018). As these symptoms
only occur in a small portion of the larger population, they
may allow for the study of mechanisms instigating OCD-
related pathology, including polymorphic susceptibility
and epigenetic factors (d’Angelo et al., 2014). It may hence
be argued that the above-described animal behaviour in
response to external stressors illustrates something akin
to human compulsions, the latter often reported to serve
the purpose of alleviating emotional discomfort, alongside
pathological habit formation. However, despite their face
validity, it is not clear whether these aberrant responses
reflect naturally occurring coping mechanisms to anxiety,
rather than modelling the compulsive behaviour observed
in OCD.

Genetic models of compulsive-like
behaviour

Given a genetic basis for the pathogenesis of obsessive-
compulsive disorder, implicating serotonergic and gluta-
matergic polymorphisms amongst other factors (Walitza
et al., 2010; de Salles Andrade et al., 2019; Walitza et al.,
2012), several genetic mouse models with OCD-like, usu-
ally reliant on ethological measures, have been developed.
However, these models do not target the same mutations
thought to play a role in the human condition, but rather
instigate genetic modifications to produce behaviours
resembling compulsive symptoms in humans. Doing so
yields good face validity because of the readily observable
behavioural component of OCD. For example, dopamine
transporter knock-down (DAT KD) mice, which show a
70% increase in extracellular dopamine levels (Zhuang
et al., 2001), show behavioural aberrations, including
hyperactivity, augmented reward sensitivity (Pecina et al.,
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2003), and repetitive grooming behaviour, ostensibly anal-
ogous to perseverative and compulsive rituals performed
by human OCD patients (Berridge et al., 2005). Similar
behaviours have been observed in DAT knock-out rats
(Reinwald et al., 2022).

One of the most well-established genetic models of OCD
is the knockout of the SAPAP-3 gene, which produces a
protein that facilitates glutamatergic transmission (Ziichner
et al., 2009). SAPAP-3 knockout mice display excessive
grooming (Welch et al., 2007; Ting & Feng, 2011), which
can be ameliorated by administering the selective serotonin
reuptake inhibitor fluoxetine (Welch et al., 2007; Manning
et al., 2021). Such findings support the SAPAP-3 knockout
model’s predictive validity. SAPAP-3 knockout mice also
exhibit aberrant learning, with an overreliance on habitual
learning and propensity to aberrant habit formation (Hadjas
et al., 2019; Ehmer et al., 2020a). Furthermore, SAPAP-
3 knockout mice show compulsive-like behaviour on the
signal attenuation task (Ehmer et al., 2020b) and deficits
in behavioural flexibility (van den Boom et al., 2019). At
the neural level, SAPAP-3 knockout mice have abnormal
serotonergic and dopaminergic signalling in the lateral and
medial OFC and the striatum (Welch et al. 2007; Wood et al.,
2018; Lei et al., 2019). They also show selective deficits in
signalling between corticostriatal synapses without affecting
thalamostriatal synaptic activity (Wan et al., 2014).

However, it should be noted that the SAPAP-3 knock-
out genotype is also characterised by elevated anxiety
(Welch et al., 2007), which, given its robust link to OCD,
may affect animals’ task performance where stress can
play a modulatory, anxiety-inducing role with possible
consequences for compulsive behaviours. Indeed, it has
recently been argued that SAPAP-3 knockout mice may
more accurately reflect repetitive behaviours of relevance
to Tourette’s syndrome and trichotillomania, not only OCD
(Lamothe et al., 2023; Schreiweis & Burguiere, 2022). This
is partly corroborated by Bienvenu et al. (2009) who found
an association between polymorphisms in the human ver-
sion of the SAPAP-3 gene and behavioural pathologies,
including body-focused compulsive disorders, such as tri-
chotillomania, but no relationship between SAPAP-related
genetic variation and OCD.

Neurobehavioural models of OCD

Neurobehavioural models of OCD have been used to induce
compulsive-like behaviour by targeting a variety of psycho-
logical processes thought to contribute to OCD in humans.
These models are usually validated through pharmacological
or neural manipulations that would be predicted to enhance
or reduce OCD-like behaviour.
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Signal attenuation

The signal attenuation procedure arises from the
perspective that compulsive behaviour stems from deficient
feedback in relation to the performance of goal-directed
responding (Joel & Avisar, 2001; Joel, 2006a; 2006b).
Under “normal” conditions, feedback would prevent further
responding once the goal had been acquired, but under
conditions of reduced feedback signals, behaviour continues
in a dysfunctional and eventually compulsive manner
(Goltseker et al., 2015). Using the “signal attenuation task,”
Joel and colleagues have shown that perseverative lever
pressing can be reduced by acutely administering SSRIs,
such as fluvoxamine and paroxetine (Joel et al., 2004), giving
the model good predictive validity. Furthermore, because
of its strong theoretical framework, the signal attenuation
model offers good construct validity. However, it is limited
by the inability to test for the behavioural effects of repeated
or chronic drug administration as a result of their influence
on behavioural acquisition during early stages of the
procedure (Alonso et al., 2015).

Reversal learning and behavioural flexibility

The cognitive flexibility deficits reported in OCD
(Chamberlain et al., 2008) have been modelled in animals by
using behavioural tasks, such as reversal learning. Deficits in
reversal learning have been reported for SAPAP-3 knockout
mice (van den Boom et al., 2019) and OFC-lesioned monkeys
(Dias et al., 1996), rats (Boulougouris et al., 2007), and
monkeys with selective 5-HT depletion in the OFC (Clarke
et al., 2004, 2008). Recently, Hatakama et al. (2022) have
demonstrated that SSRI administration augmented behavioural
rigidity during reversal learning in mice, by down-regulating
5-HT, receptor signalling in the OFC. Conversely, measuring
neurochemical signalling in the marmoset caudate nucleus
has shown reversal learning to be modulated by dopaminergic
activity (Clarke et al., 2011). Importantly, these findings
collectively implicate two major neurotransmitter systems
associated with clinical OCD, serotonin and dopamine,
in nonhuman analogues of OCD-related behavioural
impairments. Additionally, they substantiate the mechanistic
role of both cortical and striatal substrates innervated by
these neuromodulator systems in aberrations of behavioural
flexibility, as demonstrated by reversal learning. Thus,
the procedure’s validity for modelling compulsive-like
behaviour in animals needs further corroboration in terms
of yielding remedial effects of pharmacological agent
administration. Targeting serotonin and dopamine activity, as
well as glutamate, may grant novel insights into their specific
neurochemical function within pathological manifestations of
behavioural flexibility across species.
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Exaggerated habit learning

Aberrant habit formation is considered a core feature of the
behavioural pathogenesis of compulsions in human OCD
patients (Graybiel & Rauch, 2000; Gillan et al., 2016). Much
has been learned about the neural basis of habit learning
from studies in animals. Corbit & Janak (2010) have shown
that both instrumental and pavlovian learning require the
dorsomedial striatum (DMS), the homologue of the human
caudate nucleus, while the dorsolateral striatum (equivalent
to the putamen) underlies stimulus-response learning (Yin
& Knowlton, 2006). Furthermore, the transition from goal-
directed to habitual behaviour is associated with a shift in
the requirement for both striatal (Vanderschuren & Everitt,
2004; Belin & Everitt, 2008; Zapata et al., 2010) and amyg-
dala subnuclei (Murray et al., 2015). The modulation of
goal-directed action is mediated by dissociable structures
within the rodent prefrontal cortex, with lesions of the pre-
limbic cortex resulting in insensitivity to changes in goal
value regardless of training duration (Killcross & Coutureau,
2003) and lesions of the infralimbic cortex augmenting sen-
sitivity to reward value, independent of limited or extended
training exposure (Coutureau & Killcross, 2003).

Ultimately, animal models of psychiatric illnesses,
including obsessive-compulsive disorder, are constrained
by the currently incomplete understanding of the full com-
plexity and heterogeneity seen in their human analogues.
This is pertinent for OCD, given its multiple symptomatic
dimensions, thought to be underpinned by distinct neu-
ral correlates. Therefore, it appears justified to focus on
a specific subtype within the wider obsessive-compulsive
symptomatic spectrum for neurobehavioural modelling in
animals, ideally one that aptly relates to different neuropsy-
chological deficits associated with OCD. Substantiated by
its diagnostic predictiveness for OCD (Stasik et al., 2012),
this fosters the case for translationally operationalising
dysfunctional checking to elucidate the neurobehavioural
mechanisms of habit-based, compulsive-like pathology in
OCD across species.

Pharmacological models of OCD

The most widely used pharmacological model of OCD has
targeted dopaminergic signalling through the subchronic
administration of the D,,; dopamine receptor antagonist
quinpirole. This has been shown to induce repetitive, com-
pulsive-like checking on an open-field task (Szechtman
et al., 1998, 2001), inducing bouts of checking that resem-
bles compulsive checking in OCD (Dvorkin et al., 2006).
Quinpirole also modulated behavioural flexibility in mar-
mosets when infused directly into the striatum (Horst et al.,
2019). However, it should be noted that although subchronic

quinpirole increased checking on the Observing Response
Task (Eagle et al., 2014, 2020), the effects were strongest
on functional rather than dysfunctional checking, and it also
reduced the capacity of treated rats to discriminate between
rewarded and unrewarded levers when their identities were
unsignalled (see below). Considering the link between
uncertainty and information-seeking (Anselme et al., 2013),
it may be the case that quinpirole increases checking due to
more generalised effects on uncertainty (Eagle et al., 2020).
This may provide an account for the finding that adminis-
tering dopamine receptor antagonists, such as haloperidol,
does not produce reductions in compulsive-like behaviour
(de Carolis et al., 2011).

The observing response task as a novel model
of OCD

It is becoming increasingly recognised that there is promi-
nent symptomatic heterogeneity between patients with men-
tal health conditions and that symptoms can overlap between
disorders; recognition of these facts has given support to
the increasingly prominent transdiagnostic approach of
dimensional psychiatry (Cuthbert & Insel, 2013; Nusslock
& Alloy, 2017). However, the focus on heterogeneity does
not negate the value of selecting a specific subtype of OCD
and operationalising it to acquire a better grasp of prevailing
behavioural and neural mechanisms within OCD.

An example of this approach is the use of the ORT to
study compulsive-like checking (Eagle et al., 2014; Morein-
Zamir et al., 2018), which has several advantages. One is
that excessive checking is amongst the most prevalent symp-
toms seen in obsessive-compulsive patients, often exacer-
bated by feelings of anxiety (Sasson et al., 1997; Heyman
et al., 2006; Fullana et al., 2010), although not necessar-
ily so (Clair et al., 2013). Moreover, perseverative check-
ing is highly characteristic of the compulsive persistence of
behaviour despite aversive consequences for patients’ daily
functioning. While checking can be adaptive (and arguably
necessary to reduce uncertainty and help to make informed
decisions), when its performance becomes excessive and
devoid of yielding any further information that would facil-
itate decision-making, the behaviour enters dysfunctional
and, as seen in OCD, pathological territory (Strauss et al.,
2021; Wake et al., 2022). Dysfunctional checking compul-
sions not only represent a prevalent symptom dimension but
are the only significant predictor of receiving a diagnosis of
OCD (Stasik et al., 2012).

Second, excessive checking behaviour is relevant to the
array of neuropsychological impairments observed in OCD,
including memory distrust, heightened cognitive load with
resulting deficits in working memory function, as well as
excessive performance monitoring and error-related nega-
tivity (Nakao et al., 2007; Harkin & Kessler, 2011; Heinzel
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et al., 2018; Weinberg et al., 2015). Furthermore, persistent
checking despite no rational reason to execute this illustrates
the behavioural pathology underlying cognitive rigidity and,
pertinently, aberrant goal-directed learning and habit forma-
tion in OCD.
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Third, excessive checking is readily studied in animal
models. The operationalisation of dysfunctional check-
ing in animals was pioneered by Szechtman et al. (1998),
having modelled the compulsive-like behaviour in rats by
administering quinpirole. Doing so subsequently turned
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«Fig. 1 Observing Response Task for rats (left) and humans (right).
The task is conducted in operant chambers for rats and on a computer
screen with a keyboard for humans. (A) Basic task schedule. Two
response manipulanda are presented, and pressing (red arrows/point-
ing) on one of these is deemed a correct response and rewarded with
a sucrose pellet for the rats, and the presentation of a pleasant noise
and points for the humans. The correct response changes throughout
the session (yellow arrow). (B) The currently correct response can
be indicated through making a functional checking response. For the
rats, the checking lever is presented on the back of the chamber. For
the humans, a checking key is available. (C) Pressing the observing
lever illuminates a cue light above the currently correct lever for the
rats, and the presentation of a light blue cue square behind the cur-
rently correct symbol for the humans. As these responses provide
information, they are deemed “functional” observing responses.
Responding on the correct manipulandum will be rewarded for as
long as that response is correct, regardless of whether the cue is still
presented. (D) Pressing of the observing lever or key while the cue is
still present provides no information and is deemed a “dysfunctional”
observing response.

their normal open-field checking into its perseverative ana-
logue, akin to a shift from adaptive, functional checking
for information acquisition’s sake to the persistent, patho-
logical symptom in OCD. Interestingly, quinpirole-induced
compulsive-like checking in rats has been reported to be
suppressed by administration of the nonselective serotonin
5-HT ;4 54282¢ Teceptor agonist m-chlorophenylpiperazine
(Tucci et al., 2013, 2015). Complementing the more etho-
logical approach of the Szechtman group, we have focused
on using an operant task for assessing dysfunctional check-
ing: the Observing Response Task (ORT; Eagle et al., 2014).
This fully translational task was developed in parallel to a
human analogue task (Morein-Zamir et al., 2018). Briefly,
in the rodent version, rats learn to respond on one of two
levers to receive reinforcement, with the correct lever chang-
ing unpredictably throughout the session. Rats can identify
the currently correct lever by pressing a third, “observing”
lever, illuminating a light cue over the correct lever. These
functional Observing Lever Presses (OLPs) can be distin-
guished from dysfunctional Extra Observing Lever Presses
(eOLPs)—the latter having no programmed consequences
(Fig. 1). Although it is possible to earn reinforcers without
using the checking lever, most individuals will use it to guide
behaviour, particularly under conditions where the reinforce-
ment contingencies and the switching of the correct and
incorrect levers are made more uncertain (Eagle et al., 2020;
Vousden et al., 2020) or the consequences of an incorrect
response are made aversive (Vousden et al., 2020). Under
baseline conditions, both rodents and humans will typically
check at least once every 1-2 minutes on task, with rates
increasing under the challenge conditions of uncertainty or
punishment of incorrect checking (Eagle et al., 2020; Vous-
den et al., 2020; Morein-Zamir et al., 2018), although these
averages do not reflect the profound individual variability
in checking responses. Furthermore, the ORT distinguishes

between functional and dysfunctional checking shown by the
same individuals, in both rodents and humans, and can be
readily used to assess interindividual variability in checking
(Eagle et al., 2020; Vousden et al., 2020).

To date, the literature on the ORT is relatively small
(Table 1), but investigations have been conducted into both
the neural basis of the task and individual differences in task
performance. D’Angelo et al. (2017) examined the effects of
lesioning brain regions implicated in the pathophysiology
of OCD, namely the medial PFC, nucleus accumbens core,
and the dorsal striatum, on checking behaviour in rodents
as measured by the ORT. Medial PFC lesions selectively
augmented functional checking during informative cue pres-
entation, whereas lesions to the nucleus accumbens core
resulted in increases in both functional and excessive check-
ing. These findings indicate both structures to be involved in
the control of checking behaviour, possibly due to their func-
tion in how uncertainty of reinforcement is processed, and
arguably promoting excessive and dysfunctional checking
analogous to OCD. This interpretation was corroborated by
Eagle et al. (2020) who showed that administering the selec-
tive D, ; receptor agonist quinpirole in rats increased check-
ing behaviour during uncertainty, though possibly through
effects on working memory, as nonspecific task measures
(such as discrimination between the correct and incorrect
levers in the absence of the cue light) were also impaired
by quinpirole administration. Furthermore, an interaction
between checking behaviour on the ORT and pavlovian cue
reactivity has been repeatedly reported (Eagle et al., 2020;
Vousden et al., 2020). Following pavlovian autoshaping pro-
cedures, rats can be classified as sign-trackers (approaching
and engaging with a cue predictive of reward) or goal-track-
ers (approaching and engaging with the location of reward
delivery). Both behavioural and neural differences have been
documented between these two phenotypes (Flagel et al.,
2007; Robinson & Flagel, 2009). Whereas sign-trackers
show marked increases in dysfunctional checking under
conditions of uncertainty, goal-trackers show increased
functional checking under conditions of perceived threat
(Vousden et al., 2020).

Considering the heterogeneity in the levels of checking
in patients with OCD, another advantage of the ORT as a
model is the degree to which individual differences in check-
ing have been observed. These have been assessed both by
pharmacological manipulations and by investigating natu-
rally occurring individual differences. One potential source
of individual variability in checking relates to sensitivity to
reward-related cues. Sign-tracking, indicated by reward cue-
driven attentional capture (“incentive salience”), has been
implicated in greater severity of addictive and obsessive-
compulsive behaviours in humans (Albertella et al., 2019;
Watson et al., 2019). Sign-tracking rats have also been
observed to show higher levels of dysfunctional checking
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Table 1 Key findings obtained from published studies utilising the ORT

Publication Species Manipulation  Key findings
Eagle et al. (2014) Rats Pharmaco- Following quinpirole administration, uncertainty increased functional and dysfunctional
logical checking behaviour
(quinpirole
administra-
tion)
Eagle et al. (2020) Rats Pharmaco- Quinpirole administration in rats classified as sign-trackers increased dysfunctional
logical checking, which was amplified by uncertainty. Goal-tracking animals showed height-
(quinpirole ened functional checking
administra-
tion)
D’Angelo et al. (2017) Rats Lesions Lesioning the rodent medial PFC increased functional checking; lesions to the nucleus
accumbens increased functional and dysfunctional checking during uncertainty
Vousden et al. (2020) Rats Behavioural Anxiogenic, aversive stimuli increased functional checking without modulating dys-

functional checking. Rats classified as sign-trackers displayed heightened dysfunc-
tional checking amplified by increased uncertainty

Morein-Zamir et al. (2018) Humans Behavioural

Punishment led to increased checking in a nonclinical sample, including reduced sensi-

tivity to the aversive consequences of their checking. A clinical sample diagnosed with
OCD displayed higher baseline checking as well as markedly greater insensitivity to
punishment compared with controls

on the ORT (Eagle et al., 2020; Vousden et al., 2020). Fur-
thermore, the behavioural phenotypes of sign-tracking and
goal-tracking are well-documented as being associated with
drug-seeking in the addiction literature (Flagel et al., 2009;
Kucinski et al., 2018). This is illustrated by observations of
the former’s heightened susceptibility to cue-driven reward-
seeking rather than goal-directed behaviour based on action-
outcome associations, as associated with goal-tracking
(Colaizzi et al., 2020). Moreover, testing sign-trackers and
goal-trackers on an aversive version of the ORT (aORT),
in which incorrect responding was punished with electric
footshocks, showed general increases in functional check-
ing throughout the population and some increases in dys-
functional checking at greater shock magnitudes (Vousden
et al., 2020). Crucially, whereas goal-trackers and interme-
diate animals performed fewer dysfunctional eOLPs once
the shock contingency was removed, sign-trackers did not
decrease their dysfunctional checking behaviour after the
contingency between maladaptive checking and shock deliv-
ery had been decoupled. This aligns with the notion of per-
sistent, dysfunctional behavioural aberrations analogous to
compulsive checking in humans, as well as pointing to the
phenotypic susceptibility of sign-tracking subjects to engage
in compulsive behaviour, as described in the addiction litera-
ture (Flagel et al., 2009; Tomie et al., 2008; Robinson et al.,
2018; Schettino et al., 2022). This emerging research hence
supports the utility of the ORT as an objective translational
tool for illuminating underlying processes akin to the mala-
daptive checking observed in OCD patients, allowing com-
plementary studies to be conducted in rodents (which would
allow for causal manipulations of checking through phar-
macological and neural manipulations) and humans (both

@ Springer

healthy participants and patients, where there is potential
for functional imaging and subjective, in addition to objec-
tive, measures).

Conclusions and future directions

OCD is a highly heterogenous disorder, associated with
a number of cognitive and neurobiological differences
between OCD patients and neurotypical populations. Con-
sidering the heterogeneity of the disorder and the value of
convergent approaches (Rutherford & Milton, 2022), dif-
ferent animal models have been developed to study specific
processes and mechanisms underlying OCD.

A relatively new addition to these approaches is the ORT,
which was developed to be translational between rats and
humans and to distinguish objectively between functional
and dysfunctional versions of the same checking behaviour.
The ORT has the advantages of measuring wide-ranging
individual differences in checking, in addition to a rich set
of nonchecking measures that allow for the assessment of
other psychological processes that may go awry in OCD. For
example, it is possible to measure memory performance as
determined by the capacity of animals to remember which
lever is currently correct, and inhibitory control via the sup-
pression of incorrect responses on the ongoing task. The
development of variants of the ORT, including the aversive
ORT (in which incorrect responses are punished), probe tests
in which the contingency between checking and informa-
tion is degraded, and a version in which checking is directly
punished provide the possibility of measuring the impact of
aversive outcomes, reliance on habits, and the compulsive
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nature of checking as measured by resistance of checking
to punishment.

To date, alterations in behaviour on the ORT have been
demonstrated with lesions to key regions in the neural cir-
cuits underlying OCD, pharmacological manipulations tar-
geting key neurochemical changes in OCD (and validated in
other animal models), and individual differences in reward
cue reactivity that have been associated with compulsive
behaviour in addiction. We argue that the ORT is a valu-
able addition to the animal analogues of OCD, although we
acknowledge that a key focus of future work will be to deter-
mine whether dysfunctional checking is habitual (e.g. with
contingency degradation procedures) and compulsive (e.g.
by directly punishing checking). These behavioural ques-
tions would ideally be addressed alongside investigations
into the circuit-level mechanisms that underpin the transition
from adaptive to maladaptive checking behaviour in rodents
and humans. Furthermore, given the sex differences reported
for the symptomatic manifestation of human OCD (Raines
et al., 2018) and female animals being historically underrep-
resented in biobehavioural research (Shansky, 2019), testing
for possible sex differences in ORT performance, and (dys)
functional checking behaviour specifically, may be of inter-
est to allow more nuanced and robust conclusions.

Ultimately, converging and back-translational approaches
across a range of genetic, pharmacological, and neurobe-
havioural models should combine to not only provide new
vistas on OCD but also to inform the identification of new
treatment targets for this highly debilitating disorder.

Acknowledgments This research was supported by UK Research and
Innovation’s Biological and Biotechnology Research Council grant BB/
WO001195/1. LP is jointly supported by a University of Cambridge
School of Biological Sciences Doctoral Training Award and a Pinsent
Darwin Award. ALM is the Ferreras-Willetts Fellow in Neuroscience
at Downing College, University of Cambridge. For the purpose of open
access, the authors have applied a Creative Commons Attribution (CC
BY) licence to any Author Accepted Manuscript version arising from
this submission.

Open practices statement No specific data are presented in this manu-
script, but examples of data generated by the Observing Response Task
are freely available on the University of Cambridge data repository
(e.g., https://doi.org/10.17863/CAM.41573).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abramovitch, A., Shaham, N., Levin, L., Bar-Hen, M., & Schweiger,
A. (2015). Response inhibition in a subclinical obsessive-com-
pulsive sample. Journal of Behavior Therapy and Experimental
Psychiatry, 46, 66-71.

Adams, T. G., Kelmendi, B., Brake, C. A., Gruner, P., Badour, C. L.,
& Pittenger, C. (2018). The role of stress in the pathogenesis and
maintenance of obsessive-compulsive disorder. Chronic Stress,
2,2470547018758043.

Albertella, L., Le Pelley, M. E., Chamberlain, S. R., Westbrook, F.,
Fontenelle, L. F., Segrave, R., & Yiicel, M. (2019). Reward-
related attentional capture is associated with severity of addictive
and obsessive—compulsive behaviors. Psychology of Addictive
Behaviors, 33(5), 495.

Alonso, P., Lopez-Sola, C., Real, E., Segalas, C., & Menchoén, J. M.
(2015). Animal models of obsessive—compulsive disorder: Util-
ity and limitations. Neuropsychiatric Disease and Treatment, 11,
1939.

Angst, J., Gamma, A., Endrass, J., Goodwin, R., Ajdacic, V., Eich, D.,
& Rossler, W. (2004). Obsessive-compulsive severity spectrum
in the community: Prevalence, comorbidity, and course. Euro-
pean Archives of Psychiatry and Clinical Neuroscience, 254(3),
156-164.

Anselme, P., Robinson, M. J., & Berridge, K. C. (2013). Reward uncer-
tainty enhances incentive salience attribution as sign-tracking.
Behavioural Brain Research, 238, 53-61.

Banca, P., Voon, V., Vestergaard, M. D., Philipiak, G., Almeida, I.,
Pocinho, F., & Castelo-Branco, M. (2015). Imbalance in habitual
versus goal directed neural systems during symptom provocation
in obsessive-compulsive disorder. Brain, 138(3), 798-811.

Bannon, S., Gonsalvez, C. J., Croft, R. J., & Boyce, P. M. (2002).
Response inhibition deficits in obsessive—compulsive disorder.
Psychiatry Research, 110(2), 165-174.

Barlow, R. L., Alsi6, J., Jupp, B., Rabinovich, R., Shrestha, S., Rob-
erts, A. C., Robbins, T. W., & Dalley, J. W. (2015). Markers
of serotonergic function in the orbitofrontal cortex and dorsal
raphé nucleus predict individual variation in spatial-discrimi-
nation serial reversal learning. Neuropsychopharmacology, 40,
1619-1630.

Belin, D., & Everitt, B. J. (2008). Cocaine seeking habits depend upon
dopamine-dependent serial connectivity linking the ventral with
the dorsal striatum. Neuron, 57(3), 432-441.

Berridge, K. C., Aldridge, J. W., Houchard, K. R., & Zhuang, X.
(2005). Sequential super-stereotypy of an instinctive fixed
action pattern in hyper-dopaminergic mutant mice: A model of
obsessive-compulsive disorder and Tourette’s. BMC Biology,
3(1), 1-16.

Bienvenu, O. J., Wang, Y., Shugart, Y. Y., Welch, J. M., Grados, M.
A., Fyer, A.J., & Nestadt, G. (2009). Sapap3 and pathologi-
cal grooming in humans: Results from the OCD collaborative
genetics study. American Journal of Medical Genetics Part B:
Neuropsychiatric Genetics, 150(5), 710-720.

Boone, K. B., Ananth, J., Philpott, L., & Kaur, A. (1991). Neuropsy-
chological characteristics of nondepressed adults with obses-
sive-compulsive disorder. Neuropsychiatry, Neuropsychology,
& Behavioral Neurology.

Boulougouris, V., Dalley, J. W., & Robbins, T. W. (2007). Effects of
orbitofrontal, infralimbic and prelimbic cortical lesions on serial
spatial reversal learning in the rat. Behavioural Brain Research,
179(2), 219-228.

Brown, S. A., Crowell-Davis, S., Malcolm, T., & Edwards, P. (1987).
Naloxone-responsive compulsive tail chasing in a dog. Journal of
the American Veterinary Medical Association, 190(7), 884—886.

@ Springer


https://doi.org/10.17863/CAM.41573
http://creativecommons.org/licenses/by/4.0/

260

Cognitive, Affective, & Behavioral Neuroscience (2024) 24:249-265

Burguiere, E., Monteiro, P., Mallet, L., Feng, G., & Graybiel, A. M.
(2015). Striatal circuits, habits, and implications for obsessive—
compulsive disorder. Current Opinion in Neurobiology, 30,
59-65.

Calamari, J. E., Wiegartz, P. S., & Janeck, A. S. (1999). Obsessive—
compulsive disorder subgroups: A symptom-based clustering
approach. Behaviour Research and Therapy, 37(2), 113-125.

Cavedini, P., Zorzi, C., Piccinni, M., Cavallini, M. C., & Bellodi, L.
(2010). Executive dysfunctions in obsessive-compulsive patients
and unaffected relatives: Searching for a new intermediate phe-
notype. Biological Psychiatry, 67(12), 1178-1184.

Chamberlain, S. R., Blackwell, A. D., Fineberg, N. A., Robbins,
T. W., & Sahakian, B. J. (2005). The neuropsychology of
obsessive-compulsive disorder: The importance of failures in
cognitive and behavioural inhibition as candidate endopheno-
typic markers. Neuroscience & Biobehavioral Reviews, 29(3),
399-419.

Chamberlain, S. R., Fineberg, N. A., Menzies, L. A., Blackwell, A.
D., Bullmore, E. T., Robbins, T. W., & Sahakian, B. J. (2007).
Impaired cognitive flexibility and motor inhibition in unaffected
first-degree relatives of patients with obsessive-compulsive dis-
order. American Journal of Psychiatry, 164(2), 335-338.

Chamberlain, S. R., Menzies, L., Hampshire, A., Suckling, J., Fineberg,
N. A., del Campo, N., & Sahakian, B. J. (2008). Orbitofrontal
dysfunction in patients with obsessive-compulsive disorder and
their unaffected relatives. Science, 321(5887), 421-422.

Chamberlain, S. R., Solly, J. E., Hook, R. W., Vaghi, M. M., & Rob-
bins, T. W. (2021). Cognitive inflexibility in OCD and related
disorders. In The neurobiology and treatment of OCD: Accelerat-
ing Progress (pp. 125-145). Springer, Cham.

Chen, Y., Juhas, M., Greenshaw, A. J., Hu, Q., Meng, X., Cui, H., & Li,
P. (2016). Abnormal resting-state functional connectivity of the
left caudate nucleus in obsessive-compulsive disorder. Neurosci-
ence Letters, 623, 57-62.

Clair, A. H., N’diaye, K., Baroukh, T., Pochon, J. B., Morgieve, M.,
Hantouche, E., et al. (2013). Excessive checking for non-anxio-
genic stimuli in obsessive-compulsive disorder. European Psy-
chiatry, 28(8), 507-513.

Clark, D. A., & O’Connor, K. (2005). Thinking is believing: Ego-
dystonic intrusive thoughts in obsessive-compulsive disorder.
In D. A. Clark (Ed.), Intrusive thoughts in clinical disorders:
Theory, research and treatment. The Guilford Press.

Clarke, H. F., Dalley, J. W., Crofts, H. S., Robbins, T. W., & Roberts,
A. C. (2004). Cognitive inflexibility after prefrontal serotonin
depletion. Science, 304(5672), 878-880.

Clarke, H. F., Hill, G. J., Robbins, T. W., & Roberts, A. C. (2011).
Dopamine, but not serotonin, regulates reversal learning in the
marmoset caudate nucleus. Journal of Neuroscience, 31(11),
4290-4297.

Clarke, H. F., Robbins, T. W., & Roberts, A. C. (2008). Lesions of the
medial striatum in monkeys produce perseverative impairments
during reversal learning similar to those produced by lesions
of the orbitofrontal cortex. Journal of Neuroscience, 28(43),
10972-10982.

Clarke, H. F., Walker, S. C., Dalley, J. W., Robbins, T. W., & Roberts,
A. C. (2007). Cognitive inflexibility after prefrontal serotonin
depletion is behaviourally and neurochemically specific. Cer-
ebral Cortex, 17, 18-217.

Colaizzi, J. M., Flagel, S. B., Joyner, M. A., Gearhardt, A. N., Stewart,
J. L., & Paulus, M. P. (2020). Mapping sign-tracking and goal-
tracking onto human behaviors. Neuroscience & Biobehavioral
Reviews, 111, 84-94.

Corbit, L. H., & Janak, P. H. (2010). Posterior dorsomedial striatum
is critical for both selective instrumental and Pavlovian reward
learning. European Journal of Neuroscience, 31(7), 1312-1321.

@ Springer

Coutureau, E., & Killcross, S. (2003). Inactivation of the infralimbic
prefrontal cortex reinstates goal-directed responding in over-
trained rats. Behavioural Brain Research, 146(1-2), 167-174.

Cuthbert, B. N., & Insel, T. R. (2013). Toward the future of psychiatric
diagnosis: The seven pillars of RdoC. BMC Medicine, 11(1), 1-8.

Cuttler, C., & Graf, P. (2009). Checking-in on the memory deficit and
meta-memory deficit theories of compulsive checking. Clinical
Psychology Review, 29(5), 393-409.

Dajani, D. R., & Uddin, L. Q. (2015). Demystifying cognitive flex-
ibility: Implications for clinical and developmental neuroscience.
Trends in Neurosciences, 38(9), 571-578.

D’Angelo, C., Eagle, D. M., Coman, C. M., & Robbins, T. W. (2017).
Role of the medial prefrontal cortex and nucleus accumbens in
an operant model of checking behaviour and uncertainty. Brain
and Neuroscience Advances, 1,2398212817733403.

D’Angelo, L. S. C., Eagle, D. M., Grant, J. E., Fineberg, N. A., Rob-
bins, T. W., & Chamberlain, S. R. (2014). Animal models of
obsessive-compulsive spectrum disorders. CNS Spectrums,
19(1), 28-49.

Dar, R., Sarna, N., Yardeni, G., & Lazarov, A. (2022). Are people with
obsessive-compulsive disorder under-confident in their memory
and perception? A review and meta-analysis. Psychological
Medicine, 1-9.

De Carolis, L., Schepisi, C., Milella, M. S., & Nencini, P. (2011). Clo-
mipramine, but not haloperidol or aripiprazole, inhibits quin-
pirole-induced water contrafreeloading, a putative animal model
of compulsive behavior. Psychopharmacology, 218(4), 749-759.

De Salles Andrade, J. B., Giori, I. G., Melo-Felippe, F. B., Vieira-
Fonseca, T., Fontenelle, L. F., & Kohlrausch, F. B. (2019). Gluta-
mate transporter gene polymorphisms and obsessive-compulsive
disorder: A case-control association study. Journal of Clinical
Neuroscience, 62, 53-59.

De Vries, F. E., de Wit, S. J., Cath, D. C., van der Werf, Y. D., van
der Borden, V., van Rossum, T. B, et al. (2014). Compensatory
frontoparietal activity during working memory: An endopheno-
type of obsessive-compulsive disorder. Biological Psychiatry,
76(11), 878-887.

Den Braber, A., van’t Ent, D., Boomsma, D. 1., Cath, D. C., Veltman,
D.J., Thompson, P. M., & de Geus, E. J. (2011). White matter
differences in monozygotic twins discordant or concordant for
obsessive-compulsive symptoms: A combined diffusion tensor
imaging/voxel-based morphometry study. Biological Psychiatry,
70(10), 969-977.

Diamond, A. (2013). Executive functions. Annual Review of Psychol-
ogy, 64, 135.

Dias, R., Robbins, T. W., & Roberts, A. C. (1996). Dissociation in
prefrontal cortex of affective and attentional shifts. Nature,
380(6569), 69-72.

Dickinson, A. (1985). Actions and habits: The development of behav-
ioural autonomy. Philosophical Transactions of the Royal Society
of London. B, Biological Sciences, 308(1135), 67-78.

Dong, C., Yang, Q., Liang, J., Seger, C. A., Han, H., Ning, Y., et al.
(2020). Impairment in the goal-directed corticostriatal learning
system as a biomarker for obsessive—compulsive disorder. Psy-
chological Medicine, 50(9), 1490-1500.

Downes, J. J., Roberts, A. C., Sahakian, B. J., Evenden, J. L., Morris,
R. G., & Robbins, T. W. (1989). Impaired extra-dimensional shift
performance in medicated and unmedicated Parkinson’s disease:
Evidence for a specific attentional dysfunction. Neuropsycholo-
gia, 27(11-12), 1329-1343.

Dvorkin, A., Perreault, M. L., & Szechtman, H. (2006). Development
and temporal organization of compulsive checking induced by
repeated injections of the dopamine agonist quinpirole in an ani-
mal model of obsessive-compulsive disorder. Behavioural Brain
Research, 169(2), 303-311.



Cognitive, Affective, & Behavioral Neuroscience (2024) 24:249-265

261

Eagle, D. M., Noschang, C., d’Angelo, L. S. C., Noble, C. A., Day,
J. O., Dongelmans, M. L., et al. (2014). The dopamine D2/D3
receptor agonist quinpirole increases checking-like behaviour in
an operant observing response task with uncertain reinforcement:
A novel possible model of OCD. Behavioural Brain Research,
264, 207-229.

Eagle, D. M., Schepisi, C., Chugh, S., Desai, S., Han, S. Y. S., Huang,
T., et al. (2020). Dissociable dopaminergic and pavlovian influ-
ences in goal-trackers and sign-trackers on a model of compul-
sive checking in OCD. Psychopharmacology, 237, 3569-3581.

Ehmer, 1., Crown, L., van Leeuwen, W., Feenstra, M., Willuhn, 1., &
Denys, D. (2020b). Evidence for distinct forms of compulsivity
in the SAPAP3 mutant-mouse model for obsessive-compulsive
disorder. Eneuro, 7(2).

Ehmer, L., Feenstra, M., Willuhn, 1., & Denys, D. (2020a). Instrumental
learning in a mouse model for obsessive-compulsive disorder:
Impaired habit formation in Sapap3 mutants. Neurobiology of
Learning and Memory, 168, 107162.

Eng, G. K., Sim, K., & Chen, S. H. A. (2015). Meta-analytic inves-
tigations of structural grey matter, executive domain-related
functional activations, and white matter diffusivity in obsessive
compulsive disorder: An integrative review. Neuroscience &
Biobehavioral Reviews, 52, 233-257.

Fawcett, E. J., Power, H., & Fawcett, J. M. (2020). Women are at
greater risk of OCD than men: A meta-analytic review of OCD
prevalence worldwide. The Journal of Clinical Psychiatry, 81(4),
13075.

Flagel, S. B., Akil, H., & Robinson, T. E. (2009). Individual differences
in the attribution of incentive salience to reward-related cues:
Implications for addiction. Neuropharmacology, 56, 139-148.

Flagel, S. B., Watson, S. J., Robinson, T. E., & Akil, H. (2007). Indi-
vidual differences in the propensity to approach signals vs goals
promote different adaptations in the dopamine system of rats.
Psychopharmacology, 191, 599-607.

Frith, C. D., Blakemore, S.-J., & Wolpert, D. M. (2000). Abnormalities
in the awareness and control of action. Philosophical Transac-
tions of the Royal Society B, 355, 1771-1788.

Fullana, M. A., Vilagut, G., Rojas-Farreras, S., Mataix-Cols, D., de
Graaf, R., Demyttenaere, K., ... & ESEMeD/MHEDEA 2000
investigators. (2010). Obsessive—compulsive symptom dimen-
sions in the general population: Results from an epidemiological
study in six European countries. Journal of Affective Disorders,
124(3), 291-299.

Garner, J. P., Weisker, S. M., Dufour, B., & Mench, J. A. (2004). Bar-
bering (fur and whisker trimming) by laboratory mice as a model
of human trichotillomania and obsessive-compulsive spectrum
disorders. Comparative Medicine, 54(2), 216-224.

Gentes, E. L., & Ruscio, A. M. (2011). A meta-analysis of the relation
of intolerance of uncertainty to symptoms of generalized anxiety
disorder, major depressive disorder, and obsessive-compulsive
disorder. Clinical Psychology Review, 31,923-933.

Geyer, M. A., & Markou, A. (1995). Animal models of psychiatric
disorders. Psychopharmacology: the Fourth Generation of Pro-
gress, pp., 187-798.

Gillan, C. M., Morein-Zamir, S., Urcelay, G. P., Sule, A., Voon, V.,
Apergis-Schoute, A. M., et al. (2014). Enhanced avoidance habits
in obsessive-compulsive disorder. Biological Psychiatry, 75(8),
631-638.

Gillan, C. M., Papmeyer, M., Morein-Zamir, S., Sahakian, B. J.,
Fineberg, N. A., Robbins, T. W., & de Wit, S. (2011). Disruption
in the balance between goal-directed behavior and habit learning
in obsessive-compulsive disorder. American Journal of Psychia-
try, 168(7), 7118-726.

Gillan, C. M., Robbins, T. W., Sahakian, B. J., van den Heuvel, O. A.,
& van Wingen, G. (2016). The role of habit in compulsivity.
European Neuropsychopharmacology, 26(5), 828-840.

Goltseker, K., Yankelevitch-Yahav, R., Albelda, N. S., & Joel, D.
(2015). Signal attenuation as a rat model of obsessive-compul-
sive disorder. JOVE (Journal of Visualized Experiments), 95,
e52287.

Goodwin, A. H., & Sher, K. J. (1992). Deficits in set-shifting ability
in nonclinical compulsive checkers. Journal of Psychopathology
and Behavioral Assessment, 14(1), 81-92.

Gottwald, J., de Wit, S., Apergis-Schoute, A. M., Morein-Zamir, S.,
Kaser, M., Cormack, F., et al. (2018). Impaired cognitive plastic-
ity and goal-directed control in adolescent obsessive—compulsive
disorder. Psychological Medicine, 48(11), 1900-1908.

Gourley, S. L., Bonci, A., Bruchas, M. R., Flagel, S. B., Haber, S. N.,
Kalivas, P. W, et al. (2021). Convergent experimental systems
for dissecting the neurobiology of intrusive thought: A road map.
In P. W. Kalivas & M. P. Paulus (Eds.), (2021, February). Intru-
sive thinking: From molecules to free will Strungmann Forum
Reports.

Graybiel, A. M., & Rauch, S. L. (2000). Toward a neurobiology of
obsessive-compulsive disorder. Neuron, 28(2), 343-347.

Gu, B. M., Park, J. Y., Kang, D. H., Lee, S. J., Yoo, S. Y., Jo, H. J.,
et al. (2008). Neural correlates of cognitive inflexibility during
task-switching in obsessive-compulsive disorder. Brain, 131(1),
155-164.

Guo, Y., Schmitz, T. W., Mur, M., Ferreira, C. S., & Anderson, M. C.
(2018). A supramodal role of the basal ganglia in memory and
motor inhibition: Meta-analytic evidence. Neuropsychologia,
108, 117-134.

Hadjas, L. C., Liischer, C., & Simmler, L. D. (2019). Aberrant habit
formation in the Sapap3-knockout mouse model of obsessive-
compulsive disorder. Scientific Reports, 9(1), 1-9.

Harkin, B., & Kessler, K. (2011). The role of working memory in
compulsive checking and OCD: A systematic classification of
58 experimental findings. Clinical Psychology Review, 31(6),
1004-1021.

Harrison, B. J., Soriano-Mas, C., Pujol, J., Ortiz, H., Lépez-Sola, M.,
Hernandez-Ribas, R., et al. (2009). Altered corticostriatal func-
tional connectivity in obsessive-compulsive disorder. Archives
of General Psychiatry, 66(11), 1189-1200.

Hatakama, H., Asaoka, N., Nagayasu, K., Shirakawa, H., & Kaneko,
S. (2022). A selective serotonin reuptake inhibitor ameliorates
obsessive—compulsive disorder-like perseverative behavior by
attenuating 5-HT2C receptor signaling in the orbitofrontal cor-
tex. Neuropharmacology, 206, 108926.

Heinzel, S., Kaufmann, C., Griitzmann, R., Hummel, R., Klawohn, J.,
Riesel, A., et al. (2018). Neural correlates of working memory
deficits and associations to response inhibition in obsessive com-
pulsive disorder. Neurolmage: Clinical, 17, 426—434.

Heinzel, S., Kaufmann, C., Griitzmann, R., Klawohn, J., Riesel, A.,
Bey, K., et al. (2021). Polygenic risk for obsessive-compulsive
disorder (OCD) predicts brain response during working memory
task in OCD, unaffected relatives, and healthy controls. Scientific
Reports, 11(1), 1-11.

Heyman, I., Mataix-Cols, D., & Fineberg, N. A. (2006). Obsessive-
compulsive disorder. BMJ, 333(7565), 424-429.

Hibar, D. P, Cheung, J. W., Medland, S. E., Mufford, M. S., Jahanshad,
N., Dalvie, S., et al. (2018). Significant concordance of genetic
variation that increases both the risk for obsessive—compulsive
disorder and the volumes of the nucleus accumbens and putamen.
The British Journal of Psychiatry, 213(1), 430-436.

Holaway, R. M., Heimberg, R. G., & Coles, M. E. (2006). A compari-
son of intolerance of uncertainty in analogue obsessive-compul-
sive disorder and generalized anxiety disorder. Journal of Anxiety
Disorders, 20, 158—174.

Horst, N. K., Jupp, B., Roberts, A. C., & Robbins, T. W. (2019). D2
receptors and cognitive flexibility in marmosets: Tri-phasic

@ Springer



262

Cognitive, Affective, & Behavioral Neuroscience (2024) 24:249-265

dose-response effects of intra-striatal quinpirole on serial rever-
sal performance. Neuropsychopharmacology, 44(3), 564-571.

Ionescu, T. (2012). Exploring the nature of cognitive flexibility. New
Ideas in Psychology, 30(2), 190-200.

Joel, D. (2006a). The signal attenuation rat model of obsessive—compul-
sive disorder: A review. Psychopharmacology, 186(4), 487-503.

Joel, D. (2006b). Current animal models of obsessive compulsive dis-
order: A critical review. Progress in Neuro-Psychopharmacology
and Biological Psychiatry, 30(3), 374-388.

Joel, D., & Avisar, A. (2001). Excessive lever pressing following post-
training signal attenuation in rats: A possible animal model of
obsessive compulsive disorder? Behavioural Brain Research,
123(1), 77-87.

Joel, D., Ben-Amir, E., Doljansky, J., & Flaisher, S. (2004).
‘Compulsive’lever-pressing in rats is attenuated by the serotonin
re-uptake inhibitors paroxetine and fluvoxamine but not by the
tricyclic antidepressant desipramine or the anxiolytic diazepam.
Behavioural Pharmacology, 15(3), 241-252.

Kalenzaga, S., Clarys, D., & Jaafari, N. (2020). The memory deficit
hypothesis of compulsive checking in OCD: What are we really
talking about? A narrative review. Memory, 28(8), 1089-1103.

Kochar, N., Ip, S., Vardanega, V., Sireau, N. T., & Fineberg, N. A.
(2023). A cost-of-illness analysis of the economic burden of
obsessive-compulsive disorder in the United Kingdom. Com-
prehensive Psychiatry, 127, 152422.

Kucinski, A., Lustig, C., & Sarter, M. (2018). Addiction vulnerability
trait impacts complex movement control: Evidence from sign-
trackers. Behavioural Brain Research, 350, 139-148.

Kwon, J. S., Kim, J. J., Lee, D. W,, Lee, J. S., Lee, D. S., Kim, M. S.,
et al. (2003). Neural correlates of clinical symptoms and cogni-
tive dysfunctions in obsessive—compulsive disorder. Psychiatry
Research: Neuroimaging, 122(1), 37-47.

Lamothe, H., Schreiweis, C., Mondragén-Gonzélez, L. S., Rebbah, S.,
Lavielle, O., Mallet, L., & Burguiere, E. (2023). The Sapap3—/—
mouse reconsidered as a comorbid model expressing a spectrum
of pathological repetitive behaviours. Translational Psychiatry,
13(1), 26.

Lei, H., Lai, J., Sun, X., Xu, Q., & Feng, G. (2019). Lateral orbitofron-
tal dysfunction in the Sapap3 knockout mouse model of obses-
sive—compulsive disorder. Journal of Psychiatry and Neurosci-
ence, 44(2), 120-131.

Lucey, J. V., Burness, C. E., Costa, D. C., Gacinovic, S., Pilowsky, L.
S., Ell, P. J., et al. (1997). Wisconsin card sorting task (WCST)
errors and cerebral blood flow in obsessive-compulsive disorder
(OCD). British Journal of Medical Psychology, 70(4), 403—411.

Manning, E. E., Geramita, M. A., Piantadosi, S. C., Pierson, J. L.,
& Ahmari, S. E. (2021). Distinct patterns of abnormal lateral
orbitofrontal cortex activity during compulsive grooming and
reversal learning normalize after fluoxetine. Biological Psychia-
try, 93(11), 989-999.

Mar, K., Townes, P., Pechlivanoglou, P., Arnold, P., & Schachar, R.
(2022). Obsessive compulsive disorder and response inhibition:
Meta-analysis of the stop-signal task. Journal of Psychopathol-
ogy and Clinical Science, 131(2), 152-161.

Martin, A., Wiggs, C. L., Altemus, M., Rubenstein, C. & Murphy, D. L.
(1995). Working memory as assessed by subject-ordered tasks in
patients with obsessive-compulsive disorder. Journal of Clinical
and Experimental Neuropsychology, 17(5), 786—792.

Mataix-Cols, D., do Rosario-Campos, M. C., & Leckman, J. F. (2005).
A multidimensional model of obsessive-compulsive disorder.
American Journal of Psychiatry, 162(2), 228-238.

Mataix-Cols, D., Wooderson, S., Lawrence, N., Brammer, M. J.,
Speckens, A., & Phillips, M. L. (2004). Distinct neural corre-
lates of washing, checking, and hoarding symptom dimensions in

@ Springer

obsessive-compulsive disorder. Archives of General Psychiatry,
61(6), 564-576.

Menzies, L., Achard, S., Chamberlain, S. R., Fineberg, N., Chen, C. H.,
Del Campo, N., et al. (2007). Neurocognitive endophenotypes
of obsessive-compulsive disorder. Brain, 130(12), 3223-3236.

Menzies, L., Chamberlain, S. R., Laird, A. R., Thelen, S. M., Sahakian,
B.J., & Bullmore, E. T. (2008). Integrating evidence from neuro-
imaging and neuropsychological studies of obsessive-compulsive
disorder: The orbitofronto-striatal model revisited. Neuroscience
& Biobehavioral Reviews, 32(3), 525-549.

Moreira, P. S., Marques, P., Soriano-Mas, C., Magalhdes, R., Sousa,
N., Soares, J. M., & Morgado, P. (2017). The neural correlates
of obsessive-compulsive disorder: A multimodal perspective.
Translational Psychiatry, 7(8), e1224—e1224.

Morein-Zamir, S., Shahper, S., Fineberg, N. A., Eisele, V., Eagle, D.
M., Urcelay, G., & Robbins, T. W. (2018). Free operant observ-
ing in humans: A translational approach to compulsive certainty
seeking. Quarterly Journal of Experimental Psychology, 71(10),
2052-2069.

Moritz, S., Kloss, M., von Eckstaedt, F. V., & Jelinek, L. (2009a). Com-
parable performance of patients with obsessive—compulsive dis-
order (OCD) and healthy controls for verbal and nonverbal mem-
ory accuracy and confidence: Time to forget the forgetfulness
hypothesis of OCD? Psychiatry Research, 166(2-3), 247-253.

Moritz, S., Ruhe, C., Jelinek, L., & Naber, D. (2009b). No deficits in
nonverbal memory, metamemory and internal as well as external
source memory in obsessive-compulsive disorder (OCD). Behav-
iour Research and Therapy, 47(4), 308-315.

Moritz, S., Wahl, K., Zurowski, B., Jelinek, L., Hand, 1., & Fricke, S.
(2007). Enhanced perceived responsibility decreases meta-mem-
ory but not memory accuracy in obsessive—compulsive disorder
(OCD). Behaviour Research and Therapy, 45(9), 2044-2052.

Murayama, K., Nakao, T., Sanematsu, H., Okada, K., Yoshiura, T.,
Tomita, M., et al. (2013). Differential neural network of check-
ing versus washing symptoms in obsessive-compulsive disorder.
Progress in Neuro-Psychopharmacology and Biological Psychia-
try, 40, 160-166.

Murray, J. E., Belin-Rauscent, A., Simon, M., Giuliano, C., Benoit-
Marand, M., Everitt, B. J., & Belin, D. (2015). Basolateral and
central amygdala differentially recruit and maintain dorsolateral
striatum-dependent cocaine-seeking habits. Nature Communica-
tions, 6(1), 10088.

Nakao, T., Nakagawa, A., Nakatani, E., Nabeyama, M., Sanematsu,
H., Yoshiura, T., et al. (2009). Working memory dysfunction
in obsessive—compulsive disorder: A neuropsychological and
functional MRI study. Journal of Psychiatric Research, 43(8),
784-791.

Nestler, E. J., & Hyman, S. E. (2010). Animal models of neuropsychi-
atric disorders. Nature Neuroscience, 13(10), 1161-1169.
Nusslock, R., & Alloy, L. B. (2017). Reward processing and mood-
related symptoms: An RDoC and translational neuroscience

perspective. Journal of Affective Disorders, 216, 3-16.

Okasha, A., Rafaat, M., Mahallawy, N., Nahas, G. E., Dawla, A. S.
E., Sayed, M., & Kholi, S. E. (2000). Cognitive dysfunction in
obsessive-compulsive disorder. Acta Psychiatrica Scandinavica,
101(4), 281-285.

Olatunji, B. O., Lohr, J. M., Sawchuk, C. N., & Tolin, D. F. (2007).
Multimodal assessment of disgust in contamination-related
obsessive-compulsive disorder. Behaviour Research and Ther-
apy, 45(2), 263-276.

Palminteri, S., Justo, D., Jauffret, C., Pavlicek, B., Dauta, A., Del-
maire, C., et al. (2012). Critical roles for anterior insula and dor-
sal striatum in punishment-based avoidance learning. Neuron,
76(5), 998-1009.



Cognitive, Affective, & Behavioral Neuroscience (2024) 24:249-265

263

Park, J., Kim, T., Kim, M., Lee, T. Y., & Kwon, J. S. (2020). Functional
connectivity of the striatum as a neural correlate of symptom
severity in patient with obsessive-compulsive disorder. Psychia-
try Investigation, 17(2), 87.

Parrish, C. L., & Radomsky, A. S. (2010). Why do people seek reassur-
ance and check repeatedly? An investigation of factors involved
in compulsive behavior in OCD and depression. Journal of Anxi-
ety Disorders, 24,211-222.

Parrish, C. L., & Radomsky, A. S. (2011). An experimental inves-
tigation of factors involved in excessive reassurance seeking:
The effects of perceived threat, responsibility and ambiguity on
compulsive urges and anxiety. Journal of Experimental Psycho-
pathology, 2, 44-62.

Pauls, D. L., Abramovitch, A., Rauch, S. L., & Geller, D. A. (2014).
Obsessive—compulsive disorder: An integrative genetic and neu-
robiological perspective. Nature Reviews Neuroscience, 15(6),
410-424.

Pecina, S., Cagniard, B., Berridge, K. C., Aldridge, J. W., & Zhuang,
X. (2003). Hyperdopaminergic mutant mice have higher “want-
ing” but not “liking” for sweet rewards. Journal of Neuroscience,
23(28), 9395-9402.

Peng,Z.,He, T., Ren, P, Jin, L., Yang, Q., Xu, C., et al. (2022). Imbal-
ance between the caudate and putamen connectivity in obses-
sive—compulsive disorder. Neurolmage: Clinical, 35, 103083.

Peng, Z., Xu, C., Ma, N., Yang, Q., Ren, P., Wen, R, et al. (2021).
White matter alterations of the goal-directed system in patients
with obsessive-compulsive disorder and their unaffected first-
degree relatives. Biological Psychiatry: Cognitive Neuroscience
and Neuroimaging, 6(10), 992-1001.

Rachman, S. (1998). A cognitive theory of obsessions. In Behavior and
cognitive therapy today (pp. 209-222). Pergamon.

Rachman, S. (2002). A cognitive theory of compulsive checking.
Behaviour Research and Therapy, 40, 625-639.

Radomsky, A. S., & Rachman, S. (2004). Symmetry, ordering and
arranging compulsive behaviour. Behaviour Research and Ther-
apy, 42(8), 893-913.

Radomsky, A. S., Gilchrist, P. T., & Dussault, D. (2006). Repeated
checking really does cause memory distrust. Behaviour Research
and Therapy, 44(2), 305-316.

Radomsky, A. S., Rachman, S., & Hammond, D. (2001). Memory bias,
confidence and responsibility in compulsive checking. Behaviour
Research and Therapy, 39(7), 813-822.

Radua, J., & Mataix-Cols, D. (2009). Voxel-wise meta-analysis of grey
matter changes in obsessive—compulsive disorder. The British
Journal of Psychiatry, 195(5), 393-402.

Raines, A. M., Oglesby, M. E., Allan, N. P., Mathes, B. M., Sutton, C.
A., & Schmidt, N. B. (2018). Examining the role of sex differ-
ences in obsessive-compulsive symptom dimensions. Psychiatry
Research, 259, 265-269.

Rajender, G., Bhatia, M. S., Kanwal, K., Malhotra, S., Singh, T. B., &
Chaudhary, D. (2011). Study of neurocognitive endophenotypes
in drug-naive obsessive—compulsive disorder patients, their first-
degree relatives and healthy controls. Acta Psychiatrica Scandi-
navica, 124(2), 152-161.

Rapoport, J. L., Ryland, D. H., & Kriete, M. (1992). Drug treatment
of canine acral lick: An animal model of obsessive-compulsive
disorder. Archives of General Psychiatry, 49(7), 517-521.

Rasmussen, S. A., & Eisen, J. L. (1992). The epidemiology and clini-
cal features of obsessive compulsive disorder. The Psychiatric
Clinics of North America, 15(4), 743-758.

Rasmussen, S. A., & Eisen, J. L. (1997). Treatment strategies for
chronic and refractory obsessive-compulsive disorder. Journal
of Clinical Psychiatry, 58(13), 9-13.

Ravindran, A., Richter, M., Jain, T., Ravindran, L., Rector, N., & Farb,
N. (2020). Functional connectivity in obsessive-compulsive

disorder and its subtypes. Psychological Medicine, 50(7),
1173-1181.

Reinwald, J. R., Gass, N., Mallien, A. S., Sartorius, A., Becker, R.,
Sack, M., et al. (2022). Dopamine transporter silencing in the
rat: Systems-level alterations in striato-cerebellar and prefrontal-
midbrain circuits. Molecular Psychiatry, 27(4), 2329-2339.

Remijnse, P. L., van den Heuvel, O. A., Nielen, M. M., Vriend, C., Hen-
driks, G. J., Hoogendijk, W. J. G, et al. (2013). Cognitive inflex-
ibility in obsessive-compulsive disorder and major depression is
associated with distinct neural correlates. PLoS One, 8(4), €59600.

Robinson, T. E., Carr, C. & Kawa, A. B. (2018) The propensity to
attribute incentive salience to drug cues and poor cognitive con-
trol combined to render sign-trackers susceptible to addiction. In
Tomie, A. & Morrow, J. (eds.) Sign-tracking and drug addiction,
Michigan publishing, Ann Arbor, ML

Robinson, T. E., & Flagel, S. B. (2009). Dissociating the predictive and
incentive motivational properties of reward-related cues through
the study of individual differences. Biological Psychiatry, 65,
869-873.

Robbins, T. W., Vaghi, M. M., & Banca, P. (2019). Obsessive-com-
pulsive disorder: Puzzles and prospects. Neuron, 102(1), 27-47.

Rotge, J.-Y., Langbour, N., Dilharreguy, B., Bordessoulles, M., Guehl,
D., Bioulac, B., Martin-Guehl, C., Jaafari, N., Aouizerate, B.,
Allard, M., & Burbaud, P. (2015). Contextual and behavioral
influences on uncertainty in obsessive-compulsive disorder. Cor-
tex, 62, 1-10.

Rutherford, L. G., & Milton, A. L. (2022). Deconstructing and recon-
structing behaviour relevant to mental health disorders: The
benefits of a psychological approach, with a focus on addiction.
Neuroscience & Biobehavioral Reviews, 133, 104514.

Sahakian, B. J., & Owen, A. (1992). Computerized assessment in neu-
ropsychiatry using CANTAB: Discussion paper. Journal of the
Royal Society of Medicine, 85(7), 399.

Salkovskis, P. M. (1985). Obsessional-compulsive problems: A cog-
nitive-behavioural analysis. Behaviour Research and Therapy,
23(5), 571-583.

Sasson, Y., Zohar, J., Chopra, M., Lustig, M., Iancu, 1., & Hendler, T.
(1997). Epidemiology of obsessive-compulsive disorder: A world
view. Journal of Clinical Psychiatry, 58(12), 7-10.

Schettino, M., Ceccarelli, 1., Tarvainen, M., Martelli, M., Orsini, C.,
& Ottaviani, C. (2022). From skinner box to daily life: Sign-
tracker phenotype co-segregates with impulsivity, compulsiv-
ity, and addiction tendencies in humans. Cognitive, Affective, &
Behavioral Neuroscience, 22, 1358-1369.

Schreiweis, C., & Burgiere, E. (2022). Of pride and groom: The gains
and limits of studying the neuroanatomy of rodent self-grooming
in translational research. Neuron, 110, 742-743.

Shansky, R. M. (2019). Are hormones a “female problem” for animal
research? Science, 364(6443), 825-826.

Sher, K. J., Frost, R. O., & Otto, R. (1983). Cognitive deficits in com-
pulsive checkers: An exploratory study. Behaviour Research and
Therapy, 21(4), 357-363.

Smith, K. S., & Graybiel, A. M. (2022). Habit formation. Dialogues in
Clinical Neuroscience, 18(1), 33-43.

Stasik, S. M., Naragon-Gainey, K., Chmielewski, M., & Watson, D.
(2012). Core OCD symptoms: Exploration of specificity and
relations with psychopathology. Journal of Anxiety Disorders,
26(8), 859-870.

Straube, T., & Miltner, W. H. (2011). Attention to aversive emotion and
specific activation of the right insula and right somatosensory
cortex. Neurolmage, 54(3), 2534-2538.

Strauss, A. Y., Fradkin, 1., & Huppert, J. D. (2021). Disentangling
doubt and checking Behaviors and examining their association
with obsessive compulsive symptoms. Clinical Psychological
Science, 9(5), 850-865.

@ Springer



264

Cognitive, Affective, & Behavioral Neuroscience (2024) 24:249-265

Strauss, A. Y., Fradkin, I., McNally, R. J., Linkovski, O., Anholt, G.
E., & Huppert, J. D. (2020). Why check? A meta-analysis of
checking in obsessive-compulsive disorder: Threat vs. distrust
of senses. Clinical Psychology Review, 75, 101807.

Swanepoel, N., Lee, E., & Stein, D. J. (1998). Psychogenic alopecia
in a cat: Response to clomipramine: Clinical communication.
Journal of the South African Veterinary Association, 69(1), 22.

Szechtman, H., Eckert, M. J., Tse, W. S., Boersma, J. T., Bonura, C. A.,
McClelland, J. Z., et al. (2001). Compulsive checking behavior
of quinpirole-sensitized rats as an animal model of obsessive-
compulsive disorder (OCD): Form and control. BMC Neurosci-
ence, 2(1), 1-15.

Szechtman, H., Sulis, W., & Eilam, D. (1998). Quinpirole induces com-
pulsive checking behavior in rats: A potential animal model of
obsessive-compulsive disorder (OCD). Behavioral Neuroscience,
112(6), 1475.

Szechtman, H., & Woody, E. (2004). Obsessive-compulsive disorder
as a disturbance of security motivation. Psychological Review,
111,111-127.

Tang, W., Zhu, Q., Gong, X., Zhu, C., Wang, Y., & Chen, S. (2016).
Cortico-striato-thalamo-cortical circuit abnormalities in obses-
sive-compulsive disorder: A voxel-based morphometric and
fMRI study of the whole brain. Behavioural Brain Research,
313,17-22.

Ting, J. T., & Feng, G. (2011). Neurobiology of obsessive—compul-
sive disorder: Insights into neural circuitry dysfunction through
mouse genetics. Current Opinion in Neurobiology, 21(6),
842-848.

Toffolo, M. B., Van Den Hout, M. A., Engelhard, 1. M., Hooge, I. T.,
& Cath, D. C. (2016). Patients with obsessive-compulsive disor-
der check excessively in response to mild uncertainty. Behavior
Therapy, 47(4), 550-559.

Tolin, D. F., Abramowitz, J. S., Brigidi, B. D., & Foa, E. B. (2003).
Intolerance of uncertainty in obsessive-compulsive disorder.
Journal of Anxiety Disorders, 17, 233-242.

Tolin, D. F., Worhunsky, P., & Maltby, N. (2006). Are “obsessive”
beliefs specific to OCD?: A comparison across anxiety disorders.
Behavior Research and Therapy, 44, 469—480.

Tomie, A., Grimes, K. L., & Pohorecky, L. A. (2008). Behavioral charac-
teristics and neurobiological substrates shared by pavlovian sign-
tracking and drug abuse. Brain Research Reviews, 58(1), 121-135.

Tucci, M. C., Dvorkin-Gheva, A., Graham, D., Amodeo, S., Cheon,
P., Kirk, A., et al. (2013). Effects of the serotonergic agonist
mCPP on male rats in the quinpirole sensitization model of
obsessive—compulsive disorder (OCD). Psychopharmacology,
227(2), 277-285.

Tucci, M. C., Dvorkin-Gheva, A., Johnson, E., Wong, M., & Szecht-
man, H. (2015). 5-HT2A/C receptors do not mediate the attenu-
ation of compulsive checking by mCPP in the quinpirole sen-
sitization rat model of obsessive—compulsive disorder (OCD).
Behavioural Brain Research, 279, 211-217.

Tiikel, R., Giirvit, H., Ertekin, B. A., Oflaz, S., Ertekin, E., Baran, B.,
et al. (2012). Neuropsychological function in obsessive-compul-
sive disorder. Comprehensive Psychiatry, 53(2), 167-175.

Vaghi, M. M. (2021). Neurocognitive Endophenotypes of OCD. In The
neurobiology and treatment of OCD: Accelerating Progress (pp.
97-124). Springer.

Vaghi, M. M., Cardinal, R. N., Apergis-Schoute, A. M., Fineberg, N.
A., Sule, A., & Robbins, T. W. (2019). Action-outcome knowl-
edge dissociates from behavior in obsessive-compulsive disorder
following contingency degradation. Biological Psychiatry: Cog-
nitive Neuroscience and Neuroimaging, 4(2), 200-2009.

Vaghi, M. M., Hampshire, A., Fineberg, N. A., Kaser, M., Briihl, A. B.,
Sahakian, B. J., et al. (2017a). Hypoactivation and dysconnec-
tivity of a frontostriatal circuit during goal-directed planning as
an endophenotype for obsessive-compulsive disorder. Biological

@ Springer

Psychiatry: Cognitive Neuroscience and Neuroimaging, 2(8),
655-663.

Vaghi, M. M., Luyckx, F., Sule, A., Fineberg, N. A., Robbins, T. W., &
De Martino, B. (2017). Compulsivity reveals a novel dissociation
between action and confidence. Neuron, 96(2), 348-354.

Vaghi, M. M., Vértes, P. E., Kitzbichler, M. G., Apergis-Schoute, A.
M., van der Flier, F. E., Fineberg, N. A., et al. (2017b). Specific
frontostriatal circuits for impaired cognitive flexibility and goal-
directed planning in obsessive-compulsive disorder: Evidence
from resting-state functional connectivity. Biological Psychiatry,
81(8), 708-717.

van den Boom, B. J., Mooij, A. H., Misevicite, 1., Denys, D., & Wil-
luhn, I. (2019). Behavioral flexibility in a mouse model for obses-
sive-compulsive disorder: Impaired Pavlovian reversal learning
in SAPAP3 mutants. Genes, Brain and Behavior, 18(4), e12557.

Van Den Heuvel, O. A., Remijnse, P. L., Mataix-Cols, D., Vrenken,
H., Groenewegen, H. J., Uylings, H. B., et al. (2009). The major
symptom dimensions of obsessive-compulsive disorder are medi-
ated by partially distinct neural systems. Brain, 132(4), 853-868.

van den Hout, M., & Kindt, M. (2003). Repeated checking causes memory
distrust. Behaviour Research and Therapy, 41(3), 301-316.

Vanderschuren, L. J., & Everitt, B. J. (2004). Drug seeking becomes
compulsive after prolonged cocaine self-administration. Science,
305(5686), 1017-1019.

Vanderschuren, L. J. M. J., Shaham, Y., & Flagel, S. B. (2023). Behav-
ior matters for neuroscience and neuroscience matters for behav-
ior. Neuroscience and Biobehavioral Reviews, 144, 104963.

Van Oppen, P., Hoekstra, R. J., & Emmelkamp, P. M. (1995). The
structure of obsessive-compulsive symptoms. Behaviour
Research and Therapy, 33(1), 15-23.

Venniro, M., Banks, M. L., Heilig, M., Epstein, D. H., & Shaham,
Y. (2020). Improving translation of animal models of addiction
and relapse by reverse translation. Nature Reviews Neuroscience,
21(11), 625-643.

Vollm, B., Richardson, P., McKie, S., Elliott, R., Deakin, J. F. W., &
Anderson, I. M. (2006). Serotonergic modulation of neuronal
responses to behavioural inhibition and reinforcing stimuli: An
fMRI study in healthy volunteers. European Journal of Neurosci-
ence, 23(2), 552-560.

Vousden, G. H., Paulcan, S., Robbins, T. W., Eagle, D. M., & Milton,
A. L. (2020). Checking responses of goal-and sign-trackers are
differentially affected by threat in a rodent analog of obsessive—
compulsive disorder. Learning & Memory, 27(5), 190.

Wahl, K., Salkovskis, P. M., & Cotter, 1. (2008). ‘I wash until it feels
right’: The phenomenology of stopping criteria in obsessive—
compulsive washing. Journal of Anxiety Disorders, 22(2), 143—
161. https://doi.org/10.1016/j.janxdis.2007.02.009

Wake, S., Dalla Verde, A., Biagi, N., Van Reekum, C. M., & Morriss,
J. (2022). Just let me check: The role of individual differences in
self-reported anxiety and obsessive-compulsive features on sub-
jective, behavioural, and physiological indices during a checking
task. International Journal of Psychophysiology, 179, 43-55.

Walitza, S., Bové, D. S., Romanos, M., Renner, T., Held, L., Simons,
M., et al. (2012). Pilot study on HTR2A promoter polymorphism
1438G/a (rs6311) and a nearby copy number variation showed
association with onset and severity in early onset obsessive—com-
pulsive disorder. Journal of Neural Transmission, 119(4), 507-515.

Walitza, S., Wendland, J. R., Gruenblatt, E., Warnke, A., Sontag, T.
A., Tucha, O., & Lange, K. W. (2010). Genetics of early-onset
obsessive—compulsive disorder. European Child & Adolescent
Psychiatry, 19(3), 227-235.

Wan, Y., Ade, K. K., Caffall, Z., Ozlu, M. 1, Eroglu, C., Feng, G., &
Calakos, N. (2014). Circuit-selective striatal synaptic dysfunction
in the Sapap3 knockout mouse model of obsessive-compulsive
disorder. Biological Psychiatry, 75(8), 623-630.


https://doi.org/10.1016/j.janxdis.2007.02.009

Cognitive, Affective, & Behavioral Neuroscience (2024) 24:249-265

265

Watson, P., Pearson, D., Most, S. B., Theeuwes, J., Wiers, R. W., & Le
Pelley, M. E. (2019). Attentional capture by Pavlovian reward-
signalling distractors in visual search persists when rewards are
removed. PLoS One, 14(12), €0226284.

Weinberg, A., Kotov, R., & Proudfit, G. H. (2015). Neural indicators
of error processing in generalized anxiety disorder, obsessive-
compulsive disorder, and major depressive disorder. Journal of
Abnormal Psychology, 124(1), 172.

Welch, J. M., Lu, J., Rodriguiz, R. M., Trotta, N. C., Peca, J., Ding, J.
D., et al. (2007). Cortico-striatal synaptic defects and OCD-like
behaviours in Sapap3-mutant mice. Nature, 448(7156), 894-900.

Willner, P. (1986). Validation criteria for animal models of human
mental disorders: Learned helplessness as a paradigm case. Pro-
gress in Neuro-Psychopharmacology & Biological Psychiatry,
10(6), 677-690.

Wood, J., LaPalombara, Z., & Ahmari, S. E. (2018). Monoamine
abnormalities in the SAPAP3 knockout model of obsessive-com-
pulsive disorder-related behaviour. Philosophical Transactions of
the Royal Society B: Biological Sciences, 373(1742),20170023.

Yin, H. H., & Knowlton, B. J. (2006). The role of the basal ganglia in
habit formation. Nature Reviews Neuroscience, 7(6), 464—476.

Yu, J., Xie, M., Song, S., Zhou, P., Yuan, F., Ouyang, M., ... & Zhang,
N. (2022). Functional Connectivity within the Frontal-Striatal
Network Differentiates Checkers from Washers of Obsessive-
Compulsive Disorder. Brain Sciences, 12(8), 998.

Zapata, A., Minney, V. L., & Shippenberg, T. S. (2010). Shift from
goal-directed to habitual cocaine seeking after prolonged expe-
rience in rats. Journal of Neuroscience, 30(46), 15457-15463.

Zhuang, X., Oosting, R. S., Jones, S. R., Gainetdinov, R. R., Miller, G.
W., Caron, M. G., & Hen, R. (2001). Hyperactivity and impaired
response habituation in hyperdopaminergic mice. Proceedings of
the National Academy of Sciences, 98(4), 1982—-1987.

Ziichner, S., Wendland, J. R., Ashley-Koch, A. E., Collins, A. L., Tran-
Viet, K. N., Quinn, K., et al. (2009). Multiple rare SAPAP3 mis-
sense variants in trichotillomania and OCD. Molecular Psychia-
try, 14(1), 6-9.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Opening new vistas on obsessive-compulsive disorder with the observing response task
	Abstract
	Introduction
	Psychological and neural mechanisms of OCD: Evidence from human studies

	Dysfunctional psychological processes in OCD
	Working memory
	Impulsivity and response inhibition
	Cognitive flexibility
	Goal-directed and habitual learning in OCD

	Neural correlates and mechanisms of OCD
	Corticostriatal model of OCD
	Animal models of OCD


	Ethological models of OCD
	Genetic models of compulsive-like behaviour
	Neurobehavioural models of OCD
	Signal attenuation
	Reversal learning and behavioural flexibility
	Exaggerated habit learning

	Pharmacological models of OCD
	The observing response task as a novel model of OCD
	Conclusions and future directions

	Acknowledgments 
	References


