1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuroscience. Author manuscript; available in PMC 2018 March 14.

-, HHS Public Access
«

Published in final edited form as:
Neuroscience. 2017 March 14; 345: 256-273. doi:10.1016/j.neuroscience.2016.09.012.

Rodent Models of Obsessive Compulsive Disorder: Evaluating
Validity to Interpret Emerging Neurobiology

Isaac Zike?, Tim XuP, Natalie Hong®, and Jeremy Veenstra-VanderWeele®.d.€
aDepartment of Pharmacology, Vanderbilt University School of Medicine, Nashville, TN, 37232,
USA

bJohns Hopkins University School of Medicine, Baltimore, MD, 21205, USA

¢Center for Autism and the Developing Brain, New York Presbyterian Hospital and Cornell
University Medical College, White Plains, NY, 10605, USA

dSackler Institute for Developmental Psychobiology and Department of Psychiatry, Columbia
University, New York, NY, 10032, USA

®New York State Psychiatric Institute, New York, NY, 10032, USA

Abstract

Obsessive Compulsive Disorder (OCD) is a common neuropsychiatric disorder with unknown
molecular underpinnings. Identification of genetic and non-genetic risk factors has largely been
elusive, primarily because of a lack of power. In contrast, neuroimaging has consistently
implicated the cortico-striatal-thalamo-cortical (CSTC) circuits in OCD. Pharmacological
treatment studies also show specificity, with consistent response of OCD symptoms to chronic
treatment with serotonin reuptake inhibitors; although most patients are left with residual
impairment. In theory, animal models could provide a bridge from the neuroimaging and
pharmacology data to an understanding of pathophysiology at the cellular and molecular level.
Several mouse models have been proposed using genetic, immunological, pharmacological, and
optogenetic tools. These experimental model systems allow testing of hypotheses about the origins
of compulsive behavior. Several models have generated behavior that appears compulsive-like,
particularly excessive grooming, and some have demonstrated response to chronic serotonin
reuptake inhibitors, establishing both face validity and predictive validity. Construct validity is
more difficult to establish in the context of a limited understanding of OCD risk factors. Our
current models may help us to dissect the circuits and molecular pathways that can elicit OCD-
relevant behavior in rodents. We can hope that this growing understanding, coupled with
developing technology, will prepare us when robust OCD risk factors are better understood.
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1. Introduction

Obsessive compulsive disorder (OCD) is a common, chronic condition characterized by
persistent, intrusive obsessions, repetitive behavior, and anxiety (Calvocoressi et al., 1998).
The disorder affects 1-3% of the population and is among the top ten causes of disability
worldwide (Kessler et al., 2005, Koran et al., 2007, Michael S. Ritsner, 2007). First line
forms of therapy include serotonin reuptake inhibitors (SRIs) and cognitive behavioral
therapy; however, only 50-60% of patients show adequate response to available treatments
(Koran et al., 2007). For example, a 20-40% decrease in OCD symptoms may result
following SRI therapy (Dougherty et al., 2004), which leaves many with clinically
significant residual symptoms. In some refractory OCD cases, deep brain stimulation (DBS)
has also been used as a treatment alternative (Sturm et al., 2003, Goodman et al., 2010).
Other augmentation therapies, such as antipsychotics and glutamatergic agents, are also
being evaluated but have limited evidence for their utility (Arumugham and Reddy, 2013).

Ideally, more effective therapeutics would emerge from an understanding of the etiology of
OCD. As with many neuropsychiatric conditions, the underlying causes of OCD are
unknown and likely to involve both genetic and environmental factors. Hypotheses based on
genetic and neuroimaging data have led researchers to create animal models that recapitulate
the hallmarks of the disorder, with the aim of probing the underlying neurobiology. Here, we
will discuss the growing number of proposed rodent models of OCD, including
pharmacologically-induced, genetic, and optogenetic animal models, with a focus on
assessment of the validity of the model in relation to knowledge of the human condition.
Building upon the initial data on validity, we will describe the emerging understanding of
neurobiological mechanisms in each model. Finally, we will discuss the approaches to take
growing knowledge from these rodent models and translate it into novel treatments that can
be applied in patients with OCD.

1.2 Genetic and non-genetic factors likely contribute to OCD risk

To understand the validity of rodent models, we must first understand the risk factors that
may contribute to OCD. Abundant evidence for a heritable component of OCD stems from
twin and family studies (Grados and Wilcox, 2007, Pauls, 2008). As reviewed elsewhere
(Pauls, 2010), OCD symptoms are estimated to be 40-65% heritable in children and 27-47%
heritable in adults (van Grootheest et al., 2005). Family studies indicate that OCD is twice as
common in first-degree relatives of affected adults and ten times as likely in relatives of
affected children (Pauls, 2008). These studies support the premise that OCD risk is derived
from a complex combination of genetic and non-genetic factors.

Genetic linkage studies have yet to generate genome-wide significant findings for the core
diagnosis of OCD, likely because of lack of statistical power in limited sample sizes (Hanna
et al., 2002a, Mathews et al., 2012). The most promising linkage signal is on chromosome
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9p24, based upon a suggestive linkage peak in the first genome-wide linkage study that was
subsequently directly replicated in a study targeting only this region (Hanna et al., 2002a,
Willour et al., 2004a). Another suggestive linkage peak on chromosome 15q14 was
identified in two genome-wide linkage studies (Shugart et al., 2006). Genome-wide
association studies (GWAS) have been similarly underpowered, to date, in OCD (Stewart et
al., 2013b, Mattheisen et al., 2015). A single polymorphism near B7BD3reached genome-
wide significance in a family-based subset of one GWAS analysis, but was only suggestive
in the overall sample (Stewart et al., 2013b).

Candidate genes for OCD have been identified based upon proximity to linkage peaks,
biomarker findings, and relationship to pharmacological targets. The strongest candidate
gene association findings in OCD focus on SLC1A1, which encodes the neuronal glutamate
transporter, EAAT3. Multiple studies have reported significant evidence for association
OCD with SLC1A1 polymorphisms, particularly in males with OCD and particularly with
polymorphisms in the 3" region of the gene (Arnold et al., 2006, Dickel et al., 2006, Stewart
etal., 2007, Kwon et al., 2009, Shugart et al., 2009, Wendland et al., 2009b, Samuels et al.,
2011, Stewart et al., 2013b, Wu et al., 2013); although a recent meta-analysis found only
modest associations that were not significant after correcting for multiple testing (Stewart et
al., 2013a). Interest in SLC1A1 stemmed from its location under the chromosome 9p24
linkage peak, as well as biomarker studies implicating the glutamate system in OCD.
Elevated cerebrospinal fluid glutamate levels in two studies (Chakrabarty et al., 20053,
Bhattacharyya et al., 2009) are matched by increased glutamatergic signal in some magnetic
resonance spectroscopy (MRS) studies in OCD (Moore et al., 1998, Rosenberg et al., 2000);
although other MRS studies do not find significant differences (Brennan et al., 2013).

Other association studies have generated largely mixed results that are difficult to interpret in
the context of a long history of psychiatric candidate genes that have failed to replicate
consistently. Additional candidate genes in the glutamate system have also been studied,
including GRIN2ZB, which shows evidence of association in some but not all studies (Arnold
etal., 2004, Alonso et al., 2012, Cai et al., 2013). The other leading candidate gene is the
serotonin transporter, SL C6A4, with both common and rare variants exhibiting association
in some studies (Ozaki et al., 2003, Dickel et al., 2007, Grados et al., 2007, Saiz et al., 2008,
Wendland et al., 2008), but not all (Taylor, 2013). The dopaminergic system (COMT and
DRD4) has also been implicated via gene association studies; however these findings have
yet to be replicated (Billett et al., 1998, Pooley et al., 2007). A lack of clear susceptibility
genes contributes to the difficulty of modeling OCD in animals, though this issue is shared
by most complex heterogeneous neuropsychiatric disorders.

Apart from genetics, autoimmunity has also received considerable attention as a potential
risk factor for OCD. Observation of neuropsychiatric manifestations co-occuring with
rheumatic fever and Sydenham's chorea lead to the description of Pediatric Autoimmune
Neuropsychiatric Disorders Associated with Streptococcal infections (PANDAS). As
reviewed elsewhere (Williams and Swedo, 2015), children with this presentation may
develop compulsions, tics, or other psychiatric symptoms very rapidly following an
infection. Emerging data suggest that non-streptococcal infections may also serve as triggers
for symptoms, leading to the more recent description of Pediatric Acute-onset
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Neuropsychiatric Syndrome (Chang et al., 2015). Anti-brain antibodies, including antibodies
to the basal ganglia, have been identified in some cases of PANDAS, but with little evidence
that antibodies consistently separate cases from controls or increase with symptom
exacerbations (Pavone et al., 2004, Singer et al., 2004, Singer et al., 2005, Morris-Berry et
al., 2013). In contrast, studies in the larger population of patients with idiopathic OCD have
more consistently reported elevated anti-basal ganglia antibodies in serum, as supported by a
recent meta-analysis (Pearlman et al., 2014), as well as one study in cerebrospinal fluid
(Bhattacharyya et al., 2009). It is not clear, however, whether and how these antibodies
might be causally connected to the pathophysiology of OCD.

1.3 Basal ganglia circuitry is implicated in OCD

Evidence from neuroimaging studies has consistently implicated the basal ganglia as being
involved in the development of OCD, specifically the cortico-striatal-thalamo-cortical
(CSTC) loop (Saxena and Rauch, 2000, Ting and Feng, 2011). The most consistently
implicated basal ganglia subregions in OCD patients are the caudate nucleus and the
putamen, which make up the human striatum (Rauch et al., 2001, Rosenberg et al., 2001).
Structural neuroimaging studies have consistently demonstrated abnormalities in caudate
volume in OCD (Radua and Mataix-Cols, 2009, Radua et al., 2010). Functional imaging
studies have also identified hyperactivity in cortico-striatal circuits, both at baseline and after
symptom provocation (Menzies et al., 2008). The caudate is extrinsically innervated
primarily by excitatory inputs originating from the cerebral cortex, the thalamus, and the
substatia nigra pars compacta (Parent and Hazrati, 1995). Many studies have found that
increased activity within the cortex, specifically the anterior cingulate (ACC) and
orbitofrontal cortex (OFC) are seen in OCD patients (Chamberlain et al., 2008, MacMaster
et al., 2008, Menzies et al., 2008). These studies, along with further meta-analysis of
functional neuroimaging data in OCD patients (Whiteside et al., 2004, Whiteside et al.,
2006), suggest that there is a functional abnormality resulting in hyperactivity of the basal-
ganglia loop. A common model of this increased CSTC signaling suggests that it could arise
from hyperactivity of the direct-pathway or by hypoactivity of the indirect pathway resulting
in repetitive and compulsive behaviors (Ting and Feng, 2011).

2. Validation of Mouse Models Related to OCD

Rodent models allow hypothesis testing via manipulation of OCD risk factors, as well as
stimulation or inhibition of the circuitry implicated in OCD. The ability to perform such
experimental manipulations is also accompanied by immediate access to the brain that
allows for detailed probing of molecular and circuitry changes that may underlie the
pathophysiology of OCD. Unfortunately, behavioral assessment in rodents is limited to
compulsive-like behaviors, since obsessions are an internal experience that can only be
measured via self-report. Animal studies aimed at eliciting OCD-relevant behaviors through
the use of pharmacological, transgenic, immunologic, and optogenetic tools have resulted in
a wide range of behavioral phenotypes with varying degrees of similarity to compulsive
behaviors in the human population. Biochemical and electrophysiological analyses of the
underlying cells and circuits believed to be involved in OCD are beginning to provide data
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that may enable researchers to develop novel therapeutics that lie closer to the
pathophysiology of the disorder.

Model systems are necessary to test hypotheses and probe the underlying neurobiology, but
models are inherently limited and cannot fully recapitulate the human disorder. To assess the
potential utility of a given model, three criteria are typically used, as first described by
Willner in 1991: 1) construct validity, 2) face validity, and 3) predictive validity (Willner,
1991). By using these criteria to assess how well an animal model mirrors the human
condition, we can better contextualize the significance of resulting findings, potentially
allowing us to target our attempts at translation to subgroups of the human population that
may more clearly map onto the risk factor, behavioral profile, or circuitry implicated in the
rodent.

2.1 Construct Validity

The first and likely most important criterion for assessing animal model validity is construct
validity. This is best understood in the context of genetic models, where a putative OCD risk
gene is manipulated in mice to observe its behavioral and neurobiological consequences.
Similarly, an immunological trigger, such as the antibodies that have been detected in some
cases of PANDAS or PANS, could allow direct transfer into an animal model (Swedo, 2002,
Snider and Swedo, 2004). Drug-induced worsening of OCD symptoms, such has been
reported with the anti-migraine 5-HT1pg,p agonists (Koran et al., 2001a) and
psychostimulants (Varley et al., 2001, Bloch et al., 2009), may also provide construct
validity. Since these drugs seem to exacerbate but not cause OCD, this approach to validity
may not work independently from another risk factor, as discussed in the predictive validity
section below.

Since circuitry is better defined than risk factors, could circuits be a source of construct
validity? Or does this represent face or predictive validity? Often, validation criterion may
overlap, as is the case when thinking about brain circuitry. The differentiation between the
validity criteria when it comes to brain circuits may come down to experimental design. If
alteration of circuit activity is the foundation of the animal model, as is the case in some
recent optogenetic work, then construct validity may be supported. Conversely, for genetic
models that result in electrophysiological changes in brain regions implicated in OCD, the
circuitry findings may be better classified as face validity, as described below.

2.2 Face Validity

The second criterion, face validity, is usually based on the emergence of observable
behaviors reminiscent of compulsive behavior, since OCD is a behaviorally defined disorder.
The most commonly observed rodent behavior that supports face validity is excessive
grooming, which corresponds to an increase in a behavior that follows a stereotyped pattern
even in wildtype mice (Welch et al., 2007, Shmelkov et al., 2010, Ahmari et al., 2013);
although the stereotyped pattern itself may also be distorted in some models. In contrast,
other models lead to a novel stereotyped, repetitive pattern of behavior, as is seen with
dopaminergic (quinpirole) and serotonergic (8-OHDPAT) agonists that induce perseverative
locomotor behavior in the Y-maze or open field chambers (Yadin et al., 1991, Szechtman et
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al., 1998). Other measures, such as reversal learning or prepulse inhibition deficits, parallel
findings that are not explicitly diagnostic but are instead thought to underlie the symptoms
of OCD, such as cognitive rigidity or motor inhibition deficits (Chamberlain et al., 2006,
Remijnse et al., 2006, Gu et al., 2008, Valerius et al., 2008, Andersen et al., 2010, Ahmari et
al., 2012, Bissonette and Powell, 2012, Brigman et al., 2012, Remijnse et al., 2013, Hatalova
etal., 2014, Zhang et al., 2015).

Face validity may also be established in animal models by identifying alterations in putative
biomarkers that mirror those previously identified in the human OCD population. As
reviewed above, several such biomarkers could be used to assess a rodent model of OCD,
such as abnormal caudate volume (Radua and Mataix-Cols, 2009, Radua et al., 2010),
hyperactivity in the cortico-striatal circuit (Menzies et al., 2008), increased glutamate
concentrations in the caudate (Moore et al., 1998, Whiteside et al., 2006, Starck et al., 2008),
and elevated cerebrospinal fluid glutamate levels (Chakrabarty et al., 2005b). Identification
of other abnormalities in previously hypothesized neurotransmitter system, such as
serotonin, dopamine, or glutamate (Dickel et al., 2007, Taylor et al., 2010, Pittenger et al.,
2011), could also be asserted to represent face validity, but we must be careful not to stretch
too far in assessing what “looks like” our conception of OCD.

2.3 Predictive Validity

Predictive validity of animal models of OCD may be determined in a few ways.
Unfortunately, there is no straightforward way to model the cognitive behavioral therapy that
should be the first-line treatment in OCD; however compulsive-like behaviors may be
rescued or protected against through the administration of SRIs, as these are the first line
medications. Additionally, response to SRIs in OCD requires several weeks of
administration, which could be used to add specificity, as has been suggested in a few
models that show response to chronic or sub-chronic but not acute dosing. Adjunctive
medications, such as atypical antipsychotics, which have some evidence of benefit in OCD,
may also be expected to improve compulsive-like behavior, though this may be less specific
since they also benefit tics in the human population. Invasive treatments, such capsulotomy
or high frequency stimulation (HFS) protocols similar to deep brain stimulation (DBS), have
shown benefit in SRI-resistant OCD and could be used to assess predictive validity with a
clearer relationship to any observed changes in circuitry (Greenberg et al., 2006). From the
opposite perspective, common anxiolytics or antidepressants that are ineffective in people
suffering from OCD, including benzodiazepines and noradrenergic reuptake inhibitors
(NRIs), should be expected to be ineffective in rescuing the behavioral phenotypes observed
in a valid mouse model of OCD. One challenge for the field is that many people with OCD
show only modest or even minimal response to available treatments, and lack of predictive
validity could indicate that a model corresponds to this subset — the precise group that we
would most like to help.

One question is how to conceptualize drugs that appear to worsen OCD symptoms. When
administered to wildtype animals, these drugs may provide support for construct validity;
although there is little evidence for drugs inducing persistent OCD symptoms once the drug
has been stopped. In contrast, within an existing model of an OCD risk factor, a drug
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targeting the serotonin or dopamine system may be a way to reveal the worsened symptoms
that have been reported with certain drugs in OCD patients, including clozapine, stimulants,
and sumatriptan and its analogs (Broocks et al., 1998, Koran et al., 2001b, Gross-Isseroff et
al., 2004, Bloch et al., 2009, Fonseka et al., 2014). Ultimately, assessing a given model does
not necessarily require checking off each box in the three types of validity but instead
assessing the overall strength of the data and carefully drawing boundaries around the
human population that it models. For example, if clozapine were used to induce repetitive
behavior and CSTC circuit abnormalities in a particular inbred strain of mouse, then the
initial step in translation would target the human population that experiences treatment-
emergent compulsions while taking clozapine.

3. Genetic Mouse Models of OCD
3.1 Sapap3 Null Mice

At the time of the initial description of OCD-related phenotypes in mice lacking Sapap3
(Sap90/PSD-95 associated protein 3) (Welch et al., 2007, Burguiere et al., 2013), no genetic
data were available to examine its potential involvement in OCD. A subsequent study
identified rare amino acid variants in the human Sapap3 ortholog, DLGAP3 (Discs, Large
(Drosophila) Homolog-Associated Protein 3), in OCD and trichotillomania populations;
although the degree to which these variants contribute to OCD risk remains somewhat
unclear (Zuchner et al., 2009). Another association study found nominally significant
association with a number of common polymorphisms and haplotypes in individuals with a
grooming disorder (trichotillomania, excoriation, or nail-biting) in addition to OCD, but not
in OCD alone (Bienvenu et al., 2009). Additionally, the largest genome-wide association
study in OCD found some suggestive but not significant evidence of association with
another DLGAP family member, DL GAPI (Stewart et al., 2013b). Collectively, these
individual pieces of data provide plausible hints of construct validity without replicated
evidence of involvement of DLGAP3in human OCD.

The face validity and predictive validity of the Sapap3 null mouse is quite appealing and
provided an example for subsequent studies of putatively compulsive-like behavior. Between
4-6 months, Sapap3-null mice exhibit a perseverative grooming phenotype that results in
open skin wounds, as well as increased anxiety-like behavior, which together parallel the
common co-occurrence of maladaptive repetitive behavior and anxiety in human OCD. It is
also possible, however, to argue that increased, self-injurious grooming in the mouse maps
less well onto the cleaning symptoms commonly seen in OCD, such as compulsive hand-
washing, and more neatly onto the OC-spectrum conditions of trichotillomania or
excoriation/skin-picking. Without access to “obsessions” that may drive the grooming
behavior, it is impossible to clearly separate these possibilities. It may be most useful, then,
to conceptualize this mouse as a model of OC-spectrum behavior. Importantly, the excessive
grooming is alleviated by sub-chronic (6 days), but not acute administration of fluoxetine, an
SRI. It is important to note that chronic administration of SRIs for a month or more is
necessary to achieve efficacy in the human OCD population; however differences in brain
circuitry in mice compared to humans could underlie this difference.
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SAPAP3 is a post-synaptic scaffolding protein that interacts with Post Synaptic Density
Protein 95 and Shank protein families (Takeuchi et al., 1997), and is highly expressed within
glutamatergic synapses of the striatum, providing plausibility for its involvement in OCD
risk (Saxena and Rauch, 2000, Welch et al., 2007, Menzies et al., 2008, Ting and Feng,
2011). The initial characterization of Sapap3 null mice demonstrated cortico-striatal
glutamatergic transmission abnormalities, including defective synaptic transmission and
reduction in in N-methyl-D-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) glutamate receptor function (Welch et al., 2007). Further
electrophysiological work with this model has revealed that loss of SAPAP3 enhances
AMPA receptor endocytosis via an glutamate metabotropic receptor mGlu5 dependent
mechanism (Wan et al., 2011). Additional defects in inhibitory neurotransmission of
Sapap3-null mice have also been identified, including reductions of parvalbumin-positive
fast spiking interneurons, resulting in abnormalities in a learning related behavioral task that
will be discussed in future sections (Burguiere et al., 2013), further supporting the
hypothesis of dysfunctional neurotransmission within the cortico-striatal circuit in this
model.

Surprisingly, crossing the Sapap3 null mouse with a line of animals with either constitutive
or induced deletion of Mc4r, the gene coding for the melanocortin 4 receptor (MC4R), was
able to rescue the elevated grooming phenotype (Xu et al., 2013). Prior work showed that
stimulation of MC4R resulted in a compulsive-like grooming phenotype (Alvaro et al.,
2003), leading to the hypothesis that deletion of Mc4rwithin Sapap3-null mice could
diminish the grooming phenotype. Sapap3null mice and Mc4rmice have opposite
electrophysiology findings at corticostriatal synapses, with the double null animals landing
in the middle, indistinguishable from wildtype animals. Remarkably, the cross with Sapap3
null animals also rescued the hyperphagia and obesity that are the primary phenotype
associated with loss of Mc4r (Faroogi, 2008). The molecular mechanisms underlying this
rescue remain unknown, but it suggests the corticostriatal signaling abnormalities as the key
target for rescuing the compulsive-like grooming behavior in the Sapap3 null mice. It
remains to be seen whether drugs that block MC4R show similar effects, but these surprising
findings point to the potential for mouse models to yield completely novel hypotheses about
OCD treatment. As the first genetic mouse model to be described with SRI-responsive,
striatally-dependent repetitive behavior, the Sapap3null mouse has already begun to yield
insights that could potentially translate into human OC-spectrum disorders. In the absence of
clear genetic data, however, it remains difficult to assess whether findings in this mouse offer
a direct parallel to human OCD.

3.2 Slitrk5 Null Mice

Interest in the SL/TRK (Slit- and Trk-like) gene family initially emerged from a
chromosomal translocation and follow-up rare variant association study linking SL/TRK1
and Tourette's syndrome (Abelson et al., 2005), with support in some but not all subsequent
studies (Keen-Kim et al., 2006, Scharf et al., 2008, Miranda et al., 2009, O'Roak et al., 2010,
Karagiannidis et al., 2012, Ozomaro et al., 2013). SLITRKS are single-transmembrane
proteins containing two extracellular leucine-rich repeat domains, similar to SLIT proteins,
and a carboxy-terminal domain similar to tyrosine kinase receptors (Proenca et al., 2011).
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Like SLIT proteins, SLITRK proteins are widely expressed throughout the brain and are
believed to direct neurite outgrowth. Tic-like or compulsive-like behavior has not been
described in SlitrkZ-null mice, but these animals do exhibit increased anxiety-like behaviors
and elevated norepinephrine levels in the prefrontal cortex and nucleus accumbens
(Katayama et al., 2010). On the other hand, knockout of another SL/7RK family member,
Slitrk5, resulted in a phenotype similar to that previously described in the Sgpap3 null mice.
It is unclear whether genetic association data at SL/7RKZ should be seen as contributing to
construct validity of S/itrk5 null mice as a model of OC-spectrum behavior. Similarly, a
recent genome-wide study in OCD found suggestive association near PTPRD (Protein
tyrosine phosphatase, receptor type D), which encodes a member of the receptor protein
tyrosine phosphatase family that interacts with SLITRK3, providing more circumstantial
evidence for involvement of this protein family, if not SL/TRK?5 itself. Recent work from
Song and colleagues (2015), indicates that SLITRKS acts in conjunction with the TrkB
receptor to positively modulate the sensitivity of neurons to brain-derived neurotrophic
factor (BDNF) (Song et al., 2015).

Shmelkov and colleagues (2010) developed and characterized a S/itrk5-null mouse that
displayed face-validity in the form of elevated grooming resulting in facial hair loss and skin
lesion by three months of age (Shmelkov et al., 2010). It is also of note that hemizygous
Slitrk5 mice developed similar lesions but with a delayed onset at seven to nine months of
age, which has not been reported in the Sapap3 heterozygous animals. S/itrk5-null mice also
displayed increased anxiety-like behaviors in the elevated plus maze and open-field test.
With regards to predictive-validity, chronic treatment with the SRI, fluoxetine, reversed the
elevated grooming phenotype in S/itrk5-nulls; although the consequences of acute treatment
were not shown.

The Slitrk5 null animals also showed biochemical and structural findings in the CSTC
circuit implicated in OCD. Increased FosB immunoreactivity in the orbitofrontal cortex in
these animals may parallel functional imaging finding in OCD (Chamberlain et al., 2008).
Similarly, they show decreased striatal volume that may parallel some reports of reduced
striatal volume relative to whole-brain measurements in OCD patients (Rosenberg et al.,
1997); however other studies suggest that putamen volume may actually be increased in
OCD (Radua et al., 2010, de Wit et al., 2014). As with the Sapap3 null, defective
neurotransmission was measured in striatal slice preparations from S/itrk5 null mice, linking
abnormalities in brain regions previously implicated in OCD to this model. As an almost
direct parallel to the established pattern of validation in the Sapap3null mouse, the Slitrk5
null mouse model shows SRI-sensitive, excessive grooming behavior in the context of
altered corticostriatal structure and function. Again, more genetic data will be needed to
evaluate whether this provides a direct model of OCD or OC-spectrum risk; however it is
possible that insights from this model will translate to SRI-dependent repetitive behavior
across species, regardless of whether this particular genetic mechanism underlies OCD
itself.
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3.3 HoxB8 Null Mice

HOXBS8 is a component of the mammalian Hox (Homeobox-containing) complex, a family
of 39 transcription factors important in determining the anteroposterior axis during
development (Capecchi, 1997). In contrast to the above models, where some genetic data,
albeit limited, point to potential genetic involvement in OCD or OC-spectrum disorders, no
data implicate HOXBS or its gene family in the human disorder. On the other hand, Greer
and Capecchi (2002) noted that HoxB8-null mice show excessive grooming resulting in
extensive hair loss and skin lesions (Greer and Capecchi, 2002). HoxB&-null animals self-
groom excessively and also have increased social grooming of control animals. A
subsequent report from another group using a different Hoxb8 null mouse line suggested
that deficits in spinal cord function led to changes in sensitivity to pain, potentially
underlying the excessive, self-injurious grooming behavior (Holstege et al., 2008). A follow-
up study conducted by the Capecchi group in the original Hoxb8 null mice, however, clearly
demonstrated that central nervous system function was responsible for excessive grooming
in these animals (Chen et al., 2010). Remarkably, targeted knockout of Hoxb8in the
hematopoietic system alone was found to induce excessive grooming in these mice, and
bone marrow transplant resulted in rescue of the grooming phenotype in Hoxb8null
animals. Taken together, these findings suggest that dysfunction resulting from peripherally-
derived microglia accounts for compulsive-like grooming in these animals.

While the latest study on targeted Hoxb8 knockout ruled out peripheral nervous system
(PNS) defects as the cause of the grooming phenotype, the broad expression of Hoxb8in
microglia of the brain prevents straightforward localization of the implicated brain region(s).
As noted above, this model lacks clear construct validity, and predictive validity has not been
assessed with an SRI rescue experiment. Despite this, the novelty of microglial involvement
in excessive grooming provides an interesting new direction for potential treatment of
compulsive-like behavior. As noted above, immune or autoimmune mechanisms have been
explored in OCD; although without conclusive data tying a particular mechanism to
emerging symptoms (Swedo, 2002, Martino et al., 2009). Intravenous immunoglobulin or
plasmopheresis have been explored for treatment of Streptococcal infection-associated
compulsive behaviors (Snider and Swedo, 2004); however, no current treatments have
targeted the monocyte lineages leading to microglia. The Hoxb8 null model, then, may be an
example of a genetic mouse model limited to face validity that nevertheless generates a very
novel hypothesis about OCD risk or treatment. Without construct or predictive validity at the
outset, however, translational studies targeting peripherally-derived microglia seem quite
risky and should likely be reserved for truly refractory OCD unless more data emerge
implicating this mechanism in a subgroup of patients with OCD.

3.4 Slclal null mice

As a counter example to these three mouse models that show compulsive-like behavior but
without strong construct validity, the neuronal glutamate transporter gene SLC1A1 (Solute
Carrier Family 1 Member 1) has the most genetic evidence to date, but behavioral
assessment of mice lacking S/clal has not suggested altered compulsive-like behavior, to
date. As noted above, both linkage and association data point to SLC1AZ1 in OCD,
particularly in males with early-onset symptoms (Veenstra-VanderWeele et al., 2001, Hanna
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et al., 2002b, Willour et al., 2004b, Arnold et al., 2006, Dickel et al., 2006, Stewart et al.,
2007, Shugart et al., 2009, Wendland et al., 2009a, Samuels et al., 2011). Adding
circumstantial evidence, a recent study of 3 patients with dicarboxylic aminoaciduria
identified rare loss-of-function mutations in SLC1A1, with one of the probands reporting
long-standing checking and hand-washing behaviors that could be OCD-related but were not
formally evaluated (Bailey et al., 2011). S/cZaZ mRNA and its corresponding protein,
EAAT3 (Excitatory Amino Acid Transporter 3), are strongly expressed in the cortico-striatal
regions implicated in OCD (Nieoullon et al., 2006). EAAT3 is also involved in mediating
neuronal cysteine transport, an essential rate-limiting step in the synthesis of the antioxidant
glutathione (Aoyama et al., 2006, Aoyama and Nakaki, 2013).

Initial publication of an S/cZaZ/EAAT3 null mouse suggested little behavioral relevance to
OCD (Peghini et al., 1997), with the only significant change being decreased spontaneous
open-field locomotor activity. Subsequent studies with the EAAT3 null mouse focused on
the potential neurodegenerative effects associated with the loss of neuronal cysteine
transport. Aoyama et al. (2006) reported reduced neuronal glutathione levels and age-
dependent neurodegeneration, shown by cortical thinning and enlarged ventricles. As they
aged, EAAT3 null mice were observed to show increased aggression and to appear
disheveled. At eleven months of age, but not at two months of age, EAAT3 null mice
showed hippocampal atrophy and declines in learning on the Morris water maze (Aoyama et
al., 2006). The available data, then, certainly do not suggest face validity for the EAAT3 null
animals in relation to OCD. This is not very surprising because the majority of the genetic
evidence suggests that increased SLCZAI/EAAT3 expression, rather than decreased
expression, as in the null animals, would be predicted from the OCD-associated
polymorphisms (Wendland et al., 2009a). The S/c1aZ/EAAT3 null mouse would then, if
anything, model decreased susceptibility to OCD; although a knockout mouse also provides
an opportunity to understand the role of this protein in the circuitry underlying OCD. Further
work to evaluate the impact of S/cZaZ/EAAT3 should focus on modeling increased
expression. Alternatively, face validity could potentially be demonstrated by attenuation of
pharmacologically- or genetically-mediated compulsive-like behaviors in mice with
diminished EAAT3 expression.

3.5 Other genetic manipulations also lead to increased grooming

Excessive grooming is a common behavioral phenotype described in these mouse models of
compulsive-like behavior, but it is not exclusive to OCD-like mouse models. The D1CT
transgenic mouse was an early model created to mimic hyperactivity of the direct basal
ganglia pathways postulated to underlie obsessive and compulsive behavior in humans
(Campbell et al., 1999). These mice express intracellular cholera toxin (CT) in dopamine
receptor 1 (DrdI) expressing neurons, resulting in potentiation of CSTC circuitry. This
manipulation results in increased repetitive behavior, including repetitive leaping (Campbell
et al., 1999), as well as increased anxiety-like behavior (McGrath et al., 1999). Even in the
absence of clear construct validity, the face validity resulting from manipulation of OCD-
related circuitry in this model is intriguing; although rescue with serotonin reuptake
inhibitors was not assessed to allow evaluation of predictive validity. Notably, this model is a
precursor, in some ways, to the use of optogenetics to affect neuronal activity in implicated
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circuitry, as discussed below. Many other genetic manipulations similarly generate increased
levels of grooming, especially those related to autism spectrum disorders (ASD), where one
hallmark of the disorder is excessive repetitive behavior that may or may not be OCD-like
(Jacob et al., 2009). ASD-related models, including the CninapZnull, Neurexin null,
Shank3null, and /ntegrin beta 3 null, are primarily based on genes that have been associated
with ASD and other neurodevelopmental disorders (Etherton et al., 2009, Carter et al., 2011,
Peca et al., 2011, Penagarikano et al., 2011). The Cntnap2null and the Shank3 null mice
also show altered striatal structure or function, supporting relevance to OCD despite
construct validity primarily related to ASD. Although the construct validity of these models
specifically to OCD may be tenuous, the above genetic models thought to be most relevant
to OCD are also lacking in either construct or face validity. Importantly, none of the ASD
genetic models have been evaluated for response to SRIs, which limits evaluation of
predictive validity. On the other hand, the Cntnap2 null mouse does show decreased
grooming with a non-sedating dose of risperidone, an atypical antipsychotic medication
frequently used in ASD but also used as an adjunctive medication in OCD (Bloch et al.,
2006). Overall, the emerging pattern of increased grooming in genetic mouse models
suggests that this species-typical repetitive behavior may be a useful readout for altered
corticostriatal signaling, regardless of whether the model is most relevant to OCD or ASD
(Kalueff et al., 2016).

4. Immunological Models

Alternative models aimed at understanding the potential role of the immune system and the
induction abnormal neuropsychiatric behavior may also be a fruitful path in relation to OCD.
One model with potential construct validity is based on the observation that streptococcal
infections may induce obsessive-compulsive behavior and tics in children, as noted above
(Swedo et al., 1998). Mouse models intended to mimic PANDAS have shown mixed results.
The primary hypothesis of these investigations is that immune response to streptococcal
infection would alter neuronal function and lead to the induction of repetitive behavior
reminiscent of those reported in PANDAS. Since rodents are not naturally infected with
group A beta-hemolytic streptococcus pyogenes (GABHS) it is challenging to develop a
direct model of the human pathophysiology. An alternative would be to transfer antibodies
or sera from human patients into mice; although this also has challenges due to the
differences between protein antigens across species.

4.1 Mouse model of Streptococcal antigen exposure

The first attempt at a PANDAS model used repeated injection of a GABHS homogenate
together with Freund's adjuvant to generate an immune response (Hoffman et al., 2004). In
comparison to animals injected with adjuvant alone, sera from these GABHS-exposed mice
showed greater immunoreactivity to the globus pallidus and thalamus with the CSTC loop
implicated in OCD; however the strongest finding was greater immunoreactivity to the deep
cerebellar nuclei (DCN) (Hoffman et al., 2004). Animals with enhanced immunoreactivity to
the DCN exhibited increased rearing behavior in the open field arena and in hole board tests
compared to controls and to GABHS-immunized mice without increased DCN
immunoreactivity. A follow-up study from the same group tested if passive transfer of
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antibodies from GABHS-immunized animals to non-immunized animals was capable of
inducing similar behavioral disturbances (Yaddanapudi et al., 2010). Increased rearing
behavior was again observed in the open-field, and a more extensive behavioral evaluation
also demonstrated reduced aggression and social interaction in resident-intruder behavioral
tasks, as well as motor coordination deficits. In theory, the rearing behavior observed in this
model could represent a repetitive, compulsive-like behavior, but rearing is also an
exploratory behavior that may indicate decreased anxiety-like behavior or increased
exploratory drive. Motor coordination deficits and broad changes in emotional reactivity are
sometimes reported in PANDAS, but this seems less relevant to OCD symptoms in particular
(Swedo et al., 1998). Evaluating predictive validity in a PANDAS model is a little
challenging, since serotonin reuptake inhibitors have not been explicitly tested in this
subpopulation of OCD.

4.2 Rat model of Streptococcal antigen exposure

Recent work has also explored a potential rat model of PANDAS using Group A
streptococcal (GABHS) antigen, again paired with Freund's adjuvant (Brimberg et al.,
2012). These animals showed impaired motor symptoms, including beam walking deficits
and ratings of food pellet manipulation. After being misted with water, they also showed
increased grooming. The food manipulation phenotype improved after an acute
administration of the dopamine D2 receptor antagonist haloperidol, which the authors argue
parallels antipsychotic drug treatment in Sydenham'’s chorea. Offering some evidence of
predictive validity for OCD, three days of treatment with the SRI paroxetine diminished
water spray-induced grooming; although this falls short of the duration of chronic SRI
treatment usually thought to parallel OCD treatment. (Brimberg et al., 2012). In GABHS
antigen-exposed rats, antibody deposition was seen in the striatum as well as the thalamus
and cortex. Interestingly, dopamine levels were elevated in the cortex of exposed rats, and
sera from exposed rats reacted with human dopamine D1 and D, receptors. To evaluate this
as a potential mechanism in the human condition, they examined cross-reactivity of sera
from PANDAS patients, finding a similar pattern of binding to D, and D5, receptors.

A follow-up study from the same group tested the impact of intra-striatal transfer of isolated
antibodies of GABHS-exposed rats (GAS-1). Paralleling the motor abnormalities in
immunized animals, rats striatally infused with IgG took longer to traverse a narrow beam;
however no induced-grooming phenotypes emerged (Lotan et al., 2014). Interestingly, the
GAS-I rats did exhibit increased marble burying behavior compared to control animals,
which had been previously observed in GABHS-exposed rats. Face validity of elevated
marble burying for OCD is uncertain due to benzodiazepines being able to attenuate the
behavior in wild-type mice (Nicolas et al., 2006), despite their ineffectiveness in the human
OCD population (Crockett et al., 2004). Taken together, this rat model has some appealing
parallels to PANDAS in the human population, including behavioral disruption from passive
transfer of antibodies into a specific brain region implicated in OCD, but it is somewhat
difficult to evaluate the construct validity given the lack of pathogenicity of Streptococcusin
rodents.
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4.3 Direct injection of PANDAS sera into mice

Injecting sera from human patients with PANDAS into rodents may be a more valid
approach, given that mice are not typically infected with GABHS; although species
differences could also distort patterns of immunoreactivity. One study infused sera isolated
from patients with PANDAS or Tourette syndrome into either the ventral or ventrolateral
striatum of rats. They found no behavioral abnormalities and concluded that antibody
reactivity in the striatum was unlikely to mediate the behaviors observed in PANDAS
(Loiselle et al., 2004). The body of literature on immunological models of OCD is quite
small and difficult to evaluate at this point because of the limitation of studies using GABHS
in rodents. On the other hand, interest in immune-mediated mechanisms continues to grow
in light of the growing literature on PANDAS and PANS as well as the rescue of the
excessive grooming behavior in the Hoxb8 null mouse by bone marrow transplantation.

5. Pharmacological Models

Pharmacological models of OCD-relevant behavior are based on drug-induced behavioral
phenotypes reminiscent of OCD behaviors observed in human patients (e.g., perseveration,
compulsive checking). In the models evaluated, drugs that affect previously implicated
neurotransmitter systems drive the OCD-relevant behavior. Due to numerous reports of
alterations of both the dopaminergic and serotonergic system in people with OCD (Denys et
al., 2004, Fineberg et al., 2012), it is reasonable to believe that manipulation of these
neurotransmitter systems could lead to OCD-relevant behaviors in rodents. It is unclear,
however, exactly how dopamine and serotonin are involved in the underlying pathogenesis
of the disorder, thus the validity of each model must be carefully evaluated when making
conclusions from these data, with predictive validity becoming even more important. In
contrast, two drug classes have been reported to exacerbate or trigger OCD in the human
population. One of these, the 5-HT g agonist drugs in the triptan class, has led to a
pharmacological model, as described below. The other, atypical antipsychotic drugs, with
clozapine as the primary offender (Fonseka et al., 2014), has not yet been examined as a
potential trigger of compulsive-like behavior in rodents.

5.1 8-OH-DPAT

One of the initial drugs to be studied in relation to compulsive-like behavior was 8-
hydroxy-2-(din-propylamino)-tetraline (8-OH-DPAT), a serotonin 5-HT1 5 receptor agonist
that also has some activity at 5-HT> (Yadin et al., 1991). Of note, no compulsive-like
response has been described in humans in response to 5-HT 5 agonists, such as buspirone,
so construct validity is limited to the general implication of the serotonin system in OCD.
Acute administration of 8-OH-DPAT to rats results in a decrease in spontaneous alternation
behavior in the T-maze. Instead of spontaneously switching the arm that is entered, rats who
receive the drug tend to return repeatedly to the same arm, which may parallel the
perseverative behavior often observed in OCD but could also indicate defects in working
memory (Dek et al., 2015). Chronic fluoxetine prevents this drug-induced behavior,
potentially providing predictive validity; whereas desipramine does not, providing evidence
of specificity (Fernandez-Guasti et al., 2003). Importantly, however, diminution of serotonin
receptor-mediated behavior with chronic administration of a serotonin reuptake inhibitor is
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expected due to receptor down-regulation in the context of tonic increases in extracellular
serotonin levels. It is difficult, therefore, to know whether this truly indicates predictive
validity or whether it simply represents an expected homeostatic mechanism. An alternative
approach to predictive validity would be to parallel neuromodulatory treatments in OCD.
Both bilateral lesions and bilateral low-frequency stimulation of the thalamic reticular
nucleus diminished perseverative response to 8-OH-DPAT; although high-frequency
stimulation, which more clearly parallels the response to deep brain stimulation in OCD, had
no effect (Andrade et al., 2009, Andrade et al., 2010). More recent work suggests that 8-OH-
DPAT may also induce perseverative behavior in other contexts, including returning
repeatedly to the same location in an open field arena, which has been described as
“compulsive checking” behavior (Alkhatib et al., 2013). Overall, despite interesting data,
this model is challenged by difficulties in establishing clear validation in any of the three
domains.

5.2 Quinpirole

Chronic administration of the D2/3 receptor agonist quinpirole to rats results in a
perseverative exploration phenotype also described as “compulsive checking” behavior
(Szechtman et al., 1998). This model has some degree of construct validity with regard to
the dopamine system generally, since stimulant drugs and dopamine agonists can lead to
repetitive behaviors, or frank compulsive behavior, in some contexts, such as with treatment
of Parkinson's disease or attention deficit hyperactivity disorder (Borcherding et al., 1990,
Djamshidian et al., 2011, Weintraub et al., 2015). On the other hand, stimulants do not
appear to be a common cause of worsening in OCD patients themselves and may even lead
to improvements in some patients (Insel et al., 1983). The quinpirole model uses an open
field chamber containing four small cubes, and rats receiving 5 or more weeks of drug
treatment show more rapid and excessive returns to preferred objects, as well as ritual-like
motor behaviors, in comparison to rats receiving vehicle injections (Szechtman et al., 1998).
Chronic treatment with clomipramine, an SRI in the tricyclic class, delayed but did not
eliminate this behavior. High frequency stimulation and temporary inactivation of the
subthalamic nucleus (STN) was able to attenuate this compulsive-like behavior (Winter et
al., 2008), paralleling one of the most common neuromodulatory targets in OCD (Mallet et
al., 2002, Fontaine et al., 2004). Similarly, high-frequency stimulation of the OCD-linked
nucleus accumbens, another common target in OCD (Sturm et al., 2003, Greenberg et al.,
2006, Rauch et al., 2006), also reduced quinpirole-induced checking (Mundt et al., 2009). In
sum, the predictive validity of this model is impressive, with interesting behavioral parallels
to OCD as well, but the construct validity is more difficult to evaluate.

5.3 RU24969

Serotonin 5-HT g receptor agonist drugs, such as sumatriptan, are used to treat migraines
and have been reported to worsen OCD in some patients (Koran et al., 2001a, Gross-1sseroff
et al., 2004). Based upon this observation, treatment with the 5-HTg agonist RU24969,
which also has some activity at 5-HTq 4, has been examined as a possible construct valid
pharmacological model of OCD. Acute treatment with RU24969 in mice results in a
dramatic increase in activity, and this activity is dominated by perseverative circling around
the perimeter of an open field chamber (Shanahan et al., 2009). Direct injection of a 5-HT1g
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antagonist demonstrated that 5-HT1g in the orbitofrontal cortex (OFC) is necessary for this
perseverative circling response (Shanahan et al., 2009, Shanahan et al., 2011), paralleling
neuroimaging data implicating the OFC in OCD (Menzies et al., 2008). Furthermore,
RU24969 treatment results in prepulse inhibition (PPI) deficits that may parallel data in
OCD, as well as in a number of other neuropsychiatric conditions' (Swerdlow et al., 1993,
Shanahan et al., 2009, Ahmari et al., 2012). Chronic treatment but not acute treatment with
fluoxetine, but not desipramine, rescued both the repetitive circling behavior and the PPI
deficits (Shanahan et al., 2009). This provides some degree of predictive validity but with
the same challenge of circularity when examining 5-HT receptor response after chronically
increasing extracellular 5-HT with an SRI. Considering all of the evidence, RU24969
treatment is one of the most convincing pharmacologically-induced models due to the most
impressive construct validity, coupled with some evidence for both face and predictive
validity.

5.3 Neonatal clomipramine

Neonatal exposure to fluoxetine has previously been described to lead to long-term increases
in anxiety-like behavior in mice (Ansorge et al., 2004), supporting the possibility that such
exposure could also lead to risk of compulsive-like behavior. No epidemiological studies
have yet examined this hypothesis in human studies, but the Andersen lab administered
clomipramine, an SRI in the tricyclic class, to rat pups from postnatal day 9-16, followed by
assessment of relevant behaviors in adulthood (Andersen et al., 2010). Exposed rats showed
increased anxiety-like behavior on the elevated plus maze, increased marble burying, and
increased “hoarding” of food pellets at the bottom of the cage, as well as deficits in OCD-
relevant cognitive tasks (spontaneous alternation, reversal learning, and working memory-
related tasks). All of the above behaviors are evocative of symptoms or cognitive deficits
observed in OCD patients (Krebs and Heyman, 2015). They also reported increased 5-HTy¢
receptor mRNA in the OFC and dopamine D5 receptor mRNA in the striatum of
experimental rats compared to controls, providing some parallel to neuroimaging studies in
OCD (Remijnse et al., 2006, Menzies et al., 2008). This developmental model shows the
broadest range of OCD-relevant phenotypes with perhaps greater face validity than any other
model described to date, but it lacks construct and predictive validity at this point. These
intriguing findings, however, raise the possibility that early life programming, either via
pharmacological exposure or via genetics, may result in adaptive changes in OCD-relevant
brain regions that lead to later emergence of compulsive-like behavior.

6. Optogenetic Mouse Models of OCD

As both human neuroimaging data and electrophysiology data from genetic mouse models
continue to refine our understanding of the underlying circuitry, optogenetic approaches can
be used to test these hypotheses by directly stimulating or inhibiting components of the
cortico-striatal-thalamo-cortical network. By taking an alternative approach from targeting
genes identified from OCD genetic studies, the optogenetic approach may point to circuitry-
based treatment options such as repetitive transcranial stimulation or deep brain stimulation,
rather than focusing on a molecular understanding or potential pharmacological treatments.
These techniques permit alteration of neural activity with brain region, genetic, and temporal
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precision. Optogenetic technology has recently been used to in two separate studies in an
attempt to 1) rescue OC-relevant behaviors in a previously studied genetic mouse model via
stimulation of neurons projecting from the lateral OFC to striatum, and 2) induce
compulsive-like behaviors using optogenetic stimulation of neurons projecting from the
orbitofrontal cortex to the ventral medial striatum. Whether used in conjunction with
previously validated transgenic models or on their own, optogenetic tools may revolutionize
the study of disease-relevant circuits in animal models of OCD.

6.1 Optogenetic induction of excessive grooming behavior

Ahmari and colleagues used optogenetics to test circuitry-based hypotheses about
compulsive behavior (Ahmari et al., 2013). Rather than focusing on a genetic or immune
hypothesis of OCD risk, they focused on the intermediate phenotype of hyperactivition of
the orbitofrontal cortex and ventral medial striatum (VMS) in OCD (Insel and Winslow,
1992, Rosenberg and Hanna, 2000, Pauls et al., 2014), matched by the observation that deep
brain stimulation of the ventral striatum is effective in reducing OCD symptoms in some
patients (Rodriguez-Romaguera et al., 2012). Based upon these lines of evidence in humans
with OCD, they hypothesized that increasing signaling from the OFC to the VMS would
result in increased compulsive-like behavior in mice. The optogenetic approach is very
different from genetic manipulations that attempt to establish construct validity by linking to
the most proximal cause of OCD risk. Instead, this type of experiment may be thought to
primarily examine the plausibility of the cortico-striatal-thalamo-cortical circuit hypothesis
of OCD. Remarkably, however, whereas the results may not directly inform our
understanding of the proximal risk factors contributing to OCD risk, the results suggest that
manipulation of this circuit could be used to understand the dysfunction that generates
compulsive-like behavior, and potentially to develop new treatments based upon this
understanding.

Ahmari and colleagues introduced the light-sensitive cation channel, Channelrhodopsin via
viral injection to the OFC. They then applied light stimulation in the VMS to establish
specificity for the OFC-VMS circuit. Contrary to the initial hypothesis, acute OFC-VMS
hyperstimulation did not increase repetitive behavior. In contrast, repeated hyperstimulation
of the OFC-VMS projection generated a progressive increase in grooming, which persisted
for two weeks after the stimulation was stopped. No self-injury was described in these
animals, but the increase in grooming suggests that the OFC projection to the VMS can alter
this species-typical stereotyped behavior that is also increased in genetic models with face
and predictive validity for OCD. Importantly, electrophysiologic measurements were also
taken and a progressive increase in light-evoked firing was observed with repeated
stimulation, paralleling the increase in repetitive grooming behavior.

Moving beyond testing the plausibility of the CSTC hypothesis, they then examined whether
an SRI could rescue the induced grooming. Remarkably, treatment with two weeks of
fluoxetine following a seven-day optogenetic stimulation protocol was able to normalize
light-evoked neuronal activity and attenuate grooming behavior, providing evidence of
predictive validity. Taken as a whole, these data move beyond establishing plausibility for
altered corticostriatal signaling as an intermediate phenotype in compulsive-like behavior.

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zike et al.

Page 18

The increase in VMS response to light-induced activity with repeated hyperstimulation
suggests that plasticity at OFC-VMS synapses induces long-lasting alterations that prime the
OFC-VMS synapses, resulting in a reduced activation threshold during subsequent bouts of
stimulation. Increased OFC-VMS activity may transmit information through the CSTC
circuit, leading to multiple downstream events that generate a repetitive pattern of behavior.
The combination of construct, face, and predictive validity make this model very appealing
for further dissecting the impact on local microcircuits in the VMS, downstream effects on
CSTC signaling, as well as the molecular events underlying the observed synaptic plasticity,
with the possibility that other manipulations, beyond SRIs, could also rescue the altered
corticostriatal signaling and compulsive-like behavior.

6.2 Optogenetic rescue in Sapap3 null mice

Burguire and colleagues (2013) used optogenetics to take the opposite approach. Rather than
using optogenetics to induce compulsive-like behavior, they evaluated the ability of circuit
manipulation to rescue compulsive-like behavior in the Sapap3 null mouse model. They first
designed a novel delayed conditioning task to achieve temporal and conditioned control over
the previously described excessive grooming phenotype. They presented a tone followed by
an unconditioned stimulus of a water drop delivered to the nose, which induced grooming
behavior in both the wildtype and the Sapap3null mice. Probe trials, with the tone presented
alone without the water drop, were interspersed with conditioning trials. In mid-training,
both wildtype and Sapap3 null mice showed grooming response to the tone alone, but later
in training this was suppressed in the wildtype but not the mutant mice. This suggests that
Sapap3null mice are unable to inhibit their conditioned grooming response to the tone, even
after observing only intermittent presentation of the unconditioned water drop stimulus. In
parallel, they found that medium spiny neuron activity was higher in the Sapap3null animals
late in the training period when the response pattern diverged. Interestingly, they noted a
decrease in striatal parvalbumin positive (PV™*) interneurons in the Sapap3null animals,
suggesting that defective inhibition could account for the electrophysiological and
behavioral defects.

To assess whether cortical input could be used to rescue inhibition deficits in the striatum,
Burguire and colleagues used optogenetics to stimulate axon terminals of the lateral
orbitofrontal cortex (I-OFC) within the striatum, based on previous findings implicating
these regions in OCD (Chamberlain et al., 2005, Remijnse et al., 2006, Chamberlain et al.,
2008). Remarkably, activation of I-OFC input to the striatum in the Sapap3 null mice was
able to attenuate their elevated MSN activity late in training, presumably by enhanced feed-
forward inhibition driven by cortical activation of fast-spiking striatal interneurons. Beyond
the electrophysiological rescue, they also found that optogenetic stimulation rescued the
tone-response inhibition deficits observed in the mutants. Even outside the context of the
delayed conditioning task, they found that optogenetic activation of I-OFC input to the
striatum decreased compulsive-like grooming in the mutant mice. Importantly, this
optogenetic rescue makes use of I-OFC input to striatum, despite no clear evidence that I-
OFC activity is defective in the Sapap3null mice (Burguiere et al., 2013). Such an approach
could be paralleled by deep brain stimulation in the human population, where the
manipulation depends upon an understanding of the circuits implicated in OCD, without
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knowing specifically what node in the circuit may be dysfunctional in an individual patient.
This idea could be further tested by extending this optogenetic paradigm to other mouse
models with compulsive-like grooming behavior due to other genetic manipulations, such as
the Slitrk5 or Hoxb8 null mice.

At first glance, these two optogenetic studies seem to have conflicting results. One is able to
rescue elicit compulsive-like behavior, whereas the other rescues it, despite activating similar
brain regions. It is important to note that there are some fundamental differences. Burguire
and colleagues (2013) took advantage of a genetic knockout mouse model with established
repetitive behavioral phenotypes that result from abnormal neural activity resulting from the
genetic manipulation. In contrast, Ahmari and colleagues (2013) used wild-type mice that
had undergone normal neural development prior to introduction of the channelrhodopsin and
stimulation of the OFC-VMS circuit. Initial work characterizing the Sapap3-null mouse
showed abnormal cortico-striatal function that may be a result of abnormal neural
development (Welch et al., 2007), suggesting that the circuits in the two studies may be
fundamentally different at the onset. Secondly, the stimulation protocols are actually quite
different, with different stimulation durations in either the lateral OFC and primarily dorsal
striatum (Burguire) or the medial OFC and ventral striatum (Ahmari). These are distinctly
separate cell populations that were previously posited to have alternative roles in the
pathophysiology of the disorder (Milad and Rauch, 2012). Clearly, more work will be
needed to better understand the stimulus pattern, subregion, and cell type specificity in
relation to compulsive-like behavior.

7. Discussion and Future Directions

The primary limitation across rodent models of OCD is the lack of clear risk factors that
would support construct validity. At least one model in each of the four major categories
reviewed here shows both face and predictive validity, but construct validity is considerably
more challenging. The genetic category is likely the easiest domain to establish construct
validity, but the field is limited by the lack of power in OCD linkage and genome-wide
association studies. The published genetic models with increased grooming that responds to
SRI treatment are limited to circumstantial genetic evidence supporting their potential
involvement in OCD in the human population. Conversely, those genes with the strongest
support in the OCD literature have not yet been adequately evaluated in rodent models,
either for compulsive-like behavior or even in relation to their function in the circuits
implicated in OCD. Beyond genetic linkage and association studies, no postmortem studies
have been published to date in OCD, leaving us without the RNA, protein, or cellular
profiles that have guided development of animal models in schizophrenia or autism spectrum
disorder (Berg et al., 2015, Brown et al., 2015).

Construct validity is harder to establish for immunological, pharmacological, or optogenetic
studies. PANDAS and PANS are exciting clinical syndromes that are poorly understood and
offer technical challenges for rodent models. Our knowledge of pharmacological triggers is
primarily limited to triptans and atypical antipsychotics, but these are not thought to cause
OCD itself but typically to worsen symptoms, and even then only in a subset of patients. The
circuitry-based models are perhaps the most exciting and can offer us an opportunity to test
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hypotheses based upon intermediate phenotypes in OCD, rather than requiring a clear
understanding of the original factors that contributed to risk in an individual. It may be
difficult to assess construct validity in these models, but they seem to offer substantial
promise for understanding how the circuitry implicated in OCD works, even if they do not
directly model the disorder itself. We must be careful, however, to not over-interpret models
based upon expressing a foreign, light-sensitive protein in an ectopic pattern and then
stimulating neurons in a temporal pattern that would not typically occur in the brain.

The difficulty in establishing construct validity also complicates our understanding of the
most valid behavioral or cognitive tests that are relevant to OCD. If we had several genes
clearly implicated in OCD with mouse models that mimic the human risk variant, we would
be able to survey the phenotypes in those animals to understand the true range of “OCD-
like” behavior in the rodent. Just as OCD is often difficult to diagnose in the human
population, some of those animals would likely be engaging in subtle rituals or compulsive-
like behaviors that we may not anticipate or detect without extensive characterization. In the
absence of construct valid models to serve as examples, we are restricted to behaviors that fit
our expectations for how compulsivity might present in a rodent. In this context, a broad
assessment that includes both spontaneous behaviors, such as grooming, as well as cognitive
measures reported to be abnormal in OCD (Dittrich and Johansen, 2013), is important to
better understand the strengths and limitations of a given model. None of the genetic models
have had a significant assessment of cognitive function reported to date; although the
conditioned-grooming assay in the Sapap3 model begins to move toward an understanding
of cognitive function in these animals, albeit only in the context of the already identified
grooming phenotype. Some intermediate phenotypes identified in OCD, such as reversal
learning deficits or impaired prepulse inhibition, can be assessed across species; although no
single cognitive or sensory gating measure is specific for OCD to the exclusion of other
neuropsychiatric disorders.

In contrast to the challenges in understanding the risk factors and molecular etiology of
OCD, neuroimaging has made significant progress in identifying affected brain regions
through the use of continually advancing techniques. Likewise, the use of deep brain
stimulation points to brain regions or tracts that are likely to at least reflect downstream
consequences of the pathophysiology of OCD. This understanding of brain regions and
circuits has become one of the key arguments for the validity of particular genetic or
pharmacological models, rather than the construct being modeled. Abnormalities in the OFC
or the striatum, or corticostriatal signaling specifically, are reassuring findings across
models, but we should be particularly excited to see more specific findings arise, such as the
decrease in fast-spiking striatal interneurons in the Sapap3null mice. Even in the absence of
construct or predictive validity, the sheer novelty of the Hoxb8 microglia rescue raises the
possibility that an animal model will transform our understanding of OCD pathophysiology,
even if just in a small subset of the overall population.

When assessing the available models, a few conclusions can be drawn. First, no single
model is likely to be all-encompassing, with each model likely corresponding to a subset of
the disorder and potentially to a particular symptom type or cognitive deficit. Second,
excessive grooming is a species-appropriate, stereotyped behavior that seems particularly
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sensitive to perturbations that affect the CSTC circuit implicated in OCD and may be a very
useful readout across models. Importantly, rodent grooming also increases in novel or
stressful environments (Hammamieh et al., 2012, Xu et al., 2015), and anxiolytic response to
SRIs may therefore complicate assessment of predictive validity specific to compulsive-like
behavior. Third, emerging techniques to manipulate specific circuits offer the possibility of
working back and forth between genetic, immunological, and pharmacological models that
perturb specific circuits, and optogenetic models that can evaluate whether an observed
change in circuit function is necessary and specific to generate the observed compulsive-like
behavior, with optogenetic rescue of the Sapap3 null mice as the pioneering example. The
rapid advance in technologies to develop and study rodent models is moving forward at an
astonishing pace, and we may expect more genetic models to emerge that may force us to
test construct validity after observing a rodent phenotype, as in the Sapap3and Slitrk5null
mice. We can also expect that optogenetic findings will direct the attention of human
neuroimaging studies to specific circuits or nodes that may otherwise have been ignored.
Ideally, however, we will also continue to pursue models with explicit construct validity in
order to maintain a focus on factors that impact upon OCD risk in humans, rather than the
myriad of manipulations that may generate compulsive-like behavior in rodents.
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. Rodent models have been proposed based upon genetic, pharmacological,

. No single model fully captures the human disorder, but multiple models
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Highlights
. Genetic and environmental risk factors for obsessive compulsive disorder
(OCD) have been difficult to identify.
. Neuroimaging studies implicate cortico-striatal-thalamo-cortical circuitry in
OCD.
. Chronic administration of a serotonin reuptake inhibitor is the only effective

medication treatment in OCD.

immune, and circuit approaches.

converge on abnormal cortico-striatal signaling.
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Figure 1.
The most commonly used criteria to evaluate rodent models of Obsessive Compulsive

Disorder are: 1) construct validity, 2) face validity, and 3) predictive validity. Each criterion
contains exclusive components (grooming behavior for face validity or behavioral response
to serotonin reuptake inhibitors for predictive validity). Some findings, such as the
implication of cortico-striatal circuitry, may contribute to validation in any one of the three
domains, depending upon context. For example, an optogenetic mouse model was
constructed via chronic stimulation of cortical inputs to the striatum (Ahmari et al., 2013).
Abnormal corticostriatal signaling is seen in a couple of genetic mouse models (Welch et al.,
2007, Shmelkov et al., 2010), a form of face validity paralleling human neuroimaging
findings. Finally, a different optogenetic paradigm seeks predictive validity by rescuing
compulsive-like behavior by stimulating a cortico-striatal circuit (Burguiere et al., 2013).
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