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ABSTRACT

Obsessive-compulsive disorder (OCD) is a psychiatric illness characterized by obsessions,
compulsions, or both. Obsessions are intrusive thoughts, urges, or images that are ego
dystonic and cause distress to the patient. Compulsions are repetitive behaviors or mental
acts that are typically associated with obsessions. Limbic cortico-striato-thalamo-cortical
circuitry is dysregulated in OCD and is thought to contribute to OCD symptomatology.
However, effective treatment options are still lacking. Serotonin reuptake inhibitors (SRIs),
made up of the selective SRIs and clomipramine, are the only effective pharmacological
monotherapy for OCD. However, only about half of patients respond to SRIs, and symptom
response is partial even in responders. Thus, a better understanding of OCD neurobiology
will be needed in order to develop improved treatment options for this debilitating disorder.

Here, we used animal modeling as a tool to study mechanisms underlying OCD-relevant
behavior. In chapter 2, we dissected signaling pathways underlying pharmacologically in-
duced OCD-like behavior in the established 5-HT1BR-induced model of aspects of OCD.
We found distinct effects of the canonical and noncanonical signaling pathways on OCD-like
behavior, which could have implications for development of more selective therapeutics. In
chapter 3, we assessed effects of the putative fast-acting anti-OCD treatment ketamine on
the 5-HT1BR-induced model. We found dose-dependent effects of ketamine pretreatment on
OCD-like behavior, with the lowest dose showing ameliorative effects on 5-HT1BR-induced
OCD-like behavior. These findings reinforce the preliminary human results suggesting effi-
cacy of ketamine as a treatment for OCD. These results also demonstrate that the 5-HT1BR-
induced model is capable of identifying novel anti-OCD treatments. In chapter 4, we assessed
putative OCD risk gene BTBD3 for OCD-relevant phenotypes using a global Btbd3 knockout
mouse and viral-mediated knockdown of Btbd3 expression in Btbd3 floxed mice. We found
robust effects of Btbd3 expression on OCD-relevant behaviors, and that the hippocampus is
a major driver of these effects. These results are the first to demonstrate a role for BTBD3

xi



in behavior. These findings support the human data suggesting that BTBD3 may play a
role in OCD etiology.
Together, these findings provide novel insights into mechanisms underlying OCD-relevant

behaviors.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Obsessive-compulsive disorder

1.1.1 Background

Obsessive-compulsive disorder (OCD) is a psychiatric disorder characterized by rigid, repet-
itive patterns of thought and behavior that are distressing to the patient [I56]. OCD has
a lifetime prevalence of 1-3% [312]. The serotonin-reuptake inhibitors (SRIs) are the only
effective pharmacological monotherapy for OCD [I39], and only roughly half of patients re-
spond [I73], with partial response even in responders. Improved treatments for OCD are
an unmet need. While some aspects of OCD neurobiology are known, many unanswered
questions remain. Thus, a better understanding of the pathophysiology of OCD is needed

in order to guide development of novel therapeutics.

1.1.2  Neural circuitry

OCD patients have aberrant activity in the limbic cortico-striato-thalamo-cortical (CSTC)
circuit [243, B15]. The CSTC circuit is made up of two opposing pathways that regulate
motor output: the direct pathway and the indirect pathway. The direct pathway promotes
motor output, while the indirect pathway inhibits motor output. These two pathways bal-
ance each other out to properly execute selected behaviors (direct pathway) to the exclusion
of other behaviors (indirect pathway). In the classic model of OCD pathophysiology, the
balance of activity in these pathways is tipped toward the direct pathway, leading to aber-
rant behavior in the form of compulsions [315]. This theory is supported by neuroimaging
studies that have identified hyperactivity in several brain regions in this circuit, including

orbitofrontal cortex, anterior cingulate cortex, striatum, and mediodorsal thalamus, that is



exacerbated with symptom provocation and alleviated with treatment [315]. Importantly,
cortico-striatal circuitry mediates goal-directed and habitual behavior [376], which are im-
balanced in OCD [I35].

However, it has been suggested that this CSTC model is an oversimplification [243, 245],
in part by ignoring other brain structures that appear to play a role in OCD. For example,
limbic structures such as the amygdala and hippocampus are proposed to modulate this
CSTC circuit in OCD patients through inputs to prefrontal cortex and ventral striatum
(192, P43], and the hippocampus has been suggested to play a primary role in OCD [299].
Thus, while the CSTC circuit is known to play a major role in OCD, the model of circuitry

dysfunction in OCD is still being fine-tuned.

1.1.3 Psychiatric genetics and OCD

Both environmental and genetic factors contribute to the etiology of OCD. First-degree
relatives are at higher risk for developing OCD [I45], and twin studies estimate that genetics
accounts for 45-65% of symptoms in childhood-onset populations and 27-47% in adult-onset
populations [368]. OCD is predicted to be a highly polygenic disorder, with many genes
contributing small proportions of the variance in symptoms [83, B51]. In fact, one study
found no evidence of rare (minor allele frequency <.05) single nucleotide polymorphisms
(SNPs) contributing to the genetic architecture of OCD [R3], suggesting that much of the
genetic component of OCD will be identifiable using genome-wide association studies, albeit
with large sample sizes (GWAS).

The advent of GWAS revolutionized psychiatric genetics. While candidate gene studies
often yielded unreliable results, perhaps due to insufficient control for multiple comparisons
[T9R], GWAS are unbiased screens of the genome for common variants associated with a trait
of interest [82]. A major benefit of GWAS is that its unbiased nature allows for identification

of novel variants with no preconceived connection to the disorder of interest [T98]. However,



as psychiatric disorders are highly polygenic, large sample sizes are needed in order to achieve
genome-wide significance [124]. While individual variants identified in GWAS typically only
account for a small portion of the variance in the disorder, they can still be highly biologically
relevant. GWAS has identified genes already known to be of standalone importance to a
disorder, such as receptors that serve as drug targets, suggesting that GWAS could identify
variants that are essential to the disorder in and of themselves, in addition to revealing the
broader genetic architecture of a disorder [I4g].

OCD is a psychiatric disorder for which GWAS has yet to achieve sufficient power to iden-
tify reliable genome-wide significant (GWS) hits [T48]. The first GWAS for OCD identified
one GWS SNP in the trio portion of the sample [342]. However, this SNP did not achieve
significance in the case-control analysis and was not replicated in a second GWAS for OCD
[235]. A pooled sample of these two studies also failed to identify any GWS SNPs [I77]. A
perhaps order of magnitude increase in sample size may be necessary before a substantial
set of GWS hits can be identified in this patient population, based on the pattern of success
for other psychiatric disorders such as schizophrenia [148] and the predicted high frequency
of SNPs implicated in OCD [83]. However, it will take nontrivial time and effort to achieve
this powered sample size. In the meantime, the top subthreshold hits can be characterized
using knockout mice and screened for promising phenotypes of relevance to OCD.

Animal models are critical for determining the function of putative risk genes that have
been identified in human studies [82]. Unlike in humans, gene expression can be manipulated
in animal models, which allows for causal determination of gene function and can be a first
step toward relating a gene back to the disorder of interest. One approach is to use knockout
mice for genes of interest, which can be of use for efficient assessment of the function of
a putative risk gene and its potential relevance to OCD. In sum, while OCD is known to
have a substantial genetic component, confirmed risk genes have yet to be identified. In the

meantime, putative risk genes can be evaluated using animal modeling approaches.



1.2 Animal models of OCD: a conceptual framework

Adapted from: Pittenger, C., Dulawa, S.C., & Thompson, S.L. (2017). Animal models
of OCD: A conceptual framework. In C. Pittenger (Ed.), Obsessive-compulsive disorder:
Phenomenology, pathophysiology, and treatment (pp. 323-331). New York, NY: Oxford

University Press.

1.2.1 Can an animal have OCD?

The pathophysiology of neuropsychiatric disease, including obsessive-compulsive disorder
(OCD) and related conditions, is extremely complex and remains, in most instances, frus-
tratingly opaque. This limits our ability to develop new strategies for precise diagnosis,
treatment, and prevention.

Studies in animal models have provided key insights into pathophysiology in many ar-
eas of medicine. The use of controlled experiments and invasive experimental techniques
that are not possible in human subjects, for technical, practical, or ethical reasons, provides
enormous power for the dissection of pathophysiology and the development of new somatic
interventions. This has been perhaps less true in the study of neuropsychiatric disease than
in many other branches of medicine, but progress is accelerating [242, P61, 125, 126]. Puta-

tive animal models of neuropsychiatric pathophysiology may arise spontaneously [303, 339],
be fortuitously discovered in the course of other investigations [152, BR0], or be generated
through the targeted testing of specific pathophysiological hypotheses [, 55, B23].
However, the increase in experimental precision and power that comes with studies in
animal models is accompanied by countervailing interpretative challenges. While it is often
easier to ask specific questions in an animal model, using rigorous experimental controls,
powerful techniques, and large numbers of subjects, such studies must always contend with

the question of relevance: if our goal is not to learn about mice but rather about humans,

and in particular about humans with complex neuropsychiatric pathology, how are we to
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know that the answers we get, in mice, ultimately matter?

Put another way: can mice (or other experimental animals) have OCD? And if an animal
did have OCD, what would it look like? From one perspective it is obvious that mice
cannot have OCD, and if they did, we would never be able to assess it adequately: core
symptoms of OCD, especially the subjective experience of particular obsessions, probably
cannot be recapitulated in the (presumably) simpler mind of a mouse; and even if they were
recapitulated, we could not assess them in the absence of verbal report. But we humans
share >95% of our genome with mice (and even more with non-human primates), and the
overall organization of our brains is identical in many respects. Since OCD is substantially
genetic and is associated with demonstrable brain abnormalities, it would be remarkable
indeed if important disease-associated processes could not be captured in a mouse or other
animal model.

Importantly, an animal study need not recapitulate all aspects of the pathophysiology of
a disorder to be useful. Modeling an aspect of a complex disorder like OCD is far easier to
accomplish. Studies in animals can help us understand particular aspects of brain functional
organization or the normal function of a gene, for example, and such knowledge may be
an essential foundation for an understanding of disease pathophysiology. The term ‘animal
model’ is most broadly defined as any experimental preparation developed in an animal
for the purpose of studying a human condition [I26]. Interest in animal models of OCD
pathophysiology has grown rapidly over the last decade [99, 8, 9, 52, 251, but such models

raise vexing conceptual and interpretative issues. These are explored here.

1.2.2  Validity

There are two requirements for the successful use of an animal model of any disease process:
careful validation and quantitative measurement of putatively disease-relevant phenomenol-

ogy. Validation criteria seek to operationalize what conditions a model should satisfy to



convincingly tether it to the disease process it seeks to recapitulate[fd]. To state that a
model of a disease process is ‘valid’ is to claim that it has been convincingly demonstrated
to capture key aspects of a clinical condition, and thus to express confidence that further
studies in the model are likely to shed light on pathophysiology.

Validation criteria for animal modeling are adapted from concepts developed in the con-
text of psychological testing [352, 78|. However, adaptation of these criteria to the study of
animal models raises conceptual challenges. Recently, validation criteria have been defined
inconsistently in the literature, and there has been contention as to which criteria need to
be satisfied for a model to be considered adequately validated [256, 279, B56]. The key types
of validity are face validity, etiological validity, predictive validity, and construct validity.
These constitute a useful heuristic framework for the assessment of animal models. How-
ever, judgment of the validity of an animal model of a complex disorder such as OCD can
be challenging and is sometimes ambiguous [286, 285].

Reliability is often not stated as a validity criterion, but is an essential characteristic of
any successful model. Reliability refers to stability and low random variability of measure-
ment in a model [I26, B56]. A test or model cannot be valid without adequate reliability, as
unreliable output measures will lead to a high probability of both type I and type II errors.

Face validity is simultaneously the most intuitive and the most problematic type of
validity. It constitutes phenomenological similarity between the measured features of a model
and the symptoms of the human disorder being modeled [256]. For example, in the case of
OCD, claims to face validity have been based on the presence of repetitive behaviors that are

argued to resemble compulsions [[52, BR0, [, 827, 9, 347] chewing in a neat and symmetrical

pattern[228], or various forms of behavioral inflexibility[9, 847] (although some of these

models have other forms of validity as well). Face validity has been assessed as anywhere

from useless[126, 256] to obligatory[241, B3] for the validation of an animal model of disease.

ey

A problem with face validity as a criterion for judging animal models is the internal and



multiform nature of neuropsychiatric symptomatology; indeed, face validity has so many
definitions and is so subject to interpretation it was recommended that the term be “banished
to outer darkness” in the 1940s [256]. For example, excessive grooming in an animal model
could well recapitulate symptomatology of OCD, [339, 52, BR0, [4, B27] but it could as easily
resemble trichotillomania and other grooming disorders [I14], Tourette disorder [390, BRY],
an autism spectrum disorder|[[77, 272], a skin condition, or some rodent-specific condition
with no direct homology to human disease. Although face validity is certainly not harmful
to a model, it contributes little to overall confidence that the model has anything to tell us
about disease.

It is important to note that virtually no behavioral phenotype or other biological finding is
specific to any neuropsychiatric disorder. For example, deficits in prepulse inhibition (PPI),
a measure of sensorimotor gating, are observed in OCD[323|, Tourette disorder[55], and
schizophrenia[328]. Greater specificity can be achieved by combining different phenotypes.
For example, a model that exhibits elevated grooming, anxiety, and diminished PPI may
be more convincingly specific to OCD than one that exhibits only one of these behaviors.
This is true of other forms of validity as well — a constellation of characteristics, individually
non-specific, may in concert produce greater specificity, and thus greater confidence that a
model corresponds to a disease process.

Etiologic validity refers to the recapitulation in an animal model of the causal mecha-
nisms underlying a particular disease [126]. Conceptually, there is little to complain about
in a model with clear etiological validity; such models often have great potential power
to identify pathophysiological mechanisms and novel treatment possibilities. The challenge
here is that we know so little about the etiology of complex neuropsychiatric disease. High-
penetrance genetic causes of complex disorders such as Alzheimer’s disease([144] and Tourette

syndrome[65] have been modeled, and these models have strong etiologic validity. However,

such high-penetrance mutations are rare; modeling them is a valuable exercise, but it begs



the question of whether or not pathophysiological insights thus generated apply to the dis-
order more generally. Furthermore, recapitulation of well-established causal mutations does
not always produce the expected pathological changes in an animal; for example, mutations
associated with Huntington’s disease that have high penetrance in humans do not reliably
produce neurodegeneration in mice[3&1]. No animal models of OCD with unimpeachable
etiologic validity have been described.

Predictive validity of a disease model refers to the accuracy with which the model
predicts aspects of the human disorder that it seeks to recapitulate [261, 025]. Predic-
tive validity in a disease model is sometimes used in the narrow sense of predicting re-
sponse to a medication that is of benefit in the modeled disease [241, BR2, BR4]. Since
serotonin reuptake inhibitors are the mainstay of the pharmacological treatment of OCD

[206, B333], response of a model to these drugs is frequently presented as evidence of predic-
tive validity[380, 823, 327, I84]. Dose and time course of response are also important criteria.
An equally important aspect of pharmacological predictive validity is the lack of response
to pharmacological treatments to which the modeled disorder is not responsive, conferring
some selectivity to the response profile. In the case of OCD, response to a serotonin reup-
take inhibitor and lack of response to other classes of antidepressant has been taken as a
strong validator of animal models[323]. Non-pharmacological interventions are more difficult
to recapitulate in an animal model — CBT is a mainstay of OCD treatment, for example,
but it is difficult to see how it could be applied in a nonverbal animal system. Anatomically
targeted treatments such as ablative neurosurgery and DBS are easier to apply with fidelity
across species lines, and these have been investigated in some animal models of OCD. Pre-
dictive validity can also be applied to non-therapeutic interventions with a known effect on
the modeled condition; for example, a pharmacological challenge[323] or an environmental

manipulation such as stress[390, 389 that reliably makes symptoms worse in patients may

be applied in an animal model.



A distinction can be drawn between predictive validation and the generation of novel
predictions. Predictive validation entails the recapitulation in a model of aspects of a disease
that are already well established, to increase confidence that the model is capturing relevant
processes. The generation of novel predictions is typically a later step: after a model is
accepted as adequately validated, it can be used to try to teach us something new.

Establishing predictive validity is complicated by the imprecise nature of psychiatric
treatments. SSRI antidepressants, for example, are first-line pharmacotherapy for OCD;
but they are also used in depression, generalized anxiety, bulimia nervosa, post-traumatic
stress disorder, phobias, social anxiety, autism, and any number of other conditions. Fur-
thermore, response rates to SSRI pharmacotherapy in OCD are not terribly impressive; only
about half of patients achieve response in a typical study, and most have significant residual
symptoms[208]. In light of these considerations, responsiveness of an animal model to SSRI
pharmacotherapy is neither necessary nor sufficient to establish its validity. Examination
of multiple phenotypes and responsiveness to several agents can strengthen the predictive
validity of a model — for example, as described above, a valid OCD model might be expected
to be responsive to SSRIs but not to other classes of antidepressant.

Construct validity is a more abstract concept. It denotes the extent to which a model
accurately measures the conceptual notion, or construct, that it purports to capture [78].
Thus, in the case of prepulse inhibition as a behavioral model of sensorimotor gating, the
construct validity of PPI reflects the extent to which it faithfully reflects the phenomenon
of sensorimotor gating. For OCD models, ‘perseveration’ or ‘motor impulsivity’ could be
constructs that the model seeks to capture. The challenge here, obviously, is the definition
of relevant constructs in a testable manner. The theoretical constructs of most interest
to psychiatrists and psychologists — obsessions, compulsions, neuroticism, depression — are
difficult to operationalize in an animal system. As our conceptions of psychiatric disease

evolve and the boundaries of particular clinical entities shift, the corresponding theoretical



constructs likewise change. Construct validity, in a strong sense, is therefore rarely achieved
by models of neuropsychiatric disease.

Construct validity is made up of two inter-related concepts, convergent and discriminant
validity. Convergent (or concurrent) validity is the high correlation between outputs that
purport to measure the same underlying construct. Discriminant validity, on the other hand,
is a lack of correlation among measures that purport to measure distinct constructs.

Synergy between different types of validity. These different criteria for validity
can be mutually reinforcing, as noted above. For example, face validity is problematic both
because it is non-specific and because it is inherently subjective — a mouse may groom
excessively for many reasons, for example, and the presence of such a behavior may, on its
own, be only a weak argument for the claim that the model captures core pathophysiological
processes of OCD, Tourette syndrome, or any other particular condition. However, if an
identical behavior is seen after experimental recapitulation of a hypothesized disease cause,
and if it responds to pharmacological manipulations in a disease-relevant way, the disease
model may be much more compelling — that is, etiological, predictive, and face validity may

be mutually reinforcing.

1.2.3  Diagnostic boundaries and endophenotypes

An additional challenge to the animal modeling of OCD, and of other complex neuropsychi-
atric conditions, is the shifting and unresolved nature of psychiatric nosology. The categories
of psychiatric diagnosis formalized in the Diagnostic and Statistical Manual (DSM) are based
on observable symptomatology that may or may not reflect underlying etiology [I5]; this di-
agnostic framework necessarily evolves over time, and the boundaries of individual disorders
and groups of disorders shift. For example, hoarding symptoms have traditionally been
thought of as a subtype of OCD, but recent advances have made it clear that hoarding is

more properly considered a separate disorder [119]. Similarly, the categorization of OCD,
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body dysmorphic disorder, hoarding, and grooming disorders into a single chapter in DSM-5
implies a relationship between these disorders that was not previously explicit (and that is
not universally accepted [d]). The entire diagnostic strategy embodied in the DSM has re-
cently come under criticism from the National Institute of Mental Health, which has espoused
the development of a more biologically grounded dimensional approach to diagnosis|75].

Psychiatric nosology will continue to evolve. However well grounded in clinical research,
such revisions complicate the project of developing informative animal models of disease.
What, precisely, is to be modeled? It may be that a model will capture a subset of OCD fea-
tures, or a latent biological or symptomatic construct that extends across several diagnoses;
such models may be valid and informative, and yet not map cleanly onto any current disease
entity. Too stringent a demand that an animal model faithfully recapitulate all aspects of a
disease as currently conceptualized is likely to lead to the rejection of potentially valuable in-
vestigative tools. Indeed, capturing all aspects of a neuropsychiatric syndrome in an animal
is surely impossible. In the case of OCD, one can imagine a model capturing mechanisms of
anxiety, cognitive rigidity, a tendency to acquire habits or to repeat actions beyond what is
adaptive, or any number of other component processes, without recapitulating all aspects of
OCD. Such a model, while inevitably incomplete, may be highly informative.

A related consideration is that important, biologically grounded domains of symptoma-
tology typically extend across diagnostic boundaries, and may be seen in forme fruste in
individuals with no clinical diagnosis. For example, prepulse inhibition, anxiety, and com-
pulsivity can all be conceptualized in dimensional terms and measured both in patients and
in their healthy relatives. Where such constructs have a clear genetic underpinning they
are termed endophenotypes|i43]. It has been argued that attempting to model categori-
cal disease entities in psychiatry is misguided, and that we are better off trying to capture

transdiagnostic endophenotypes as continuous traits[261].
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1.2.4 Mechanisms, disease models, and behavioral tests

While the human brain has unique complexities that endow us with all of the many features
that set us apart from other animals, most of these are merely variations on themes that
arose much earlier in evolution and are conserved between humans and other mammals.
These conserved processes can be fruitfully studied in animals with substantial confidence
that the principles thereby discerned, and many of the details, are likely to be applicable
to humans as well. This principle applies to the study of both normal function and its
perturbation in disease. For example, a rich literature over the past several decades has
used elegant studies in animals to elucidate the circuitry that regulates fear, fear learning,
and anxiety [84, 08, I8, 217, BZ1]; the mechanisms of fear and anxiety in humans — both
adaptive and pathological — appear to be substantially similar. Studies of anxiety in animals
are therefore likely to shed light on psychiatric conditions in which dysregulated anxiety is a
prominent symptom, even if the animals under study do not directly recapitulate a specific
human disease process. Another system of particular relevance to the neurobiology of OCD
is the corticostriatal system and its involvement in motivated behavior, decision-making, and
habit learning.

In contrast to these general studies of basic brain functions, a disease model may be
defined as an attempt to recapitulate relevant brain processes in an animal system, for mech-
anistic or therapeutic study. (This is in contrast to animal models more generally, which
have been defined as ‘any experimental preparation developed in an animal for the pur-
pose of studying a human condition’[26]). Disease models can take many forms, including
spontaneous development of pathological behaviors, induced genetic abnormalities, pharma-
cological or behavioral manipulations, or direct manipulations of the brain. In each case the
goal is to capture key elements of pathophysiology (though not the disorder in its entirety).
The various validity criteria defined above are appropriately applied in judging the success

of such models, as they attempt to judge the success of the modeling enterprise.
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There is some potential ambiguity in the distinction between studies of physiological
mechanism and of disease when one attempts to model disease-related endophenotypes,
rather than discrete disease entities [261), 143]. If, for example, if one is studying pathologi-
cally enhanced habit learning or excessive anxiety in an animal model, is this best considered
an instance of modeling a disease or of using an animal system to study a disease-related
normal brain process? This is of course a semantic distinction; the important thing is to be
clear on what is being studied — in this example, excess habit learning or increased anxiety,
rather than OCD in all its complexity.

Disease-relevant behavioral tests are sometimes also referred to as models but are im-
portantly distinct. A behavioral test is a concrete measure — ideally quantitative, continuous,
and reliable —1) that seeks to capture a particular construct, which may be relevant to disease.
For example, anxiety is typically measured in rodents using tests such as the elevated plus
maze or the elevated zero maze[24]; but these tests are not models of any particular disease
process. Other tests of relevance to OCD models include measures of exploratory behavior,
repetitive behavior, stereotypy, grooming, startle and prepulse inhibition, motor learning,
habit learning, and so forth. Plausible, validated behavioral tests that capture core features
of clinically relevant symptomatology are critical for the assessment of animal models of

disease, but they are not disease models in their own right.

1.2.5  Utility

From a clinical perspective, the ultimate value of an animal model of disease lies in its
potential to identify salient aspects of human illness that would not otherwise have come to
light: new concepts in pathophysiology; clarification of meaningful diagnostic boundaries;
novel targets for treatment or prevention. A model could have robust validity, and yet be of
limited practical value if it does not lead to clinical advances — although a highly validated

model of disease is, in principle, likely to lead to translatable insights. (Of course, a model
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could be of theoretical or ethological interest even in the absence of clinical implications; but
the focus here is on relevance to human disease.)

It is important, therefore, to consider the utility of an animal model of disease: the
particular disease-relevant question or questions it seeks to answer; its success or promise
in addressing those questions; and the potential ultimate impact on clinically important
issues such as diagnosis, prognosis, treatment, or prevention. To clarify this perspective on
animal models, we consider major categories of question that animal models may attempt
to address.

1. Testing etiologic and pathophysiological hypotheses. Clinical studies of epi-
demiology, genetics, or pathophysiology can generate etiologic hypotheses of disease, but in
most cases these are inherently correlative. For example, the association of a particular allele
with disease risk suggests a causal relationship, but even in the face of strong genetic evi-
dence it remains possible that some other allele in linkage disequilibrium with the identified
one is the causal factor, or (in some cases) that confounds such as population stratification
in the genetic study have led to erroneous results. To establish the causality of such an
association there is thus great value in recapitulating the disease-associated genetic abnor-
mality in an animal model and examining the consequences, at the level of brain biology or
of behavior[bi, 44]. Non-genetic etiologic and pathophysiological hypotheses can also be
tested: for example, the hypothesis that dysregulated corticostriatal activity is associated
with OCD-relevant phenomenology|7, 264], or that abnormalities in particular serotonin re-
ceptors may be associated with disease[323]. Such tests of etiologic hypotheses are, of course,
closely related to the concept of etiologic validity.

Testing hypotheses in this way depends on the ability to interpret disease-relevant con-
sequences, at the level of brain biology and/or of behavior. For example, if recapitulation
of an OCD-associated genetic abnormality produces anxiety and repetitive behaviors, the

causal importance of the association is supported. Of course, the ability to interpret the con-
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sequences of a modeled etiologic factor depends on the relevance to disease of the particular
behavioral test being performed.

As a corollary, negative results from a test of an etiologic hypothesis are often of limited
value. Modeling a hypothesized etiologic factor may fail to produce observable disease-
relevant consequences for a variety of reasons. The model may not faithfully capture the
etiologic factor as it exists in humans. The test being used to assess the effects of the
manipulation may not capture the particular disease-relevant consequences. The modeled
factor may only lead to disease in the presence of other causal processes not captured by
the model (e.g. a genetic abnormality may only manifest in disease in the presence of
a particular environmental challenge). Or, the consequences of the modeled abnormality
may not be conserved between humans and the animals. Finally, of course, the etiologic
hypothesis may be wrong — but it often difficult to draw this conclusion with confidence.

Importantly, not all etiologic hypotheses are readily testable in animal models. Many
genetic findings, for example, purport to explain only a small fraction of the variance in
disease risk in an individual carrier — that is, they are risk factors, but not sufficient causes.
Recapitulating such risk factors in an animal model may be valuable for understanding their
consequences, but it is unlikely to recapitulate disease pathophysiology. Some hypothesized
etiologic factors may be unique to humans — if, for example, they depend on linguistic
interactions, or on complex cognitive or social constructs that cannot readily be captured in
animals. And some may simply be impractical to model in animals — for example, factors
that unfold across many years.

2. Generating new etiologic hypotheses. Sometimes models arise fortuitously — for
example, spontaneously occurring OCD-like behaviors in a variety of animals, or unantici-
pated OCD-like consequences of a genetic manipulation in mice[T52, 880, B27]. Such models
are, at the outset, based on face validity, and therefore they face a high bar to establish

their relevance to human disease. However, they provide a unique opportunity to generate
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new causal hypotheses. For example, the presence of elevated grooming after knockout of
the developmental regulatory gene HoxBS8 led to increased grooming that was proposed to
have face validity as a model of OCD symptomatology|[I52]. Clarification of the mechanism
by which this fascinating phenotype is generated has the potential to identify new potential
etiological factors in OCD; in this example, it has cast light on the potential contribution of
dysregulated microglia[69], which is a potentially fruitful area of ongoing clinical research.

3. Dissecting pathophysiology. Models with established etiologic or predictive va-
lidity can be immensely valuable to identify the consequences of pathogenic events on other
aspects of development, brain biology, or behavior. For example, the recapitulation in an
animal of a disease-associated, putatively causal genetic abnormality has immense potential
value for the clarification of downstream consequences of that genetic abnormality. The
experimental tools and rigorous experimental design that can be brought to bear in animal
models permits the dissection of such consequences with a level of detail and rigor that is
not generally possible in clinical studies.

4. Generating hypotheses for testing in clinical populations. The identification
of new pathophysiological processes in an animal model with etiologic or predictive validity
can lead to the generation of specific hypotheses that can then be tested in patients. For
example, if a disease-associated genetic abnormality leads to measurable changes in the
level of particular neurotransmitter receptors or regional brain activity in an animal model,
these can potentially be tested in patients using imaging techniques. Such a return to
clinical populations is essential to ensure the relevance of findings in the animal model —
for example, in cases where a rare cause of disease is being modeled and its generalization
to more heterogeneous disease is unclear. Pathophysiological alterations that are discovered
in an animal model and then confirmed to also occur in patients may become potentially
fruitful targets for therapeutic development.

5. Testing novel therapies. Testing established therapies is often part of the process
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of characterizing an animal model — in particular, of establishing its predictive validity. Once
a disease model has been accepted as recapitulating relevant pathophysiological processes, it
becomes a potential valuable vehicle for the testing of novel therapies. These may be based
on abnormalities discovered in that model, or they may be derived from other models, clinical
observations, or other sources. There is particular strength in developing a potential novel
therapeutic strategy in one disease model and then testing it another; success in such a test
supports the generality of the intervention. This has rarely if ever been done in models of
OCD. Importantly, testing of interventions, either established or novel, requires specification
of one or more clinically relevant outcome variables (i.e. behavioral tests, or disease-relevant
neurobiological measures). The specification of the test being used to assess an intervention
will of course influence the success of the test and must be done with care.

6. Exploring fundamental disease-relevant physiological processes. As noted
above, studies in animals can help clarify mechanisms of disease-relevant processes, though
they cannot in general model a disorder in its entirety. For example, studies of the reg-
ulation of decision-making by the frontal cortex or of anxiety by the amygdala, or of the
fundamental mechanisms underlying extinction learning, may help refine our understanding
of these processes and thus refine a conceptual vocabulary for framing questions about dis-
ease pathophysiology. In the terminology developed above, such studies entail investigations
of mechanism but do not constitute a disease model; nevertheless, they are of potentially
great importance in advancing our knowledge.

Conclusion. Animal models of OCD and related disorders have received increasing
attention over the past two decades, and a number of thought-provoking models have been
produced. The gulf between manifest behaviors observed in a non-verbal animal and the
complex, subjective, and heterogeneous symptomatology experienced by individuals with
OCD (or with any neuropsychiatric disorder) is broad, and it is clear that no study in a

non-verbal animal will recapitulate all aspects of this or any other neuropsychiatric disease.
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Nevertheless, there is much to be learned from studying core features and pathophysiological
processes in animal systems, in which important questions can often be addressed with a

conceptual and technical rigor not possible in clinical investigations.

1.3 Pharmacological and behavioral rodent models of

obsessive-compulsive disorder

Adapted from: Thompson, S.L. & Dulawa, S.C. (2017). Pharmacological and behavioral
rodent models of obsessive-compulsive disorder. In C. Pittenger (Ed.), Obsessive-compulsive
disorder: Phenomenology, pathophysiology, and treatment (pp. 385-400). New York, NY:

Oxford University Press.

1.3.1 OCD background

Obsessive-compulsive disorder (OCD) is characterized by obsessions and/or compulsive be-
haviors [5]. Obsessions are intrusive thoughts, impulses, or images that cause distress [I3].
Compulsions are repetitive, ritualistic behaviors or mental acts that patients feel driven to
perform in association with obsessional thoughts. These symptoms are time consuming and
disruptive to daily life [312]. Previously classified as an anxiety disorder, OCD is now central
to a new class of disorders in DSM-5: ‘Obsessive-Compulsive and Related Disorders’, which
also includes trichotillomania, body dysmorphic disorder, and hoarding disorder [I5]. Some
manifestation of obsessions or compulsions is a core feature of each of these disorders.

In addition to obsessions and compulsions, OCD has several associated features that are
not part of the canonical symptomatology (Table IT). OCD patients exhibit heightened
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and decreases in novelty-seeking [280, 227, 212, P25, [0, 193]. OCD patients also tend to rely

on habitual rather than goal-directed behavioral strategies, which may contribute to compul-
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sive tendencies [25, 51, I35, 133, 132, B75]. OCD patients exhibit broad deficits in executive
functions (see [8, B31] for meta-analyses), including response inhibition, cognitive flexibility,
visuospatial working memory, and planning. Prepulse inhibition (PPI), an operational mea-
sure of sensorimotor gating [I46], is also impaired in OCD patients [6, &5, 167, 316, 340, B45],
particularly in females [340].

OCD patients have abnormalities in brain activity. OCD patients show resting-state hy-
peractivity in the orbitofrontal cortex, caudate, mediodorsal thalamus, and anterior cingulate
cortex (see [31H] for a review). Hyperactivity in some of these regions can be exacerbated
by symptom provocation and attenuated by effective OCD treatment [315].

The first-line treatments for OCD are exposure and response prevention therapy [259, 407]
and serotonin reuptake inhibitors (SRIs) [I16]. Exposure and response prevention therapy
consists of repeated exposure to fear-eliciting stimuli and inhibition of compulsive responses
[27). SRIs, comprising the selective SRIs [832] and the tricyclic antidepressant clomipramine
[355], are the only effective pharmacological monotherapies for OCD [288]. However, only
40-60% of patients respond to first-line pharmacological treatment [153], and symptom relief
in responders is typically incomplete [IT15].

The pharmacological treatment profile for OCD is distinguishable from that of major
depression and anxiety disorders in that antidepressants other than SRIs are typically in-
effective [27, 39, 220, B33], there is typically a longer latency to SRI treatment efficacy
(approximately 4 to 12 weeks for OCD in contrast to 2 to 4 weeks for depression) [252], and
higher SRI doses are often required [38]. Recent meta-analyses suggest that, contrary to
conventional wisdom, SRI treatment may be effective in as little as one week for depression
[350] and two weeks for OCD [179]. Regardless, there is a longer latency for OCD treatment
efficacy. Adjunctive treatment with atypical antipsychotics to augment SRI treatment has
shown efficacy in treatment-resistant OCD [93, 371]. High frequency deep brain stimulation

(DBS) of the subthalamic nucleus [68], bed nucleus of the stria terminalis [I78, 226, B00],
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and particularly ventral capsule/ventral striatum [[49, 78| have shown some promise in
treating refractory OCD.

These associated features of OCD, including cognitive performance deficits, alterations
in brain activity, and treatment profile, provide quantifiable and objectively measurable
characteristics that facilitate research on etiology and treatment by providing an alternative
to self-reported clinical symptoms. Importantly, although these features are not unique to
OCD individually, in combination they make up an OCD-specific profile. See Table I for

a list of associated features of OCD and tests used to measure these deficits.

1.3.2  Principles of animal modeling

An animal model is an experimental preparation used to study aspects of a condition of
interest, such as human psychopathology [126, 25, 230, 242]. A major advantage of animal
models is the ability to apply experimental manipulations that would be impossible to per-
form in humans [241]. On the other hand, our inability to access the internal mental state
of animals presents a great challenge for modeling of psychiatric disorders, as self-report
of internal state is often central to diagnosis [53]. Nevertheless, highly informative animal
models can be generated by identifying and validating homologous measures between species
that can be objectively quantified. The ability to model an aspect of a psychiatric disorder
in animals is directly related to our ability to quantify the measure of interest in humans.
Therefore, there are two requirements for successful use of animal models as effective trans-
lational tools: 1) identification of quantifiable phenotypes in psychiatric disorders [32] and
2) careful validation of animal models using the quantifiable human phenotypes.
Predictive validity refers to the ability of an animal model to make accurate predictions
about a human phenomenon of interest [230, 128, 125, 852, 78, 205]. Implicit in the concept of
predictive validity is reliability, which reflects stability and low chance of random variability

in the measurement and output of a test [I26, 230, B56]. A test or model cannot have
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1c

Construct Human Paradigm(s) Effect in OCD Patients Rodent Equivalent Other Rodent Paradigm(s)
Perseveration DAT Increase in perseverative errors DAT 5-CSRTT
WCST
Cognitive Flexibility WCST Increase m er.rors, few.er cat:?gories c.:01.npleted DAT
ID/ED Deficits in extradimensional shifting ID/ED
Spatial Working Memory DAT Increase in perseverative errors DAT SAB, MWM, DNMS, win-shift
SWM Strategy and between search errors
SST Deficient action cancellation: longer SSRT SST
Response Inhibition Go/No-Go Deficient action restraint Go/No-Go 5-CSRTT (deficient action restraint)
Stroop Deficient interference control Stroop
Planning TOL/TOH Deficient
Novelty-Seeking TPQ Decreased N/A - self report novel object test, SAB, dig test, hole board test
TPQ Enhanced harm avoidance (self report) N/A - self report OFT, L/D, EPM
Avoidance AAT Slower approach to compulsion triggers novel object test, OFT, L/D, NIH, SAB
SAP Enhanced avoidance habits SAP
Habit Formation SAP, IDT Excessive; reduced outcome devaluation ODP CD
Conditioned Fear Fear Conditioning Deficient extinction recall Fear Conditioning
Spatiotemporal Task Patterns video telemetry Ritu alisﬁizr::z:“i:iznng:fi:rs;i?ic;n;:;fl?)?:;:ns Jobjects Quinpirole-Induced Checking
. . PPI (eyeblink) Decreased PP1 PPI (whole body vibration)
Sensorimotor Gating P50 suppression Tncreased P50 T/C P20-N40 gating
Performance Monitoring ERN (EEG) Enhanced ERN during interference tasks (Stroop, Simon, Go/No-Go) ERN (LFP)
resting state Hyperactivity in OFC, CPu, ACC, MD
Brain Activity symptom-provocation Hyperactivity in OFC, CPu, ACC s-fMRI, PET, SPECT electrophysiology, IEG expression
treatment Reduction in resting state hyperactivity in OFC, CPu

Table 1.1: This table lists constructs that are altered in OCD patients, the paradigms used to measure these constructs in humans, the effect of having OCD on
the output of these paradigms, equivalent rodent paradigms, and other paradigms that measure the same construct in rodents. AAC: anterior cingulate
cortex. AAT: approach avoidance task. CD: contingency degradation. CPu: caudate putamen. DAT: delayed alternation task. DNMS: delayed non-match to
sample. ERN: error-related negativity. IDED: intradimensional/extradimensional shift. IDT: instrumental discrimination task. IEG: immediate early gene. MD:
mediodorsal nucleus of the thalamus. MWM: Morris water maze. ODP: outcome devaluation procedure. OFC: orbitofrontal cortex. PET: positron emission
tomography. PPI: prepulse inhibition. rs-fMRI: resting state functional magnetic resonance imaging. SAB: spontaneous alternation behavior. SAP: shock
avoidance paradigm. SPECT: Single-photon emission computed tomography. SSRT: stop signal reaction time. SST: stop signal task. TOL/TOH: tower of
London/tower of Hanoi. TPQ: tridimensional personality questionnaire. SWM: visuospatial working memory task. WCST: Wisconsin card sorting task.




predictive validity without reliability [I26, 230, B56], as unreliable output measures lead to
unreliable predictions. The predictive validity of an animal model can be established by
identifying output measures in the model that recapitulate a reliable trait of the disorder.
For example, PPI deficits in an animal model of OCD would recapitulate the PPI deficits
that have been reliably observed in patients. The more specific the output measure is to
the disorder of interest, the more convincing the animal model will be. Unfortunately,
virtually no phenotypes have been identified that are exclusive to one psychiatric disorder.
For example, PPI deficits may be predictive of OCD, but they are also seen in schizophrenia
[@5], autism [204], and Tourette syndrome [204]. Greater specificity in a model can be
achieved if it recapitulates several phenotypes observed in the disorder of interest. For
example, a mouse model exhibiting PPI deficits and perseverative behaviors that are reduced
by chronic SRI treatment shows good specificity as a model for OCD. However, modeling a
disorder in its entirety is virtually impossible, not to mention problematic because diagnostic
categories often evolve over time [IZ6].

Demonstrating that a manipulation with known effects in the disorder has the same
effects in the model also strengthens predictive validity for the model. Drug effects are
frequently the most accessible manipulations for assessing predictive validity. If using drugs
to assess predictive validity of a new model of a psychiatric disorder, the type of drug, the
dose [382], and the time course of effects should be predictive of what is seen in the human
condition.

Validation using manipulation of key phenotypes is particularly valuable for measures
that do not have good construct validity, which refers to the degree of confidence that
what is observed in an animal faithfully reflects the underlying construct that one is seeking
to investigate. For example, an over-grooming phenotype in an animal model may appear
OCD-like, but this phenotype could reflect a different process entirely, such as an itchy

skin condition, rather than compulsivity. Evidence supporting that over-grooming reflects
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OCD-like behavior could be provided by evidence that chronic SRI treatment, but not NRI
treatment, ameliorates the excessive grooming. Yet, drug treatments are not the only means
for establishing predictive validity through manipulation. Any manipulation, including envi-
ronmental factors, surgical interventions, or developmental insults, can be used to show that
a model makes accurate predictions. For example, attenuation of over-grooming following
DBS of the ventral capsule/ventral striatum, bed nucleus of the stria terminalis, or subthala-
mic nucleus would contribute predictive validity to the over-grooming model. Thus, reliable
characteristics of a disorder and established effects of manipulations of these characteristics
in patients can be modeled in animals and used to determine predictive validity of a model.n

Because the ability to predict is the essence of scientific understanding, predictive validity
has been proposed as the only requirement for the initial validation and use of a model
205, 230]. However, this approach has not been applied throughout the field
of animal modeling [383], and many models have gone into general use without predictive
validation. Many models instead have gone into general use on the basis of only construct or
face validity, the phenomenological similarity of a phenotype to the human condition. In
this review, predictive validity is emphasized as the primary prerequisite for a valid animal
model of a psychiatric disorder.

Development of valid animal models of psychiatric disorders is constrained by our knowl-
edge of psychiatric disorders in humans. This fact highlights the need for human research
assessing objective traits associated with disorders of interest that are amenable to study in
animals, such as many of the associated features of OCD listed above and detailed in Table
0. Some researchers have taken an even more direct approach to developing this platform
for animal models by performing ‘reverse translational’ research, or work assessing behaviors

in humans that are classically studied in animals [392]. One example of this type of work is

1. The standards for predictive validity detailed here are within the context of models intended for the
purpose of studying underlying mechanisms. Models with other purposes exist, such as assays screening for
novel treatments, but are outside the scope of this review.
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assesses human locomotor activity in a manner analogous to that performed in rodents.
Eilam, Szechtman and colleagues [[04, 03, 402, 404, A03, 405] have performed a series of
studies assessing the spatiotemporal motor patterns underlying compulsive behaviors. This
work has begun to quantify previously self-reported features of a disorder, leading to post
hoc attribution of predictive validity to preexisting animal work, and creating a foundation
of human work upon which to build novel animal models. These innovative strategies are
particularly pertinent in the context of translational potential of animal models of OCD.
Currently, there are relatively few extensively validated measures for OCD-like behav-
ior in animals. Some behaviors have been labeled as OCD-like due to phenomenological
similarity, but remain unsubstantiated. The identification of more objectively quantifiable

phenotypes in OCD patients are needed as tools to establish novel animal models. Select

models of OCD are reviewed below.

1.3.83  Pharmacologically induced models of obsessive-compulsive disorder

Animal models of disease processes may be induced or spontaneous. Induced models may use
environmental, genetic, pharmacological, or other manipulations to generate a phenotype of
interest, whereas spontaneous models employ naturally occurring behaviors of the animal.
Pharmacologically induced, environmentally induced, and spontaneous rodent models of
OCD are reviewed here. Models produced by genetic modifications or by direct manipu-
lations of the brain are reviewed elsewhere in this volume, as are spontaneously occurring

models in species other than rodents.

RU24969-induced

Triptans are non-selective serotonin agonists with high affinity at the 5-HT1B receptor (pre-

viously known as 5-HT1D/3) [161, B77]. They have been found to exacerbate OCD symptoms
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in OCD patients [[55, 206, B3R, d01]. Dulawa and colleagues found that acute administration
of a 5-HT1B/1A receptor agonist, RU24969, induces several OCD-like phenotypes in mice
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Mice treated acutely with RU24969 have PPI deficits [323, B24|, similar to those seen
in patients with OCD [G, 45, 167, 816, 345]. PPI deficits lend predictive validity to the
model because PPI is an objectively measureable trait across species. RU24969-treated mice
also display a hyperactive, perseverative pattern of behavior in the open field test, termed
‘route stereotypy’ [165, 323, B24]. Mice treated acutely with RU24969 also rear less in the
open field, indicative of reduced exploration or response to novelty [221]. Importantly, all
of these deficits are attenuated by chronic treatment (4 weeks for all phenotypes except hy-
peractivity in the open field, which was reduced by 3 weeks) with the SRIs fluoxetine and
clomipramine, but not the tricyclic antidepressant desipramine. Thus, the pharmacologi-
cal profile for attenuation of these behavioral deficits generally follows the OCD treatment
profile.

Mice treated acutely with RU24969 also show deficits in the delayed alternation paradigm
[386], a task that measures spatial working memory [95] and perseveration [254] in rodents
and humans. OCD patients also exhibit deficits in delayed alternation that are driven by per-
severative errors [, 2, 56, 154, 253, 255, P54, 297, B73]. OCD patients also have spatial work-
ing memory deficits more broadly, as assessed in other spatial working memory paradigms

, 190, 233, 260, 294, |
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that do not measure perseveration [36, 62, 195
Delayed alternation deficits induced by RU24969 thus recapitulate deficits found in OCD
patients, lending predictive validity to the finding. This effect is attenuated by chronic (4
weeks) treatment with fluoxetine [386], contributing additional predictive validity to the
delayed alternation deficits.

Acute RU24969 treatment also induces expression of Fos, an immediate early gene used

as a marker for neuronal activity [326], in the caudate-putamen [I65]. Since OCD patients
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exhibit increased activation in the caudate [3T5], RU24969-induced Fos expression in the
dorsal striatum contributes predictive validity to the model. Four weeks of treatment with
fluoxetine, but not desipramine, prevented RU24969-induced Fos expression in the dorsal
striatum, further lending predictive validity to the model. Since predictive validity serves
as the main prerequisite for initial use of a model [I26], these various strands of evidence
establish the RU24969-induced model as suitable to be used for studying the neurobiological

underpinnings of OCD.

Quinpirole-induced checking

Szechtman, Eilam and colleagues found that chronic administration (twice weekly for a total
of 10 injections) of the dopamine D2/D3 agonist quinpirole to rats induces compulsive-
like checking of objects in the open field [347]. This checking behavior has a stereotyped
spatiotemporal structure that is characterized by: 1) locations or objects in the subject’s ter-
ritory to which the subject returns with great frequency, 2) short intervals between returns to
these key locations or objects, 3) few stop locations during return to key objects/locations, 4)
a characteristic battery of actions comprising the checking ritual and 5) a shift in spatiotem-
poral structure when the key locations/objects are changed [347, 846, 102, 33, B93]. In the
model, chronic (5 weeks) treatment with SRI paroxetine mitigates some measures (#1, #3)
of the quinpirole-induced checking [71]. Since SRIs are first-line pharmacological treatment
for OCD [017], this result lends predictive validity to the model. However, acute treatment
with non-selective serotonin agonist meta-chlorophenylpiperazine (mCPP), a drug that ex-

]

(although see [65, 3R, 2K, 199]), also reduces frequency of returns to key locations (#1)

acerbates symptoms in OCD patients [I55, @400, 899, 171, 169, 170, -
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[360]. Some of the phenotypes are reduced by clomipramine treatment administered during
development of quinpirole-induced excessive checking behaviors (#1 and #2), but this effect

wanes over time for time to return to key locations (#2) [347]. In contrast, clomipramine is
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an effective long-term treatment for OCD [I16]. Thus, the quinpirole-induced checking model
has an inconsistent pharmacological treatment profile for quinpirole-induced high frequency
of stops at key locations (#1) and short intervals between returns to key locations (#2).
Interestingly, high-frequency DBS in the subthalamic nucleus [385] and nucleus accumbens
[257], two brain regions where DBS has shown efficacy in treatment-refractory OCD, robustly
reverse all three core measures of quinpirole-induced checking (criteria #1-3 listed above).
The DBS treatment findings provide strong predictive validity for the core features of the
quinpirole-induced checking model as OCD-like. The combination of pharmacological and
DBS findings data support quinpirole-induced reductions in stop locations during return to
key objects (#3) as the best measure of OCD-like behavior.

In support of this model, Eilam and colleagues quantified the spatiotemporal structure of

compulsions in humans using video telemetry [104, 103, 404, 402, 405, 403]. This work cor-

roborates the first and supports the fourth proposed criteria for compulsive checking, greater
frequency of return to key locations/objects and a characteristic set of actions performed at
key locations/objects, respectively (Table I) [i04, 347, A404]. These findings contribute
predictive validity to quinpirole-induced checking because the human condition of interest, a
compulsive ritual, was objectively quantified, and the animal model recapitulates aspects of
that condition. Together with the OCD-specific DBS treatment effects, these findings sup-
port the quinpirole-induced checking model of OCD. However, the mixed pharmacological

profile reduces confidence in some of the quinpirole-induced phenotypes.

Neonatal clomipramine

The neonatal clomipramine model is based on the broad hypothesis that administering a drug
neonatally can have opposite effects to those found when the same drug is administered
in adulthood [I®]. Although clomipramine can be used to successfully treat OCD [I16],

neonatal treatment in rats induces a variety of behavioral deficits during adulthood that
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may be OCD-like [19]. For example, these rats show spatial working memory deficits in
the win-shift paradigm, a test that measures spatial working memory using the natural
tendency of rodents to spontaneously alternate in a radial maze [I21, 267). In the version
of the task used in this study, half the arms of the maze are initially baited with reward.
After a delay, the previously unbaited arms are baited, requiring subjects to remember which
arms were previously baited. While a human equivalent of the win-shift paradigm has not
been assessed in OCD patients, since OCD patients have spatial working memory deficits
[8, B31], the spatial working memory deficits lend some predictive validity to the model.
Similarly, neonatal clomipramine-treated rats show deficits in spontaneous alternation in a
T-maze. Spontaneous alternation is a measure of novelty-seeking or exploration |91, 214
and an index of spatial working memory [214]. Since OCD patients have reduced novelty-
seeking [280, 227, 212, 225, [0, 193] and deficits in spatial working memory [3, 831, reduced
spontaneous alternation lends some predictive validity to the model.

Neonatal clomipramine-treated rats show increased anxiety in the elevated plus maze, a
well-validated test for unconditioned anxiety [273]. However, anxiolytic compounds, such as
alprazolam [837] or lorazepam [207], and anxiogenic compounds, such as yohimbine [298] or
sodium lactate [I41], are not clinically effective monotherapies for OCD. Most OCD patients
report anxiety, discomfort, or disgust in association with their obsessional thoughts [296];
but generalized anxiety is not a primary feature of OCD, and is certainly not a specific
characteristic of the disorder [I76]. Indeed, OCD was removed from the anxiety disorders in
the recent DSM-5 [15]. Thus, the anxiogenic effects of neonatal clomipramine treatment do
not add much predictive validity to the neonatal clomipramine model.

Rats receiving neonatal clomipramine hoard food pellets in the home cage. Hoarding is no
longer considered a subtype of OCD, but rather a distinct disorder [I5] with its own symptom,

treatment, and neurobiological profiles [120]. However, hoarding has high comorbidity with

OCD and can present as an obsession-driven behavior in OCD patients [278]. making food
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hoarding in the neonatal clomipramine model still potentially relevant to OCD.

In conclusion, the neonatal clomipramine model has some predictive validity for OCD,
driven by spatial working memory deficits and reduced novelty seeking. However, the remain-
ing behavioral deficits have a less clear relationship with OCD and would require additional
validation measures in order to demonstrate that these behaviors are OCD-like. Assess-
ing these behavioral deficits for sensitivity to treatments would potentially strengthen the
model. Of interest, neonatal clomipramine treatment also induces depression-like [374] and
binge-eating phenotypes [[18]. conditions that are often comorbid with OCD. Since none
of the phenotypes described to date is specific to any one disorder, future studies should

further examine whether neonatal clomipramine induces any deficits that are more specific

to one or another of these disorders.

8-OH-DPAT-induced

Bridger and colleagues found that a 5-HT1A receptor agonist, 8-OH-DPAT, induces deficits
in spontaneous alternation in rats [391] and in mice, resulting in perseverative selection
of one arm of a T-maze [Z1]. 8-OH-DPAT-induced spontaneous alternation is rescued by
chronic (3 weeks) treatment with SRIs fluoxetine [21, B91], lending some predictive validity
to the model. However, subchronic (3 once-daily injections) clomipramine also alleviates the
spontaneous alternation deficit, detracting from the predictive validity of the model; more
chronic treatment is required in OCD [I13]. Electrical stimulation of nucleus accumbens
exacerbates rather than alleviates the spontaneous alternation deficit, also detracting from
the predictive validity of this model [370]. Overall, the 8-OH-DPAT-induced spontaneous

alternation deficit currently has poor predictive validity as a model of OCD.

29



mCPP-induced ritualistic chewing

The non-selective serotonin agonist mCPP induces ritualistic chewing behavior in rats, a
phenomenon in which rats perform repetitive chewing or gaping mouth movements in the
absence of food stimuli [211]. This phenotype is attenuated by chronic (3 weeks), but not
acute, pretreatment with SRIs. However, this time course for treatment efficacy is closer
to the profile of major depression (2 to 4 weeks), and no negative control antidepressant
treatments (non-SRIs) were assessed in the chronic study. Thus, the model has no clear link

to a specific disorder at this time.

1.3.4  Environmentally induced models

A number of models with potential relevance to OCD have been described, in which an

environmental manipulation, rather than a pharmacological one, is used to induce putatively

OCD-like behavior.

Schedule-induced polydipsia

Schedule-induced polydipsia (SIP) is a phenomenon in which rats develop an excessive
drinking, or polydipsic, phenotype following scheduled food restriction [I11]. Specifically,
rats will drink large quantities of water (up to half their body weight) when kept on a fixed-
time feeding schedule of food pellets administered 60 - 180 seconds apart, and maintained at
80% of free-feeding bodyweight (Falk, 1971). Woods and colleagues found that chronic SRI
treatment selectively reduces SIP in rats [388]. Specifically, the SRIs fluoxetine, fluvoxamine,
and clomipramine reduced SIP with a time course ranging from 15 to 22 days for onset of
treatment efficacy, whereas chronic treatment with desipramine, haloperidol, or diazepam
did not [388]. However, the time course for efficacy of SRIs was shorter than that seen
in OCD patients [252], and later studies found even earlier effects [168, 232], ranging from

acute to six-day chronic treatment, detracting from the predictive validity of the model. In
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addition, the selectivity of the treatment profile also did not replicate in later studies. For
example, antipsychotics such as raclopride and flupentixol attenuated SIP behavior [92], and
antipsychotics are generally ineffective as monotherapy in OCD [238]. Deep-brain stimulation
of nucleus accumbens or bed nucleus of the stria terminalis attenuates the SIP phenotype
[369], as in OCD patients, contributing predictive validity to the model [I49, ['78, P26, B00].

Overall, findings in the SIP model map inconsistently onto treatment response in OCD.

Signal attenuation

The signal attenuation paradigm is based on the concept that compulsive behaviors may re-
sult from deficient feedback associated with goal-directed behavior [T90]. Joel and colleagues
found that in an operant conditioning paradigm, degradation of the contingency between a
feedback stimulus signal and food reward induces a compulsive-like lever pressing phenotype
[T90, 1R85]. Specifically, the paradigm consists of four stages that lead to compulsive-like
lever pressing: 1) food retrieval training, in which rats are trained to associate a compound
stimulus (light 4+ sound) with food delivery in the absence of levers, 2) lever-press training,
in which pressing one of two levers (the reinforced lever) leads to the compound stimulus and
food delivery, 3) signal attenuation, in which levers are absent and the compound stimulus
is presented but does not lead to food delivery, and 4) test, in which levers are present and
the compound stimulus is induced by lever pressing but does not result in food delivery
[T90]. Inclusion of the signal attenuation stage (#3 above) leads to excessive, uncompleted
lever presses in the test phase in which rats compulsively press the reinforced lever without
searching for food in the magazine. Thus, post-signal attenuation lever presses in the test
stage (#4 above) are considered the compulsive-like output measure in this paradigm.
Uncompleted excessive lever presses are attenuated by acute pretreatment with SRIs

paroxetine and fluvoxamine but not tricyclic antidepressant desipramine [I86]. However,

uncompleted excessive lever pressing is also attenuated by acute haloperidol [I88] and di-
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azepam at some doses [[&6]. Thus, the pharmacological profile of the signal attenuation
paradigm is not selective to therapeutics for OCD and does not follow the time course for
effective OCD treatment, detracting from the predictive validity of the model.
Non-pharmacological treatments have also been assessed in the signal attenuation model.
DBS of the subthalamic nucleus [201], external segment of globus pallidus [202], or en-
topeduncular nucleus (rodent homolog of internal segment of globus pallidus) [202] reduce
compulsive-like lever-pressing in the model. Subthalamic nucleus DBS has shown some effi-
cacy in OCD [58], contributing predictive validity to the model. Interestingly, in the signal
attenuation paradigm, orbitofrontal cortex lesions increase compulsive-like lever pressing in
rats [I89, 187, 190], and this effect is attenuated by acute systemic [I87] or intrastriatal [317]

paroxetine treatment. Overall, the signal attenuation model is theoretically interesting but

lacks consistent evidence supporting its predictive validity as a model of OCD.

1.3.5 Spontaneous models

A number of spontaneous behaviors in rodents have been interpreted as OCD-like. The
criteria for establishing such behaviors as valid recapitulations of OCD-like processes are the
same as for induced models: face validity must be treated with great caution, while predictive
validity is key to accepting a model as potentially informative about the pathophysiology of
OCD.

Deer mouse

Deer mice (Peromyscus maniculatus bairdii) reared in laboratory conditions exhibit spon-
taneous stereotypies consisting of somersaulting, jumping, and pattern running; these are
exacerbated by lack of environmental enrichment [293, 292, 862, 361]. Korff, Harvey and col-
leagues found that confinement-induced stereotypies in deer mice are attenuated by chronic

(3 weeks) fluoxetine [209, Z10] but not desipramine treatment [209]. These findings were cor-
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roborated by a follow-up study showing the efficacy of chronic (4 weeks), but not subchronic
(1 to 3 weeks), treatment with SRI escitalopram in attenuating the stereotypies [387]. The
response of deer mouse stereotypies to these treatments lends some predictive validity to this

model of OCD.

Reinforced spatial alternation

Tsaltas and colleagues found that when spatial alternation in a T-maze is reinforced, a
minority of rats continue to select one arm, rather than alternate arms, in spite of extensive
training with reward for alternation [359]. This ‘directional persistence’ is enhanced by
acute treatment with the non-selective serotonin agonist mCPP and reversed by chronic
(20-day) pretreatment with fluoxetine, but not desipramine or diazepam [359]. There is

ample evidence that mCPP exacerbates OCD symptoms in humans [T55, 400, 399, [71, 169,

(=)}

[70, D84, P83, 4R, M08, 86| (although see [BH, [38, PR, 199]). This exacerbation can be

[I69] pretreatment in humans. Thus, this model has substantial predictive validity in the

selectivity of the pharmacological response profile.

Marble burying

Marble burying is a phenomenon in which rodents spontaneously bury marbles under bedding
material in a cage. Unlike defensive burying [857], there is no preexisting aversive quality
to the stimulus [46]. Marble burying was initially used in conjunction with another behav-
ioral output measure, swim-induced grooming [70], to distinguish between anxiolytic and
antipsychotic drugs. Broekkamp and colleagues found that acute administration of either
an anxiolytic or antipsychotic drug reduced both marble burying and swim-induced groom-
ing [46]. Thus, neither behavior was selectively responsive to one class of drug. However,

anxiolytics had a greater effect on marble burying than swim-induced grooming in mice, and
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antipsychotics had a larger effect on swim-induced grooming than marble burying. Thus,
the ratio of the EDg5q for grooming inhibition to the ED5g for burying inhibition can be a
predictive measure: a ratio greater than one predicts an anxiolytic compound, whereas a
ratio below one predicts an antipsychotic compound (with the exception of anti-cholinergic
compounds) [46].

Marble burying has been regarded as a compulsive behavior because it is inhibited by
SRIs [164], does not habituate to repeated testing [46, 223, 262], and marbles do not show
any aversive properties that would indicate anxiety [262, B54]. However, the effects of SRI
treatment on marble burying are acute [[64], detracting from the predictive validity of the
paradigm. In addition, marble burying is affected by both anxiolytic and antipsychotic [50]
drugs, neither of which are effective monotherapy for OCD. Thus, the construct measured by
marble burying is very ambiguous; little information can be gained from use of the marble

burying model, and there is little evidence of its relevance to OCD, or compulsive behaviors

in general.

Nest-building

Nest-building has also been proposed as an animal model of OCD. Nest-building is a species-
typical behavior in which rodents will use provided materials to create a nest, a behavior
generally thought to be indicative of well-being [(23, [83]. Greene-Schloesser and colleagues
assessed nest-building behavior in the ‘BIG’ strain of mice, which is genetically selected for
excessive nest building behavior [I50]). They found that clomipramine and fluoxetine, but
not desipramine, successfully reduced nest-building in BIG mice. However, these treatments
show efficacy in as little as one week [I50]; this short time course detracts from the predictive
validity of the model. Reduced nest-building is also found in numerous genetic models of
other disorders in which repetitive behavior is a core feature, including autism [I05, [09, 314

and schizophrenia [I58, B4R]. Thus, there is little evidence supporting excessive nest-building
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as a behavioral measure for studying compulsive behaviors in OCD.

Food restriction-induced hyperactivity

Food restriction-induced hyperactivity (FRIH), also termed activity-based anorexia, has
been proposed as a rodent model of OCD [i2]. FRIH is a phenomenon in which rodents
provided with both a running wheel and scheduled feeding results in paradoxical hyperactiv-
ity and reduction in food intake [I60], which can lead to severe weight loss and even death
[2]. Altemus and colleagues found that eight days of treatment with fluoxetine, but not
imipramine, decreased FRIH, increased food intake, and ameliorated weight loss in rats [12],
whereas serotonin depletion worsened all phenotypes [I1]. However, chronic fluoxetine (10
to 24 days) has also been reported to have no effects on FRIH in mice [203]. Although SRIs
are effective in OCD, the subchronic time course of these effects in the model detracts from
the predictive validity. The serotonin depletion effects are also not reflective of OCD, as
acute tryptophan depletion in OCD patients does not worsen symptoms [2R; 330, B5, 213].
In addition, treatments that are ineffective in OCD, such as the atypical antipsychotic olan-
zapine, have shown efficacy in treating the FRIH model at doses that do not affect feeding

or wheel running alone [203]. Therefore, studies to date suggest that FRIH does not provide

a model of OCD.

1.3.6 Conclusions

In summary, a wide variety of rodent models and experimental approaches have been used
to study aspects of OCD. Many of these models have some predictive validity, which should
be a requirement for any model.

Animal models are in a constant state of development and reevaluation. The models
discussed here, and others, are best considered on a continuum of validity, rather than

simply “valid” or “invalid”. Evaluation of the validity of a model may change, with new
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studies quantifying phenotypes in OCD patients, or new studies building on preexisting
animal models.

A few of the models reviewed here are particularly robust. The RU24969-induced and
reinforced spatial alternation models have particularly good predictive validity, making them
good candidates for studying the etiology and pathophysiology of OCD. Other models have
characteristics that substantially detract from their predictive validity for OCD, suggesting
they are not optimal for studying the etiology and pathophysiology of OCD. These include
the 8-OH-DPAT-induced, marble burying, and nest-building models. These models have
generated results that differ substantially from what is observed in OCD patients, making
their relevance to OCD tenuous. Still other models have not undergone sufficient testing
for their validity to be evaluated. For example, if the behavioral phenotypes generated by
neonatal clomipramine treatment were shown to be selectively sensitive to OCD-effective
treatments, the model would be more robust. The mCPP-induced ritualistic chewing model
also remains to be convincingly linked to OCD via validation experiments.

Moving forward, the development of new models should be guided with an emphasis on
obtaining predictive validity. Animal models exhibiting substantial predictive validity can
be used with confidence to identify neurobiological mechanisms underlying the aspect of
OCD that is being modeled. Development of such models can be greatly assisted by human
research that increases the battery of quantifiable traits associated with OCD that can then

be recapitulated in future animal models.
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CHAPTER 2
DISTINCT ROLES FOR S-ARRESTIN2 AND GSK-3
SIGNALING IN 5-HT1BR-MEDIATED PERSEVERATIVE
BEHAVIOR AND PREPULSE INHIBITION DEFICITS IN
MICE

2.1 Introduction

late perseverative behaviors and prepulse inhibition (PPI) in humans [T55, 206, 287, B38] and
mice [[65, 324, 323, B86]. 5-HT1BRs are G-protein-coupled receptors (GPCRs) that bind
Gjq2 to inhibit adenylyl cyclase and cAMP production [129, 224]. 5-HT1BRs are primarily
localized on axon terminals of serotonergic and non-serotonergic neurons, where they reduce
neurotransmitter release when activated [142]. 5-HT1BRs signal through not only a canon-
ical, G-protein-coupled pathway, but also at least one noncanonical G-protein-independent
pathway that involves beta-arrestin2 (f-arrestin2) [68]. Canonical 5-HT1BR signaling
through G;,9o is mediated by direct interaction with glycogen synthase-3 beta (GSK-30),
a constitutively active serine/threonine protein kinase that stabilizes the complex between
5-HT1BRs and Gj,9, and is integral for downstream G-protein-mediated signaling [67, B6S].
This interaction is specific; GSK-38 does not modulate signaling of similar serotonin recep-
tor 5-HT1A, and the other GSK-3 isoform, GSK-3«, does not modulate 5-HT1BR signaling
[68]. On the other hand, the intracellular adaptor protein [-arrestin2 interacts with 5-
HT1BRs in an activity-dependent manner, and mediates noncanonical signaling [67, 218].
Whether canonical or noncanonical 5-HT1BR signaling induces perseverative behavior and
PPI deficits remains unknown. Given the recent identification of biased ligands that dif-

ferentially stimulate canonical versus [-arrestin2-mediated 5-HT1BR signaling [307], it is of
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great interest to identify the pathway mediating 5-HT1BR-induced perseverative behavior
and PPI deficits.

Perseverative behavior, which refers to inflexible and repetitive behavior, is a core fea-
ture of several neuropsychiatric disorders including obsessive-compulsive disorder (OCD)
and autism spectrum disorders (ASD)[I5]. Indeed, inappropriate repetition of actions is a
defining feature of the complex rituals that comprise compulsive behaviors in OCD [402],
and restricted, repetitive patterns of behavior are a core feature of ASD [i5]. OCD and
ASD are also characterized by PPI deficits, which correlate with perseverative behaviors
[6, 276]. PPI is an operational measure of sensorimotor gating, and refers to the reduction
in startle magnitude that occurs when an abrupt startling stimulus is preceded by a brief
prepulse [[46]. Sensorimotor gating impairments in OCD may contribute to the inability to
filter out obsessive thoughts or inhibit compulsive urges [B]. Currently, chronic treatment
with serotonin reuptake inhibitors (SRIs) provides the only pharmacological monotherapy
for perseverative symptoms in OCD and ASD [I40, P8R, B34|; yet, approximately 50% of
patients are nonresponders [288]. Thus, novel treatments for these disorders are a major
unmet need.

5-HT1BR activation may play a role in the perseverative behaviors and PPI deficits ob-
served in OCD or autism. 5-HT1BR agonists exacerbate OCD symptoms [155, 206, B38| in
some, but not all, studies [42, 2&1]. 5-HT1BR agonists also induce unusually high growth hor-
mone responses associated with baseline repetitive behaviors in ASD [I72]. The relationship
between 5-HT1BR availability and PPI is altered in OCD patients [?287]. Furthermore, acute
treatment with 5-HT1A /1B receptor agonist RU24969 induces PPI deficits and a highly per-
severative pattern of locomotion in the open field in mice [165, 324, 323]. These effects are
primarily mediated through 5-HT1BRs, not 5-HT1ARs, as indicated by loss of effects after
pretreatment with antagonists at 5-HT1BRs, but not 5-HT1ARs. This perseverative locomo-

tor pattern is characterized by a constellation of features including hyperactivity, minimal
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vertical rearing, and a rigid circling path, as measured by the spatial scaling exponent d
(spatial d). Spatial d describes the smoothness of the path of the animal in the open field,
where paths with many directional changes have high spatial d, and paths with few direc-
tional changes have low spatial d, which is characteristic of locomotor perseveration [26].
This locomotor perseveration is further illustrated by the lack of directional changes made by
RU24969-treated animals in a spontaneous alternation task [263]. This repetitive behavioral
syndrome is highly inflexible, performed to the exclusion of species-typical behaviors; both
eating and drinking are reduced in RU24969-treated animals [20, 159]. RU24969-induced
behavioral deficits in the open field and PPI can be ameliorated by four weeks of treatment
with SRIs, but not norepinephrine reuptake inhibitors [165, 324, 323], paralleling treatment
effects on perseverative features of OCD and ASD (39, 140]. However, little is known about
the downstream intracellular pathways mediating these behavioral effects.

Both canonical and noncanonical 5-HT1BR signaling have been reported to mediate some
of the behavioral effects of 5-HT1BR agonists. For example, GSK-33 knockout in serotonin
neurons (snGSK-33 KO) prevents 5-HT1A /1B agonist anpirtoline-induced reductions in
rearing and center activity, but not hyperactivity, in the open field [897]. On the other
hand, knockout of the -arrestin2 gene (Arrb2) abolishes anpirtoline-induced hyperactivity,
but has not been assessed for effects on other anpirtoline-induced changes in open field
phenotypes [67]. However, neither the role of canonical nor noncanonical 5-HT1BR signaling
has been dissected with respect to perseverative behaviors or PPI. Here, we investigated the
role of canonical versus noncanonical 5-HT1BR signaling in RU24969-induced perseverative
hyperlocomotion and PPI deficits. To determine the contribution of canonical 5-HT1BR
signaling to behavior, mice received pretreatment with a GSK-3 inhibitor, and then treatment
with RU24969 before assessment of open field behavior and PPI. To assess the contribution
of noncanonical signaling, Arrb2 wild-type (W'T), heterozygous (HT), and knockout (KO)

mice received RU24969 challenge and then underwent open field and PPI testing. Identifying
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a signaling bias at 5-HT1BRs for the induction of perseverative behaviors and PPI deficits

could lead to novel treatments for disorders characterized by these phenotypes.

2.2 DMaterials and methods

2.2.1 Animals

Experiment-naive female, 8-week old, Balb/cJ mice (Experiments 1-4) were purchased from
Jackson Laboratories (Bar Harbor, ME) and acclimated to the animal facility for 1 week
prior to undergoing experimental procedures. Male and female Arrb2 WT, HT, and KO
mice on a C57BL/6J background, aged 7 to 11 weeks, (Experiment 5) were bred in-house
through heterozygous crossings from mice purchased from Jackson Laboratories (Stock #:
023852; Bar Harbor, ME). Animals were housed in a climate-controlled room maintained
on a 12 hour:12 hour light:dark cycle. All testing was performed during the light cycle.
Mice had ad libitum access to standard chow and water. All procedures were conducted
in accordance with the National Institutes of Health laboratory animal care guidelines and
with the Institutional Animal Care and Use Committee of The University of Chicago or

University of California San Diego.

2.2.2  Drugs

All drugs were administered via intraperitoneal injection. 5-HT1A/B agonist RU24969
(Tocris Bioscience, Bristol, UK) was dissolved in saline (0.9% NaCl) and administered at
0 or 3 mg/kg (Experiments 1 and 3), 0 or 10 mg/kg (Experiments 2 and 4) or 0, 3, or
10 mg/kg (Experiment 5) at 5 ml/kg injection volume. Doses were selected based on pre-
vious studies [I65, 823, 324]. The GSK-3 inhibitor SB216763 (Tocris Bioscience, Bristol,
UK) was dissolved in 4% DMSO/15% Tween-80 in saline and injected at 20 ml/kg injec-

tion volume. SB216763 was administered at 0, 5, or 10 mg/kg based on previous studies
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(07, 194, 248]. GSK-3 inhibitor AR-A014418 (Tocris Bioscience, Bristol, UK) was dis-
solved in 4% DMSO/15% Tween-80 in saline and injected at 20 ml/kg injection volume.
AR-A014418 was administered at 0, 10, or 20 mg/kg based on previous studies [T91, 309].
SB216763 and AR-A014418 have high selectivity for GSK-3 inhibition, modulate 5-HT1BR

signaling, and cross the blood-brain barrier [37, 64, [73, 322].

2.2.8 Behavioral testing

Open field

The open field test was performed as described previously [324]. Briefly, mice were placed
in a corner of the open field and activity was monitored for 20 minutes. All measures were
automatically generated by the Versamax program (Accuscan, Columbus, OH) with the
exception of the spatial scaling exponent “spatial d,” which was calculated using Python
(Python Software Foundation, Beaverton, OR), NightOwl (custom software), and BMDP
software. Spatial d describes the geometric pattern of activity, with higher values indicating
a more circumscribed path and lower values indicating a straighter path characteristic of

locomotor perseveration [269).

Prepulse inhibition

PPI was assessed as described previously [324]. Briefly, mice were placed in startle chambers
(San Diego Instruments, San Diego, CA) and amplitude of the startle response was measured
for 65 ms in response to five types of trials lasting 40 ms each for a total of 62 trials: pulse
alone (40 ms at 120 dB), three different prepulse inhibition trials (20 ms prepulses 3, 6, or
12 dB above background followed 100 ms later by a 120 dB pulse), or no stimulus, in which
only background noise was presented. The test session was 20 minutes long, comprised of a

5 min acclimation period, a block of six startle trials (Block 1), two blocks of 25 intermixed
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trial types (Blocks 2 and 3), then a final block of six startle trials (Block 4). Percent PPI
was calculated as follows: 100*(startle response - prepulse-inhibited startle response) /startle
response. For all experiments assessing PPI, PPI testing occurred directly following open

field testing.

2.2.4 FExperiments

Experiment 1

Mice were pseudorandomly assigned to receive one of three pretreatments (0, 5, or 10 mg/kg
SB216763) and one of two treatments (0 or 3 mg/kg RU24969; n = 12-14/group) in a
between-subject design. SB216763 was administered 30 minutes prior to open field testing.
RU24969 was administered 5 minutes prior to open field testing. Animals underwent PPI

testing directly following open field testing.

Experiment 2

Mice were pseudorandomly assigned to receive one of three pretreatments (0, 5, or 10 mg/kg
SB216763) and one of two treatments (0 or 10 mg/kg RU24969; n = 14 /group) in a between-

subject design. Treatment timing and behavioral assessment were as in Experiment 1.

Experiment 3

Mice and treatments were as in Experiment 1. SB216763 was administered 60 minutes prior

to open field testing. RU24969 was administered 35 minutes prior to open field testing.

Experiment 4

Mice were pseudorandomly assigned to receive one of three pretreatments (0, 10, or 20
mg/kg AR-A014418) and one of two treatments (0 or 10 mg/kg RU24969; n = 14/group) in
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a between subject design. Treatment timing and behavioral testing were as in Experiment

1.

Experiment 5

Male and female Arrb2 WT, HT, and KO mice (n=13-15/group) all received 0, 3, and 10
mg/kg RU24969 in a counterbalanced fashion, in a within-subject design. Treatment timing

and behavioral testing were as in Experiment 1.

2.2.5 Statistical analysis

For all experiments, dependent measures were analyzed using repeated measures analysis of
variance (ANOVA). Significant interactions were resolved by assessing simple main effects
in ANOVAs. Significant simple main effects were resolved by tests for simple contrasts:
post hoc ANOVAs for within-subject variables or Student Newman-Keuls tests for between-
subject variables. P-values from post hoc ANOVAs were assessed for significance using the
Bonferroni correction. Alpha was set at 0.05. Open field measures were analyzed with bin
(4x 5 minutes) as a repeated measure. PPI was analyzed with block and prepulse intensity as
repeated measures, and startle was also analyzed with block as a repeated measure. Analyses
for these repeated measures (bin, block, prepulse intensity) are only stated in the text and
represented in figures for which interactions with factors of interest (genotype, pretreatment,
treatment) occurred. In Experiment 5, RU24969 treatment was analyzed as an additional
repeated measure. Furthermore, a secondary analysis was performed, in which only mice
with a matched genotype control for total distance traveled within the saline condition were
included, where matched mice had activity levels disparities of less than 100 cm or 5% of
total distance traveled. Then, the same analyses were performed. Effect sizes were assessed

using Cohen’s d. Pearson’s correlations and simple regressions were assessed.
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2.3 Results
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Figure 2.1: GSK-3 inhibition did not affect RU24969-induced changes in activity in the open
field test. A - C show distance traveled (A), time spent resting (B), and spatial d (C) for
Experiment 1. D - F show distance traveled (D), time spent resting (E), and spatial d (F)
for Experiment 2. Results expressed as mean + SEM

2.3.1 GSK-3 inhibition does not affect RU24969-induced open field

phenotypes

In the open field, RU24969 treatment increased distance traveled across pretreatment groups
at the low dose, 3 mg/kg (F(1’72) = 12.12; p<.001; Figure Eda), and at the high dose, 10
mg/kg (F(1778) = 96.83; p<.0001; Figure 270d). SB216763 pretreatment had no effect on
distance traveled. RU24969 also reduced time spent resting across pretreatment groups for
low-dose (F (1 79y = 14.55; p<.0005; Figure 27Ib) and high-dose treatment (F (1 75y = 158.58;
p<.0001; Figure Elle), whereas SB216763 had no effect on rest time. 10 mg/kg RU24969

decreased spatial d across SB216763 groups (F(1,78) = 24.26; p<.0001; Figure 21f), whereas
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3 mg/keg RU24969 had no effect on spatial d (Figure 23c). SB216763 had no effect on
spatial d in Experiments 1 and 2. Similarly, high-dose, but not low-dose, RU24969 affected
center measures with no effect of SB216763 (Figure 28; Supplemental Results). The absence
of GSK-3 inhibitor interaction with RU24969 (high-dose) to affect open field measures was

confirmed using a second GSK-3 inhibitor, AR-A014418 (Figure 270, Supplemental Results).

2.3.2  GSK-3 inhibition mitigates RU24969-induced PPI deficits

In Experiment 1, there was a three-way interaction among RU24969, SB216763 and Block
for startle amplitude (F(2772) = 4.53; p<.05; Figure Z2a). Post hoc analysis revealed that
within saline-treated mice, 10 mg/kg SB216763 increased startle amplitude over 0 or 5
mg/kg SB216763-pretreated groups in Block 3 but not Block 2. SB216763 pretreatment
mitigated low-dose RU24969-induced PPI deficits in the second half of testing, as revealed
by a three-way interaction among SB216763, RU24969, and Block (F(2’70) = 3.89; p<.05;
Figure 22b). Post hoc analyses revealed that RU24969 reduced PPI collapsed across block in
saline-pretreated mice (F(1,22) = 18.19; p<.0005), whereas RU24969 reduced PPI in Block 2
but not Block 3 for 5 mg/kg SB216763-pretreated mice. In addition, for 5 mg/kg SB216763-
pretreated mice, PPI was reduced in Block 3 relative to Block 2 in saline-treated mice (F(I,IQ)
= 14.98; p<.005). RU24969 reduced PPI in both blocks for 10 mg/kg SB216763-pretreated
mice, but the 3 mg/kg RU24969 group had increased PPI in Block 3 relative to Block 2
(F(l,ll) = 9.79; p<.01). Because of this later onset effect of SB216763 on PPI, effects of
SB216763 pretreatment on low-dose RU24969-induced open field phenotypes were assessed
at a later time point to coincide with the onset of the above effects on PPI. There were no
interactions between SB216763 and RU24969 for any open field measure at this later time

point (Figure 2Z8; Supplemental Results).
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Figure 2.2: GSK-3 inhibition mitigated low dose, but not high dose, RU24969-induced
changes in prepulse inhibition. A - B show startle amplitude (A) and percent PPI (B)
for Experiment 1. C - D show startle amplitude (C) and percent PPI (D) for Experiment 2.
Results expressed as mean + SEM. *Significant difference from saline treated group within
pretreatment and block. #Significant difference from block 2 within pretreatment and treat-
ment group. @Significant difference from both other pretreatment groups within treatment
group within block.

In Experiment 2, RU24969 increased startle amplitude overall (F(1,78) = 57.50; p<.0001;
Figure 22c), whereas SB216763 had no effect. High-dose RU24969 treatment decreased PPI
overall (F(1,78) = 25.07; p<.0001; Figure E2d), whereas SB216763 had no effect. The lack
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of interaction between GSK-3 inhibition and high-dose RU24969 treatment for PPI mea-
sures was confirmed using another GSK-3 inhibitor, AR-A014418 (Figure PZ7; Supplemental
Results).
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Figure 2.3: Arrb2 genotype affects RU24969-induced changes in activity in the open field test.
A - C show distance traveled (A), time spent resting (B), and spatial d (C) for Experiment
3. Results expressed as mean + SEM. *Significant difference from saline treatment group
within genotype. #Significant difference from WT within treatment condition. *Significant
difference from W' collapsed across treatment groups.

2.8.8  [-arrestin2 expression affects RU24969-induced open field phenotypes

A genotype by treatment interaction was found for distance traveled (F(4,156) = 3.09; p<.05;
Figure 2=3a). Post hoc tests revealed that both 3 mg/kg and 10 mg/kg RU24969 increased
distance traveled for WT (3 mg/kg: F(1,28) = 89.52; p<.0001; 10 mg/kg: F(1,28) = 241.40;
p<.0001), HT (3 mg/ke: F(1’27) = 87.13; p<.0001; 10 mg/ke: F(1’27) = 141.17; p<.0001)
and KO mice (3 mg/kg: F(1,26) = 52.48; p<.0001; 10 mg/kg: F(1,97) = 127.49; p<.0001).
Post hoc tests also revealed that Arrb2 HT and KO mice traveled less distance than WT
mice at each RU24969 dose. To assess the relationship between saline- and RU24969-induced
activity levels, within-subject correlation and regression analyses were performed between
saline and RU24969 conditions. These tests revealed no relationship between saline and
RU24969-induced activity levels within any genotype (Supplemental Results).

A trend for a genotype by treatment interaction for rest time was found (F(471 56) = 1.99;
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p =.099; Figure Z23b). Post hoc tests revealed that both 3 mg/kg and 10 mg/kg RU24969 de-
creased rest time within each genotype and that HT and KO mice rested more than W'T mice
within each RU24969 dose. To assess the relationship between saline- and RU24969-induced
rest times, within-subject correlation and regression analyses were performed between saline
and RU24969 conditions. This assessment identified no relationship between saline- and
RU24969-induced rest times within each genotype (Supplemental Results).

There was a main effect of genotype on spatial d (F(2775) = 3.45; p<.05; Figure 233c).
Post hoc tests revealed that both HT and KO mice had higher spatial d than WT mice.
There was a main effect of RU24969 on spatial d (F(2’150) = 150.30; p<.0001). Post hoc
tests revealed that both 3 mg/kg and 10 mg/kg RU24969 reduced spatial d.

Next, mice were matched for saline-induced distance traveled in the open field in order
to assess genotype by treatment interactions independent of a baseline effect of genotype on
distance traveled. These activity-matched results confirmed that Arrb2 KO mice traveled a

shorter distance than WT or HT mice receiving 10 mg/kg RU24969 (Supplemental Results;

Figure 2710).
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Figure 2.4: Arrb2 genotype affects RU24969-induced changes in prepulse inhibition. A - B
show startle amplitude (A) and PPI (B) for Experiment 3. Results expressed as mean 4+
SEM. *Significant difference from saline treatment group within genotype.
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2.8.4  B-arrestin2 expression affects RU24969-induced PPI deficits

A trend was found for a genotype by treatment interaction for startle amplitude (F(4,164) =
2.08; p = .09; Figure 24a). Post hoc tests revealed that 3 mg/kg and 10 mg/kg RU24969
increased startle for WT (3 mg/kg: F(1,29) = 29.74; p<.0001; 10 mg/kg: F(1,29) = 86.58;
p<.0001), HT (3 mg/kg: F(1,29) = 22.83; p<.0001; 10 mg/kg: F(1,29) = 98.13; p<.0001),
and KO mice (3 mg/kg F(1,27) = 20.57; p = .0001; 10 mg/kg: F(1,27) = 57.56; p<.0001)
whereas Arrb2 genotype had no effect at any dose of RU24969.

A genotype by treatment interaction was observed for PPI (F(4,164) = 2.66; p<.05; Figure
ab). Post hoc tests revealed that 10 mg/kg RU24969 reduced PPI in KO mice (F (1 97y =
56.59; p<.0001), whereas simple main effects of RU24969 treatment missed significance in
WT (F(g58) = 2.73; p = .07) and HT mice (F (o 55) = 3.11; p = .05). Since RU24969 has
consistently been reported to reduce PPI [824, B23|, planned comparisons were performed
for the effects of each RU24969 dose within genotype. Planned comparisons revealed that 3
mg/kg RU24969 reduced PPI in WT, but not HT or KO, mice. Planned comparisons also

revealed that 10 mg/kg RU24969 reduced PPI within each genotype.

2.4 Discussion

Here we show that GSK-3 inhibition and Arrb2 knockout both reduce 5-HT1BR-induced
PPI deficits, while Arrb2 knockout also reduces 5-HT1BR-induced hyperlocomotion, a key
component of the perseverative pattern of locomotor activity induced by RU24969 admin-
istration. Specifically, GSK-3 inhibition did not mitigate RU24969-induced open field phe-
notypes (Figure 271, P8-28) but did attenuate RU24969-induced PPI deficits (Figure 222b).
These findings suggest that blockade of canonical 5-HT1BR signaling reduces RU24969-
induced PPI deficits. Alternatively, Arrb2 knockout reduced RU24969-induced hyperactiv-
ity (Figure P33a-b) and mitigated RU24969-induced PPI deficits (Figure 24b), indicating

that noncanonical 5-HT1BR signaling may play a role in RU24969-induced PPI deficits
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and perseverative behavior. These findings may have implications for development of novel
therapeutics for disorders characterized by these phenotypes.

GSK-3 inhibition had no effect on RU24969-induced activity measures in the open field.
RU24969 induced robust hyperactivity concomitant with decreases in rest time (Figure 27T
Figures EZ0-2R), paralleling our previous work (165, 324, 823]. This hyperactivity occurred
regardless of GSK-3 inhibitor pretreatment, in accordance with previous evidence that phar-
macological or genetic inhibition of GSK-3 failed to mitigate anpirtoline-induced hyperac-
tivity [67, 397]. Similarly, GSK-3 inhibition did not modulate RU24969-induced changes in
center measures (Figure Z0c-d; Figure 28d-e). In contrast, a recent report showed that
snGSK-33 KO prevented anpirtoline-induced thigmotaxis [397]. However, in the present
experiments, center measures were substantially related to distance traveled, complicating
their interpretation (Supplemental Results). snGSK-3 KO mice have has also been reported
to lack anpirtoline-induced reductions in vertical rearing [397]. However, we were unable to
assess this effect due to low baseline levels of rearing in the Balb/cJ strain [I7] relative to
C57BL/6J mice [165]. Interestingly, we found that AR-A014418 decreased spatial d across
treatments (Figure EZ4c; EAc).

Furthermore, SB216763 had no such effect with a thirty-minute pretreatment (Figure
PTic; Figure ECOIf), but decreased spatial d at the sixty-minute pretreatment time point (Fig-
ure Z8c; 23f). Since GSK-3 inhibition did not potentiate RU24969-induced reductions in
spatial d, these findings indicate that GSK-3 modulates spatial d independent from 5-HT1BR
signaling, and that GSK-3 signaling might be protective against locomotor perseveration
[269]. Overall, GSK-3 does not appear to play a substantial role in RU24969-induced be-
havioral effects in the open field within these experimental conditions.

We found that GSK-3 inhibition mitigated RU24969-induced PPI deficits (Figure Z22b).
These effects were specific to the later testing block, indicating a delay in the interaction be-

tween RU24969 and GSK-3 inhibitors. Therefore, we tested the effects of GSK-3 inhibition
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Figure 2.5: Representative paths mice took in the open field in Experiments 4 (A-C) and
3 (D-F). RU24969-treated (B, E) and GSK-3 inhibitor-treated (C, F) mice have a similar
pattern of activity, in contrast to mice treated only with vehicle (A, D).

on RU24969-induced open field phenotypes at this later time point (Experiment 3), to con-
firm that the lack of effect of SB216763 on total distance traveled in Experiment 1 was due
to delayed onset of drug effects. However, no interactions between SB216763 and RU24969
were observed (Figure Z8). The attenuation of RU24969-induced PPI deficits by SB216763
were not due to any confounding effects on startle magnitude (Figure 22a), since the effects
of GSK-3 inhibition on startle amplitude were dissociable from those on PPI. Furthermore,
GSK-3 inhibition by SB216763 reduced 3 mg/kg, but not 10 mg/kg, RU24969-induced PPI
deficits (Figure 222). Most likely, the lack of effect of AR-A014418 on RU24969-induced PPI
deficits is due to the fact that only the high dose of RU24969 was used in this study (Figure
2717), but this should be confirmed with the lower dose of RU24969 in future studies. The
absence of effects of SB216763 alone on PPI conflicts with previous reports, indicating that

experimental factors such as route of administration, testing time point, strain, or sex may
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influence these effects [63, T94]. In fact, GSK-3 activity was previously shown to positively
correlate with PPI across a panel of mouse strains [14]. In sum, GSK-3 inhibition reduces
the PPI disruption induced by low-dose RU24969.

In contrast to GSK-3 inhibition, Arrb2 knockout mitigated RU24969-induced hyperac-
tivity in the open field. Genotype affected baseline locomotor activity levels (Figure E=3a-b),
with modest reductions in locomotion observed in HT and KO mice, consistent with previ-
ous reports [29, B0, &1, 75]. However, the reduction in RU24969-induced hyperlocomotion
observed in HT and KO mice was not attributable to blunted baseline activity levels; no
relationship was found between saline- and RU24969-induced locomotor activity within any
genotype, such that mice less active in the saline condition were not necessarily less ac-
tive in the RU24969-treated conditions (Supplemental Results). In addition, effect sizes for
RU24969 treatment on distance traveled were substantially larger in WT than HT or KO
mice. We further confirmed that the effect of RU24969 on locomotion was independent of
baseline activity level by creating matched groups across genotypes for baseline locomotion;
Arrb2 HT and KO mice still showed blunted RU24969-induced hyperactivity (Figure 210a)
and reductions in rest time after receiving 10 mg/kg RU24969 (Figure 210b). Our findings
parallel previous reports that Arrb2 knockout prevents anpirtoline-induced hyperactivity

[67). While several previous reports have resolved the confounding hypoactivity of Arrb2
KO mice by extended habituation to the open field prior to drug challenge [30, 67], our
activity-matched control analysis does not interfere with the effects of novelty on behavioral
measures in the open field. Overall, Arrb2 KO and HT mice show diminished RU24969-
induced changes in locomotor activity, regardless of baseline activity levels.

Arrb2 knockout also affected spatial d and vertical rearing in the open field. Arrb2
HT and KO mice showed increases in spatial d (Figure 23c), suggesting more circumscribed

paths of locomotion, and less locomotor perseveration, than in WT mice [269]. However, this

effect was lost in the activity-matched subset analysis (Figure 210c). Baseline spatial d in
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WT mice was notably lower in Experiment 5 than Experiments 1-4, consistent with previous
spatial d levels found in C57BL/6J [i65] versus Balb/cJ mice [324, 323]. Our finding that
Arrb2 KO showed decreased rearing (Figure E9a) conflicts with one previous report that
found no effect of Arrb2 genotype on rearing, perhaps attributable to the low baseline level of
rearing in that study [30]. Thus, to our knowledge, this is the first report of reduced rearing
in Arrb2 HT and KO mice, suggesting reduced exploration or response to novelty [Z21].
Although this effect was lost in the activity-matched subset analysis, this was likely due
to loss of sufficient sample size (Figure 210d). RU24969 robustly decreased rearing within
each genotype (Figure 29a)[I65], although differing genotypic levels of baseline rearing and
a floor effect precluded interpretation of the interaction between genotype and RU24969
(Figure E9a). Furthermore, this interaction is lost in the activity-matched subset analysis
(Figure 210d).

Arrb2 genotype modulated center activity as well. Arrb2 HT and KO mice spent less time
and traveled a lower proportion of their total distance in the center of the open field than W'T
mice within the saline condition (Figure 29), in accordance with previous findings [81]. This
reduced exploration of the center by HT and KO mice aligns with the observed reductions in
rearing, indicating reduced exploration. However, these genotypic effects may have resulted
from observed differences in distance traveled (Supplemental Results). Arrb2 genotype also
modulated the effects of RU24969 on center measures (Figure Z9b-c). Interestingly, in the
activity-matched analysis, the baseline effect of genotype on center time was eliminated, yet
center time was increased by 3 mg/kg RU24969 only in WT mice (Figure 210e). Thus,
Arrb2 KO and HT mice show diminished RU24969-induced changes in time spent in the
center of the open field, regardless of baseline activity levels.

The dose-dependent mitigation of RU24969-induced PPI deficits we found in Arrb2 HT
and KO mice parallels our findings with GSK-3 inhibitors. In contrast to WT mice, Arrb2

HT and KO mice did not exhibit PPI deficits following treatment with 3 mg/kg RU24969.
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However, 10 mg/kg RU24969 treatment reduced PPT in all genotypes (Figure 24). These
effects on PPI were not artifacts of changes in startle magnitude, since RU24969 increased
startle comparably in all genotypes. PPI levels in Experiment 5 were notably lower than in
Experiments 1-4, likely due to the low PPI levels characteristic of the C57BL/6J strain [271].
Thus, reduction in S-arrestin2-mediated signaling appears to reduce RU24969-mediated PPI
deficits at lower, but not higher, doses.

Some aspects of the RU24969-induced behavioral syndrome were not modulated by GSK-
3 inhibition or Arrb2 KO, such as reduced spatial d, or were incompletely blocked by in-
hibiting either pathway, such as hyperactivity. One possible explanation for these findings is
that yet another noncanonical signaling pathway mediates the effects of 5-HT1BR activation.
G-protein coupled-receptor kinases (GRKs) classically phosphorylate GPCRs to recruit ar-
restins for desensitization or endocytosis. However, emerging evidence indicates that GRKs
also modulate activity of key intracellular signaling molecules, such as ERK and Akt [157].
Another possibility is that the effects of blocking [-arrestin2 signaling were obscured by
developmental compensations in the Arrb2 KO mouse.

The constitutive Arrb2 KO mice used in the present studies likely have compensatory
developmental changes, such that results obtained with these mice may differ from those
obtained using acute treatment with a [-arrestin2 inhibitor. Indeed, the compensatory
developmental consequences of lacking a gene throughout life can cause effects that are op-
posite to those of acute drug action at the gene product [54]. This caveat highlights the
need for development of selective S-arrestin2 inhibitors. One recently identified candidate,
Barbadin, selectively blocks the interaction between [-arrestins and AP-2, thus disrupt-
ing p-arrestin-mediated endocytosis of GPCRs and endocytosis-associated signaling in vitro
[81]. This agent could be useful to determine which components of noncanonical S-arrestin
signaling are mediated through internalized GPCRs. Furthermore, the recently developed

floxed [-arrestin2 mouse [363], and viral approaches for altering [-arrestin2 expression pro-
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vide future tools for identifying the role of S-arrestin2 signaling. Our present results provide
initial evidence for an important role for 5-HT1BR noncanonical intracellular signaling in
both perseverative behavior and PPI deficits. Future work should confirm these effects using
[-arrestin2 inhibitors, inducible Arrb2 mice, and viral approaches.

Our findings may have therapeutic implications for neuropsychiatric disorders character-
ized by perseverative behaviors and PPI deficits, including OCD and ASD. Pharmacolog-
ical 5-HT1BR challenge exacerbates OCD symptoms [I55, 206, B38| and induces a larger
growth hormone response in ASD that correlates with baseline levels of repetitive behaviors
[T72]. Furthermore, the 5-HT1A/1B antagonist pindolol potentiates the effects of chronic
SRI treatment in treatment-resistant OCD patients [43, 80, 85]. Thus, 5-HT1BR inhibition
may ameliorate perseverative behavior. Our data suggest that ligands inhibiting canonical,
G-protein-coupled signaling or noncanonical, S-arrestin2-dependent signaling for 5-HT1BRs
might be effective for mitigating PPI deficits seen in disorders such as OCD and ASD. How-
ever, GSK-3 inhibitors did not alleviate 5-HT1BR-mediated perseverative behavior, and
reduced spatial d overall (Figure EZ0c; P28c), mimicking one aspect of RU24969-induced
locomotor perseveration (Figure 2H). These effects suggest that neither drugs blocking 5-
HT1BR-mediated canonical signaling, nor nonspecific GSK-3 inhibitors reduce perseverative
behavior. Alternatively, Arrb2 knockout mitigated both RU24969-induced PPI deficits and
certain aspects of perseverative hyperlocomotion, suggesting that inhibition of noncanonical
5-HT1BR-mediated signaling might provide a novel and selective therapeutic target for re-
ducing perseverative behaviors and PPI deficits. However, Arrb2 knockout did not mitigate
all aspects of the RU24969-induced perseverative behavioral pattern in the open field, and
produced a modest reduction of hyperactivity. Furthermore, our findings in Arrb2 KO mouse
will require confirmation using a selective [-arrestin2 inhibitor when one becomes available.

In sum, 5-HT1BR antagonists or inverse agonists biased toward [-arrestin2 blockade may

be useful agents in OCD and ASD, and should be developed and tested in animals.
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In conclusion, both GSK-3- and [-arrestin2-dependent intracellular signaling pathways
mediate aspects of 5-HT1BR-induced behavioral deficits. Our findings demonstrate that
GSK-3 inhibitors attenuate 5-HT1BR~induced PPI deficits, but not perseverative hyper-
locomotor behavior. Additionally, GSK-3 inhibitors were found to increase locomotor per-
severation, and thus might be detrimental to patients with OCD and related disorders. On
the other hand, Arrb2 knockout reduces 5-HT1BR-induced locomotor perseveration and
PPI deficits. Thus, f-arrestin2-biased antagonists or inverse agonists at 5>-HT1BR could be
prospective candidates for treating perseverative behaviors and PPI deficits, and should be

further examined.
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2.5 Supplemental material

2.5.1 Results

No effect of SB216763 on RU24969-induced changes in open field center mea-

sures

RU24969 treatment increased time spent in the center of the open field overall at the high
dose (F(1 73y = 10.73; p<.005; Figure Z0c) but not the low dose (Figure Z0a). Similarly,
high-dose (F(y 73) = 13.01; p<.001; Figure Z0d) but not low-dose (Figure EGb) RU24969
increased proportion of distance traveled in the center across pretreatments. However, time
spent in the center was significantly correlated with total distance traveled for low-dose
RU24969 (r = .35; 95% CI: .13 to .53; p<.005) and high-dose RU24969 (r = .54; 95% CIL:
.36 to .67; p<.0001). A simple linear regression analysis identified a significant regression for
low dose RU24969 (F(1,76) = 10.29; p<.005; 12 = .12), indicating that 12% of the variance
in time spent in the center is explained by the total distance traveled. There was also a
significant simple linear regression for high dose RU24969 (F(1,82) = 32.80; p<.0001; r2 =
.29). Proportion of distance traveled in the center also showed substantial correlation with
total distance traveled for the high dose of RU24969 (r = .51; 95% CI: .33 to .66; p<.0001)
but not the low dose. Simple linear regression analysis revealed a significant regression for
proportion of distance in the center for high-dose RU24969 (F(1777) — 27.05; p<.0001; r2
= .26) but not low-dose RU24969. Virtually no vertical activity was observed in either

Experiment 1 or 2 (data not shown); thus, statistical analysis was not performed.

No effect of AR-A014418 on high dose RU24969-induced changes in behavior

In the open field, RU24969 treatment increased total distance traveled across pretreatment

groups (F(1,78) = 85.57; p<.0001; Figure P70a). AR-A014418 pretreatment did not interact
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Figure 2.6: GSK-3 inhibition did not affect RU24969-induced changes in additional measures
of activity in the open field test. A - B show time spent in the center of the open field (A)
and proportion of distance traveled in the center (B) for Experiment 1. C - D show time
spent in the center (C) and proportion of distance traveled in the center (D) for Experiment
2. Results expressed as mean + SEM.

with RU24969 treatment or have a main effect on distance traveled. RU24969 also reduced
time spent resting across pretreatment groups (F(1,78) = 136.45; p<.0001; Figure 2Z4b), while
AR-~A014418 had no effect on rest time. RU24969 reduced spatial d across pretreatment doses
(F(1’75) = 5.54; p<.05; Figure P7c).
AR-A014418 also reduced spatial d (F(2’75) = 3.91; p<.05; Figure Z8c) at both the 10
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Figure 2.7: GSK-3 inhibition with a second GSK-3 inhibitor did not affect high dose
RU24969-induced behavior in the open field or prepulse inhibition. A - E show effects of
AR-A014418 and RU24969 on open field measures: total distance traveled (A), time spent
resting (B), spatial d (C), time spent in the center of the open field (D), and proportion
of total distance traveled spent in the center of the open field (E). F - G show effects of
AR-A014418 and RU24969 on startle amplitude (F) and percent prepulse inhibition (G).
Results expressed as mean + SEM. *Significantly different from vehicle pretreatment across
treatment groups.

mg/kg and 20 mg/kg doses, but did not interact with RU24969 treatment to affect spatial
d (Figure 210a-c). RU24969 treatment increased time spent in the center of the open
field overall (F(1,78) = 10.70; p<.005; Figure 274d), whereas AR-A014418 had no effect.
Similarly, RU24969 increased the proportion of the total distance traveled in the center
across pretreatments (F(1’74) = 8.77; p<.005; Figure P7e) with no effect of AR-A014418.

However, time spent in the center was significantly correlated with total distance traveled
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Figure 2.8: No effect of delayed GSK-3 inhibition on low dose RU24969-induced behavior
in the open field. A - E show effect of SB216763 and RU24969 on open field measures:
total distance traveled (A), time spent resting (B), spatial d (C), time spent in the center of
the open field (D), and proportion of distance traveled in the center of the open field (E).
Results expressed as mean + SEM. *Significantly different from vehicle pretreatment within
treatment group.

(r = .56; 95% CI: .39 to .69; p<.0001) when pooled across groups. Simple linear regression
analysis revealed a significant regression for time spent in the center of the open field (F(1,82)
= 36.54; p<.0001; 2 = .31), indicating that 31% of the variance in time spent in the center
is explained by the total distance traveled. Proportion of distance traveled in the center
also showed substantial correlation with total distance traveled (r = .54; 95% CI: .37 to .68;
p<.0001). Simple linear regression analysis revealed significant regressions for proportion
of distance in the center for (F(j 7g) = 32.49; p<.0001; r? = .29). Virtually no vertical
activity was observed in Experiment 4 (data not shown); thus, statistical analysis was not
performed. RU24969 treatment increased startle amplitude overall (F(1,78) = 20.38; p<.0001;
Figure 238f), whereas AR-A014418 had no effect on startle. RU24969 treatment decreased
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PPI overall (F(1,78) = 47.24; p<.0001; Figure 28g), whereas AR-A014418 had no effect on
PPI.

Effect of SB216763 on low dose RU24969-induced open field behaviors at an

extended time point

To confirm that the negative results in Experiment 1 did not simply miss the optimal time
point for the interaction, SB216763 pretreatment with low-dose RU24969 treatment effects
on open field measures were assessed at an extended time point that mirrors the effects found
in PPI (Figure 2b). RU24969 increased total distance traveled across pretreatment groups
(F(1,76) = 846.10; p<.0001; Figure 28a). SB216763 pretreatment had a trend for an effect
on total distance traveled (F(2,76) = 2.79; p=.07), but had no interaction with RU24969
treatment. RU24969 decreased time spent resting in the open field (F(1,76) = 1613.13;
p<.0001; Figure 28b), whereas SB216763 treatment had no main effect or interaction with
RU24969 for rest time. RU24969 decreased spatial d (F(1,74) = 23.32; p<.0001; Figures
P2Rc), whereas there was no main effect of SB216763 pretreatment on spatial d. However,
due to the effect of AR-A014418 on spatial d (Figure 2Z4c; P10c), planned comparisons were
performed to assess the effect of SB216763 on spatial d. Planned comparisons revealed that
both 5 mg/kg and 10 mg/kg SB216763 reduced spatial d in both the saline and 3 mg/kg
RU24969-treated groups (Figure E8c; 210f). RU24969 also induced an increase in time
spent in the center of the open field (F(1,76) = 11.00; p<.005; Figure Z8d) and proportion
of distance traveled in the center of the open field (F(1,74) = 5.82; p<.05; Figure 28e).
However, correlation and regression analyses revealed that these measures were affected by
total distance traveled. Time spent in the center was correlated with total distance traveled
(r = .40; 95% CI: .20 to .57; p<.0005) overall. Simple linear regression analysis revealed a
significant regression (F(1,8O) = 15.10; p<.0005; 12 = .16) indicating that 16% of the variance

in time spent in the center is attributable to the total distance traveled. Similarly, proportion
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of distance traveled in the center was correlated with total distance traveled (r = .28; 95%
CIL: .06 to .46; p<.05) and there was a significant regression (F(1,80) — 6.54; p<.05; 12 =
.08).

Relationship between saline and RU24969-treated activity levels in the open

field within Arrb2 genotype

None of the genotypes had a significant correlation between distance traveled in the saline
and 3 mg/kg RU24969 conditions (WT: r = .27; 95% CI: -.11 to .58; p = .16; HT: r =
165 95% CI: -.23 to .50; p = .42; KO: r = .30; 95% CI: -.09 to .61; p = .12) or between
the saline and 10 mg/kg RU24969 conditions (WT: r = .017; 95% CI: -.35 to .38; p = .93;
HT: r = .27; 95% CI: -.11 to .58; p = .16; KO: r = .027; 95% CI: -.35 to .40; p = .89).
This lack of relationship was further supported by simple linear regression models assessing
RU24969-induced distance traveled based on saline-induced distance traveled. For WT mice,
there was no significant regression between saline and 3 mg/kg RU24969 distance traveled
(F(1,27) =208 p=.16;12 = .07) or between saline and 10 mg/kg RU24969 (F(1’27) =.01;p
= 0312 = .0003). Likewise for HT mice, there was no significant regression between saline
and 3 mg/kg RU24969 (F(1 o) = 69; p = 41; r2 = 03) or 10 mg/kg RU24969 (F127)
= 2.15; p = .15; 12 =.07). Similarly for KO mice, there was no significant regression for 3
mg/kg (F (1 95) = 2.55; p = .12; r* = .09) or 10 mg/kg RU24969 (F(; 55y = .02; p = .89; r?
= .001). Furthermore, the effect size of 10 mg/kg RU24969 treatment on distance traveled
was substantially larger in WT mice (d = -3.43) than in HT (d = -2.54) or KO (d = -2.53).

None of the genotypes had a significant correlation between time spent resting in the
saline and 3 mg/kg RU24969 conditions (WT: r = .083; 95% CI: -.29 to .44; p = .67; HT: r
=.011; 95% CI: -.36 to .38; p = .95; KO: r = .058; 95% CI: -.33 to .43; p = .78) or between
the saline and 10 mg/kg RU24969 conditions (WT: r = .023; 95% CI: -.340 to .380; p = .91;
HT: r = .291; 95% CI: -.078 to .589; p = .12; KO: r = .027; 95% CI: -.350 to .396; p = .89).
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This lack of relationship was further supported by simple linear regression models between
saline and RU24969-treated conditions. For WT mice, there was no significant regression
between saline and 3 mg/kg RU24969 time spent resting (F(1’27) = .19;p = 67,12 = .007)
or between saline and 10 mg/kg RU24969 (F(; o7y = .07; p = .79; r? = .003). Similarly for
HT mice, neither 3 mg/kg (F(1,26) = .003; p = .95; r? = .0001) nor 10 mg/kg (F(1,27) = .05;
p=.831= .002) had significant regressions. Finally, KO mice did not have a significant
regression for 3 mg/kg (F(y o5) = .09; p = .77; r? = .003) or for 10 mg/kg RU24969 (F1,26)
= 49; p = 49; 12 = .02). Furthermore, the effect size of 10 mg/kg RU24969 treatment on
rest time was larger in the WT mice (d = 3.31) than in the HT (d = 2.59) or KO mice (d
= 2.45).

Effect of Arrb2 genotype and RU24969 on vertical and center measures in

the open field

A genotype by RU24969 treatment interaction was observed for vertical activity (F(4,156)
= 4.73; p<.005) (Figure Z9a). Post hoc tests revealed that both 3 mg/kg and 10 mg/kg
RU24969 reduced the number of vertical rearings within each genotype. Post hoc tests also
revealed that HT and KO mice had fewer vertical rearings than W'T mice within the saline
condition. ANOVA revealed a genotype by treatment interaction for time spent in the center
of the open field (F(4,156) = 2.87; p = .03; Figure 29b). Post hoc tests revealed that 3 mg/kg
RU24969 increased time spent in the center for HT but not WT or KO mice, whereas 10
mg/kg RU24969 decreased time spent in the center for WT mice only. Post hoc tests also
revealed that HT and KO mice spent less time in the center than WT mice within the
saline condition, and KO but not HT mice spent less time in the center within the 3 mg/kg
RU24969 condition. No difference was observed among the genotypes within the 10 mg/kg
RU24969 condition. To determine the relationship between time spent in the center and

total distance traveled in the open field, within-subject correlation analyses were performed
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Figure 2.9: Arrb2 genotype affected RU24969-induced changes in additional measures of
activity in the open field test. A - C show the number of instances of vertical rearing
(A), time spent in the center of the open field (B) and proportion of distance traveled in the
center (C) for Experiment 5. Results expressed as mean + SEM. *Significant difference from
saline treatment group within genotype. #Significant difference from WT within treatment
condition.

for each genotype in the saline condition. All three genotypes showed substantial correlation
between distance traveled and time spent in the center (WT: r = .79; 95% CI: .59 to .89;
p<.0001; HT: r = .74; 95% CI: .50 to .87; p<.0001; KO: r = .550; 95% CI: .22 to .77; p<.005).
This relationship was further supported by significant simple linear regressions for all three
genotypes (WT: F(1727) = 43.23; p<.0001; 2 = .62; HT: F(1727) = 31.64; p<.0001; 2 =
.54; KO: F(L%) = 11.29; p<.005; 12 = .30). Similarly, there was a genotype by treatment
interaction for proportion of distance traveled in the center <F(4,146) = 2.61; p<.05; Figure
29c). Post hoc tests revealed that 10 mg/kg RU24969 reduced distance traveled in the center
for all three genotypes, whereas 3 mg/kg RU24969 had no effect for any genotype. Post hoc
tests also revealed that HT and KO mice traveled a shorter distance in the center of the
open field than WT mice in the saline condition. KO but not HT mice traveled a shorter
distance than WT mice in the 3 mg/kg RU24969 condition, and there was no difference
among the genotypes in the 10 mg/kg RU24969 condition. To determine the relationship
between distance traveled in the center and total distance traveled in the open field, within-
subject correlation analyses were performed for each genotype in the saline condition. W'T
mice showed a trend for a correlation between center and total distance (r = .35; 95% CI:
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-.03 to .64; p = .07). HT (r = .58; 95% CI: .27 to .78; p<.001) and KO (r = .52; 95% CI: .17
to .76; p<.01) mice had significant correlations between center and total distance traveled.
This relationship was further supported by simple linear regressions. For WT mice, there
was a trend for a significant regression (F(L%) = 3.54; p = .07; 12 = .12). For HT mice,
there was a significant regression (F(l,%) = 13.2; p<.005; 12 = .34), as well as for KO mice

(F(1,24) = 8.95; p<.01; r? = .27).

[-arrestin 2 expression effects on RU24969-induced open field phenotypes

after saline activity matching

To assess the relationship between genotype and treatment in the absence of a baseline effect
of genotype on distance traveled, mice were matched by genotype for total distance traveled
in the saline condition. Mice without matches were excluded. This matching procedure
resulted in an elimination of the effect of genotype on distance traveled in the open field
in the saline condition (F (g 99) = .003; p = .99). The behavior of this subset of mice was
then reanalyzed for all effects. A genotype by treatment interaction was found for distance
traveled in the matched set of mice (F(4750) = 3.28; p<.05; Figure Z10a). Post hoc tests
revealed that both 3 mg/kg and 10 mg/kg RU24969 still increased distance traveled for WT
(3 mg/kg: F(1 1) = 69.02; p<.0001; 10 mg/kg: F(y 1) = 162.15; p<.0001), HT (3 mg/kg:
F(1,8) = 15.19; p<.005; 10 mg/kg: F(1,9) = 58.76; p<.0001) and KO mice (3 mg/kg: F(1.10)
= 21.332; p = .001; 10 mg/kg: F(110) = 47.84; p<.0001). Post hoc tests also revealed
that Arrb2 KO mice traveled a shorter total distance than W'T or HT mice, within the 10
mg/kg RU24969 condition, but not within the 3 mg/kg condition after Bonferroni correction
(F(o,08) = 3.54; p = .04). Using the same set of mice matched for distance traveled in the
saline condition, rest time was reassessed. As expected, there was no longer an effect of
genotype on time spent resting in the saline condition (F(2’29) = 47; p = .63). A genotype

by treatment interaction was observed for time spent resting (F(4,50) = 2.85; p<.05; Figure
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Figure 2.10: Arrb2 genotype affects RU24969-induced changes in open field behavior regard-
less of baseline activity level. A - F show total open field measures: total distance traveled
(A), time spent resting (B), spatial d (C), the number of instances of vertical rearing (D),
time spent in the center (E), and proportion of total distance traveled in the center (F) for
Experiment 5 after secondary analysis with activity-matched controls. Results expressed as
mean = SEM. *Significant difference from saline treatment group within genotype. #Sig-
nificant difference from WT within treatment condition.

P210b). Post hoc tests revealed that 3 mg/kg and 10 mg/kg RU24969 decreased rest time
in WT (3 mg/kg: F(1,10) = 96.12; p<.0001; 10 mg/kg: F(1,10) = 161.66; p<.0001), HT
(3 mg/kg: F(1,8) = 16.83; p<.005; 10 mg/kg: F(1,9) = 42.41; p = .0001) and KO mice
(3 mg/kg: F(1,10) = 15.00; p<.005; 10 mg/kg: F(1,10) = 40.78; p<.0001). Post hoc tests
also revealed that KO mice rested more than WT or HT mice in the 10 mg/kg RU24969
condition, but not after Bonferroni correction in the 3 mg/kg RU24969 condition (F(2,28) =
3.71; p = .04).

Using the same set of mice as above, spatial d was reanalyzed. The previous main effect
of genotype lost significance with this subset of mice (F(2’24) = 2.09; p = .15). A main effect
of RU24969 treatment was observed (F(2748) = 65.60; p<.0001; Figure 210c). Post hoc tests
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revealed that both 3 mg/kg RU24969 (F(1,29) = 61.00; p<.0001) and 10 mg/kg RU24969
decreased spatial d (F(l,SO) = 100.78; p<.0001).

Using the saline activity-matched cohort, vertical activity was reassessed. There was
no longer an effect of genotype on vertical rearing in the saline-treated condition (F(2729) =
1.518; p = .24). A main effect of RU24969 treatment was observed (F(2750) = 23.41; p<.0001;
Figure 210d). Post hoc tests revealed that both 3 mg/kg RU24969 (F q 39) = 23.87; p<.0001)
and 10 mg/kg RU24969 decreased vertical activity (F(y 31) = 33.41; p<.0001).

Center measures were then reanalyzed. First, there was no longer an effect of genotype
on time spent in the center in the saline condition (F(2,29) = .24; p = .79). A trend for a
genotype by RU24969 treatment interaction was observed (F(4,50) = 2.24; p = .08). Planned
comparisons revealed a significant effect of RU24969 in WT mice (F(2,20) = 10.08; p<.001),
where 3 mg/kg RU24969 induced greater time spent in the center than both saline (F<1710)
= 9.36; p<.05) and 10 mg/kg RU24969 groups (F(1,10) = 13.49; p<.005), with no difference
between saline and 10 mg/kg RU24969 (F(q 10) = 1.03; p = .33)(Figure EZ0e). In contrast,
there was no effect of RU24969 treatment in HT (F (o 1) = 4.71; p = .03) or KO mice (F 3 o)
= 4.03; p = .03) after Bonferroni correction. For the proportion of distance traveled in the
center (Figure E7TOf), there was no effect of genotype in the saline-treated condition (F 3 o7)
= .78; p = .47). A trend for a main effect of genotype on proportion of distance traveled
in the center was observed (F(2723) = 3.22; p = .06). Planned comparisons revealed that
WT mice traveled a greater proportion of their distance in the center than KO mice (Figure
10f). A main effect of RU24969 treatment was also observed for proportion of distance
traveled in the center (F(9 46) = 24.63; p<.0001). Post hoc tests revealed that 3 mg/kg
RU24969 had no effect on proportion of distance traveled in the center (F(1,28) = .05 p
= .81), whereas 10 mg/kg RU24969 decreased proportion of distance traveled in the center
(F(1729) = 63.79; p<.0001).
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CHAPTER 3
DOSE-DEPENDENT EFFECTS OF KETAMINE ON
5-HT1BR-INDUCED OCD-LIKE BEHAVIOR IN MICE

3.1 Introduction

Obsessive-compulsive disorder (OCD) is a psychiatric illness with a lifetime prevalence of
1-3% [312] that is characterized by obsessions, compulsions, or both [I5]. Serotonin reuptake
inhibitors (SRIs) provide the only pharmacological monotherapy for OCD [I15], although
approximately half of patients do not respond to SRIs [153], and symptom reduction is
only partial even in responders [[15]. Furthermore, therapeutic response to SRIs has a
long latency in OCD, often in the range of four to twelve weeks [252](but see Issaria et al.,
2016[179]). Augmenting SRI treatment with atypical antipsychotics has proven effective in
some treatment refractory patients [93, B71], but with the downside of associated side effects.
Improved and faster-onset pharmacological therapies for OCD remain an unmet need.
Recently, the noncompetitive NMDA receptor antagonist ketamine was reported to in-
duce rapid therapeutic effects in OCD patients [39, B0, B06]. As in depressed patients
(34, BY6], a single infusion of ketamine reduced symptoms in OCD patients within minutes
lasting in depressed patients [396], the durability of anti-OCD effects is still under investi-
gation, with findings ranging from primarily acute effects [39] to effects lasting four weeks
when combined with exposure-based cognitive therapy [306]. In sum, ketamine is emerg-
ing as a potential new treatment for refractory OCD, although more controlled studies are
needed to replicate these findings. Thus, it is of critical importance to determine the scope
of ketamine’s efficacy in OCD and the neural mechanisms underlying the therapeutic effects

of ketamine treatment, and to use this information to improve treatment.

The effects of ketamine treatment in patients and rodent behavioral models exhibit strong
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consistency. Ketamine shows both acute and sustained antidepressant-like effects in the
forced swim test [23, 66, (27, 229](but see [291]), and has shown rapid efficacy in models
typically sensitive only to chronic treatment with classical antidepressants, including novelty
suppressed feeding [835], chronic unpredictable stress [222], and olfactory bulbectomy (our
unpublished findings). Recently, prophylactic ketamine treatment has shown efficacy in a
rodent model of posttraumatic stress disorder (PTSD)[239], another psychiatric disorder for
which ketamine shows promise as a novel treatment [I12]. Importantly, such rodent models
provide a platform for identifying the neural mechanisms of ketamine’s therapeutic effects,
and could yield information for optimizing treatment parameters, such as dose and timing.
However, no studies to date have assessed the effects of ketamine treatment in an animal
model of aspects of OCD.

In this study, we sought to determine whether 5-HT1B receptor (5-HT1BR) agonist-
induced perseverative behavior and PPI deficits, two phenotypes observed in OCD patients
[6, B41], would be responsive to acute ketamine treatment. Specifically, the 5-HT1BR-
induced mouse model of aspects of OCD consists of acute challenge with the 5-HT1A/1B
agonist RU24969, which induces perseverative hyperlocomotion in the open field, deficits in
prepulse inhibition, and striatal activation, all of which are alleviated by 4 weeks of pretreat-
ment with SRIs, but not desipramine [I65, 823, B24]. Here, we assessed the immediate and
sustained effects of acute ketamine treatment on RU24969-induced perseverative behavior
and PPI deficits in mice. Our findings provide novel information regarding the effects of ke-
tamine on these behavioral phenotypes, and support the use of the 5-HT1BR-induced model

to further investigate the neural mechanisms underlying the anti-OCD effects of ketamine.
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3.2 Materials and methods

3.2.1 Animals

Experimentally naive 8-week-old female, Balb/cJ mice were purchased from Jackson Labora-
tories (Stock #: 000651; Bar Harbor, ME) for all experiments. Animals were acclimated to
the vivarium for one week before undergoing experimental procedures. Animals were housed
in a climate-controlled room on a 12 hour : 12 hour light : dark cycle and had ad libitum
access to standard chow and water. All experiments were performed in accordance with the
Institutional Animal Care and Use Committee of The University of Chicago or University

of California San Diego.

3.2.2  Drugs

All drugs were administered via intraperitoneal injection with an injection volume of 5 ml/kg
bodyweight. 5-HT1A/1B agonist RU24969 (Tocris Bioscience, Bristol, UK) was dissolved
in saline (0.9% NaCl) and administered at 0 or 10 mg/kg (Experiments 1, 2, 5, and 6)
or at 0, 3, or 10 mg/kg (Experiments 3 and 4). Doses were selected based on previous
work [I65, 823, 324]. The noncompetitive NMDA receptor (NMDAR) antagonist ketamine
hydrochloride (Sigma Aldrich, St. Louis, MO, USA) was dissolved in saline and administered
at 0, 3, or 10 mg/kg (Experiments 1 and 2) or at 0 or 30 mg/kg (Experiments 3 and 4).
Doses were selected based on previous studies [23, 66, 239, 291] and our own findings in the
forced swim test (unpublished observations). The SRI fluoxetine (LKT Laboratories, Inc.,
St. Paul, MN, USA) was dissolved in water and administered at 0 or 10 mg/kg (Experiment

5) to match previous studies [324].
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3.2.3  Open field

The open field test was performed as described previously [324]. Briefly, mice were placed in
a corner of the open field and activity was measured for twenty minutes. Output measures
were automatically generated by the Versamax software (Accuscan, Columbus, OH) except
for the spatial scaling exponent, spatial d. Spatial d was calculated using a combination of
Python (Python Software Foundation, Beaverton, OR, USA), BMDP, and NightOwl (cus-
tom) software. Spatial d describes the geometric pattern of activity in the open field, where
higher values indicate a more meandering path and lower values indicate a smoother and

straighter path, characteristic of route stereotypy [269].

3.2.4 Prepulse inhibition

PPI was assessed as described previously [824]. Briefly, mice were placed in startle chambers
(San Diego Instruments, San Diego, CA). The amplitude of the startle response was measured
for a 65-millisecond (ms) window after five types of trials, each lasting 40 milliseconds: a
startle trial (120 dB for 40 ms, no prepulse), a 3 dB above background prepulse trial (20 ms
prepulse, followed 100 ms later by 120 dB pulse for 40 ms), a 6 dB above background prepulse
trial, a 12 dB above background prepulse trial, or no stimulus, in which only background
noise was presented. For all experiments, PPI testing took place directly following open field

testing.

3.2.5  Ezxperiment 1

Mice were pseudorandomly assigned to receive ketamine pretreatment (0, 3, or 10 mg/kg)
and RU24969 treatment (0 or 10 mg/kg; n = 13-15/group). Ketamine pretreatment was
administered 30 minutes prior to open field testing. In all studies, RU24969 treatment was
administered 5 minutes prior to open field testing. Mice underwent PPI testing immediately

after open field testing.
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3.2.6  Ezxperiment 2

Drug administration and behavioral testing were as in Experiment 1, except that pretreat-

ment was administered 24 £ 2 hours prior to RU24969 administration (n = 12-13/group).

3.2.7  Ezxperiment 3

Mice were pseudorandomly assigned to receive ketamine pretreatments (0 or 30 mg/kg) and
RU24969 treatment (0, 3, or 10 mg/kg; n = 14/group). Timing of drug administration and

behavioral testing were as in Experiment 1.

3.2.8 Ezxperiment 4

Drug administration and behavioral testing were as in Experiment 3, except that pretreat-

ment was administered 24 £ 2 hours prior to RU24969 administration (n = 12-14/group).

3.2.9 Ezxperiment 5

Mice were pseudorandomly assigned to receive fluoxetine pretreatment (0 or 10 mg/kg) and
RU24969 treatment (0 or 10 mg/kg). Timing of drug administration and behavioral testing

were as in Experiment 1.

3.2.10 Statistical analysis

Dependent measures were analyzed using repeated measures analysis of variance (ANOVA).
Alpha was set at 0.05. Interactions reaching significant or trend-level (p<0.10) p-values
(for a priori predictions only) were resolved by assessing simple main effects in ANOVAs
for factors with more than two groups. Student Newman-Keuls post hoc tests were used

for assessment of final pair-wise contrasts. Open field measures were analyzed with bin as
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a repeated measure (bin size set at five minutes). PPI and startle analysis used block as a

repeated measure.

3.3 Results

3.3.1 Mitigating effects of low-dose ketamine on RU2/969-induced

OCD-like behavior in the open field

A combined analysis was performed in addition to analyzing studies for each pretreatment
time point separately (ketamine pretreatment at 30 minutes or 24 hours). First, the two
datasets were combined, and each dependent measure was assessed for a significant effect of
time point within the vehicle/vehicle group, and for ketamine by time point interactions. No
such effects were identified (with the exception of startle amplitude, which varies between
experiments due to arbitrary units adjusted during calibration), justifying the analysis of
the combined dataset.

In the combined analysis, a significant interaction between ketamine pretreatment and
RU24969 treatment was identified for distance traveled in the open field (F(2,146) = 4.23;
p<.05; Figure BTIIA). Post hoc tests revealed that RU24969 treatment significantly increased
distance traveled in all three pretreatment conditions. Planned comparisons revealed that
within RU24969-treated groups, mice receiving 3 mg/kg ketamine traveled less distance than
mice receiving 0 or 10 mg/kg ketamine pretreatment. While the same direction of effects
was also apparent within the 30-minute and 24-hour time points (Figure BIB; BIC), the
interactions were not significant (30-minute: F(2,78) = 1.88; p = .16; 24-hour: F(2,68) =
2.31; p = .11). Rather, each study showed a main effect of RU24969 treatment (30-minute:
F(1,78) = 62.28; p<.0001; 24-hour: F(1,68) = 82.62; p<.0001).

Similarly, an interaction was found between ketamine pretreatment and RU24969 treat-

ment for time spent resting in the open field for the combined analysis (F(2’1 46) = 4.65; p<.05;
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Figure 3.1: Low-dose ketamine pretreatment mitigated RU24969-induced locomotor perse-
veration. A - C show distance traveled in the open field for pooled (A), 30-minute (B), and
24-hour (C) pretreatments. D - F show rest time for pooled (D), 30-minute (E), and 24-hour
(F) pretreatments. G - I show spatial d for pooled (G), 30-minute (H), and 24-hour (I) pre-
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M - O show startle amplitude for pooled (M), 30-minute (N), and 24-hour (O) pretreatments.
Results expressed as mean + SEM. *Significant difference from saline-treated group within
pretreatment condition. #Significant difference from saline within treatment condition.



Figure BID). Post hoc analysis revealed that the 3 mg/kg ketamine group spent more time
resting than the 0 mg/kg or 10 mg/kg ketamine groups within 10 mg/kg RU24969-treated
mice. Post hoc tests also revealed that 10 mg/kg RU24969 treatment decreased rest time in
all three pretreatment groups. The direction of effects was the same in both the 30-minute
and 24-hour time point studies (Figure BIE, BIIF), but neither achieved a significant inter-
action between ketamine and RU24969 (30-minute: F(2,78) = 1.89; p = .16; 24-hour: F(1,68)
= 2.83; p = .07). Planned comparisons to resolve the trend for a ketamine by RU24969 in-
teraction at the 24-hour time point revealed that RU24969 reduced time spent resting within
each ketamine pretreatment group, consistent with the main effect of RU24969 (F(1,68) =
158.94; p<.0001). However, there were no differences between RU24969-treated groups. A
main effect of RU24969 was also identified at the 30-minute time point (F(1,78) = 122.38;
p<.0001).

For spatial d, a strong trend was found for an interaction between ketamine pretreatment
and RU24969 treatment for the combined analysis (F(2,146) = 2.87; p = .06; Figure BIG).
Planned comparisons revealed that RU24969 significantly decreased spatial d in the 0 mg/kg
and 10 mg/kg, but not 3 mg/kg, ketamine pretreatment groups. While the pattern of effects
was consistent in the 30-minute and 24-hour time point studies (Figure BUH, BTI), the
interactions were not significant for either (30-minute: F(2,78) = .T7; p = 47; 24-hour:
F(Q’ 68) = 2.24; p = .11). However, a main effect of RU24969 was observed in the 24-hour
(F(1,68) = 12.32; p<.001) but not 30-minute study (F; 7g) = .47; p = .49). There was too

little vertical activity to sufficiently power an analysis of treatment effects (data not shown).

3.3.2  No effect of low-dose ketamine on RU24969-induced PPI deficits

The combined analysis for Experiments 1 and 2 revealed a main effect of RU24969 treatment
on PPI (F(1,146) = 70.04; p<.0001; Figure BJ). However, ketamine pretreatment did not
alter PPI. Similarly, Experiments 1 (F(1,78) = 43.14; p<.0001; Figure BIK) and 2 (F(1,68)
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= 28.28; p<.0001 Figure BIL) showed main effects for RU24969 to decrease PPI. A trend
for a main effect of ketamine pretreatment to increase startle amplitude was found in the
combined analysis (F(2,146) = 2.86; p = .06; Figure BIM), but planned comparisons did
not identify any significant contrasts. No effect of RU24969 treatment was found on startle
in the combined analysis. RU24969 treatment increased startle in Experiment 1 (F(1,78) =

34.32; p<.0001; Figure BTIN), but not Experiment 2 (Figure B1O).

3.3.8  Differential effects of high-dose ketamine on RU24969-induced

behavioral effects in the open field by time point

Using the same pretreatment time points, we next assessed effects of high dose (30 mg/kg)
ketamine pretreatment on RU24969-induced behavioral effects, based on the effectiveness
of higher doses of ketamine in animal models of depression [291] and posttraumatic stress
disorder [239], using the same ketamine pretreatment time points.

These two studies (Experiments 3 and 4) did not meet criteria for a combined analysis.
All open field measures showed robust ketamine by time point (30-minute versus 24-hour
pretreatment) interactions (total distance traveled: F(17152> = 15.55; p = .0001; rest time:
F(1,152) = 18.32; p<.0001; spatial d : F(q 159) = 4.38; p<.05) with the exception of vertical
rearing, which was unable to be analyzed due to very few instances of vertical activity (data
not shown). Therefore, these studies were analyzed separately.

In the 30-minute pretreatment study, a pretreatment by treatment interaction was iden-
tified for total distance traveled in the open field (F(2,78) = 4.07; p<.05; Figure B2A). Post
hocs revealed simple main effects of RU24969 treatment within the 0 mg/kg pretreatment
condition (F(y 39y = 4.43; p = .019) and within the 30 mg/kg ketamine condition (F 3 39
= 21.44; p<.0001). Both 3 mg/kg and 10 mg/kg RU24969 treatment significantly increased
total distance traveled compared to 0 mg/kg RU24969 treatment within both the 0 mg/kg

pretreatment and 30 mg/kg ketamine conditions. Furthermore, 30 mg/kg ketamine treat-
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Figure 3.2: High-dose ketamine pretreatment acutely exacerbated RU24969-induced loco-
motor perseveration. A - B show distance traveled in the open field for 30-minute (A),
and 24-hour (B) pretreatments. C - D show rest time for 30-minute (C), and 24-hour (D)
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ment increased total distance traveled in the 3 mg/kg and 10 mg/kg, but not 0 mg/kg,
RU24969 conditions. In the 24-hour pretreatment study, a main effect of RU24969 treat-
ment was identified (F(2,740) = 21.46; p<.0001; Figure B2B) and post hoc tests revealed
that both 3 mg/kg and 10 mg/kg RU24969 increased distance traveled in the open field. A
trend was identified for a main effect of ketamine pretreatment (F(1,74) =2.92; p=.09) on
distance traveled. No ketamine pretreatment by RU24969 interaction was found.

Similarly, a pretreatment by treatment interaction was identified for time spent resting
in the open field (F(2,78) = 4.01; p<.05; Figure B2C) in the 30-minute pretreatment study.
Post hocs revealed that both 3 and 10 mg/kg RU24969 treatment decreased time spent
resting within the 0 mg/kg and 30 mg/kg ketamine pretreatment conditions. Furthermore,
30 mg/kg ketamine pretreatment reduced rest time in the 3 mg/kg and 10 mg/kg, but not
0 mg/kg, RU24969 conditions. In contrast, in the 24-hour pretreatment study, a main effect
of RU24969 treatment was identified for time spent resting in the open field (F(2774) = 39.79;
p<.0001; Figure B2ZD). Post hoc tests revealed that both 3 mg/kg and 10 mg/kg RU24969
treatment reduced time spent resting. A trend was found for a main effect of ketamine
pretreatment to increase rest time (F(y 74 = 3.57; p = .00).

In the 30-minute pretreatment study, a trend for a main effect of RU24969 treatment to
reduce spatial d was found (F(2778) = 2.55; p = .09; Figure B2E), but planned comparisons
did not reveal any significant contrasts. In the 24-hour pretreatment study, a main effect of
ketamine pretreatment to increase spatial d was found (F(1’72) = 6.64; p<.05; Figure B2F).
Furthermore, a main effect for RU24969 treatment to reduce spatial d was also identified
(F(g,72) = 5.11; p<.01). Post hoc tests revealed that both 3 mg/kg and 10 mg/kg RU24969

reduced spatial d across pretreatment groups.
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3.3.4  Differential effects of high-dose ketamine on RUZ24969-induced PPI
deficits by time point

In Experiment 3, a main effect indicated that 30 mg/kg ketamine pretreatment reduced PPI
(F(1,78) = 5.24; p<.05; Figure B2G). A main effect of RU24969 treatment was also identified
(Fg,78) = 18.65; p<.0001). Post hoc tests revealed that 3 mg/kg and 10 mg/kg RU24969
treatment reduced PPI levels. A main effect of RU24969 treatment was also identified for
baseline startle amplitude in Experiment 3 (F(2,78) = 9.74; p<.0005; Figure B2I), with 10
mg/kg RU24969 treatment significantly increasing startle response. In Experiment 4, a main
effect of RU24969 treatment on PPI was identified (F(2773) = 14.57; p<.0001; Figure B2H);
both 3 mg/kg and 10 mg/kg RU24969 decreased PPI levels across pretreatment groups.
A main effect of RU24969 treatment was also identified for baseline startle amplitude in
Experiment 4 (F(2,73) = 6.15; p<.005; Figure B2J), with 3 mg/kg RU24969 reducing baseline

startle response.

3.3.5 Acute fluoxetine pretreatment does not mitigate RU24969-induced

OCD-like behavior

In the open field, a main effect was found for RU24969 treatment to increase total distance
traveled (F(1’52) = 33.41; p<.0001; Figure B:3A); there was no effect of fluoxetine pretreat-
ment on distance traveled. Similarly, RU24969 treatment decreased time spent resting in the
open field (F(1’52) = 66.48; p<.0001; Figure Bz3B) across pretreatment groups, while fluoxe-
tine pretreatment had no effect on rest time. There were no effects of fluoxetine or RU24969
on spatial d (Figure B3C). For PPI, a fluoxetine by RU24969 interaction was identified
(F(1,52) = 10.12; p<.005; Figure B3D). Post hoc tests revealed that RU24969 reduced PPI
within the 0 mg/kg and 10 mg/kg fluoxetine pretreatment groups; furthermore, 10 mg/kg

fluoxetine increased PPI in the 0 mg/kg RU24969 condition, and reduced PPI in the 10
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Figure 3.3: Acute fluoxetine pretreatment did not mitigate RU24969-induced locomotor
perseveration or prepulse inhibition deficits. A - C show distance traveled (A), rest time
(B), and spatial d in the open field (C). D - E show PPI (D) and baseline startle amplitude.
Results expressed as mean + SEM. *Significant difference from saline-treated group within
pretreatment condition. #Significant difference from saline within treatment condition.

mg/kg RU24969 condition. A main effect of RU24969 treatment was identified for baseline

startle amplitude (F(1’52) = 12.36; p<.001; Figure B33E).

3.4 Discussion

3.4.1 Querall

Our results indicate that acute treatment with ketamine reduces 5-HT1BR-induced perse-
verative behavior. We show that a single injection of low-dose (3 mg/kg) ketamine prior to
RU24969 administration mitigated perseverative hyperlocomotion in the open field (Figure
B), whereas higher doses were ineffective, or worsened the 5-HT1BR-induced behavioral
syndrome (Figure B2). Specifically, across the 30-minute and 24-hour pretreatment time
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points, 3 mg/kg ketamine attenuated RU24969-induced hyperactivity and reductions in spa-
tial d. However, the 10 mg/kg ketamine dose did not alter RU24969-induced perseverative
behavior at any time point. In contrast, high-dose (30 mg/kg) ketamine pretreatment ex-
acerbated RU24969-induced hyperactivity (Figure B2A;C) when administered 30 minutes
prior, and did not prevent any RU24969-induced effects 24 hours later (Figure B2B; B2D).
Interestingly, high-dose ketamine independently reduced locomotor perseveration at 24 hours
(Figure B2F), warranting further study. These data suggest that acute low doses of ketamine
reduce perseverative behaviors in mice, and are consistent with several reports that acute

ketamine treatment reduces symptoms in OCD patients [39, 305, B0G].

Ml

3.4.2 Effects of low-dose ketamine on perseverative hyperlocomotion

Ketamine reduced RU24969-induced perseverative hyperlocomotion only at 3 mg/kg, the
lowest dose tested. This ketamine-mediated reduction in perseverative hyperlocomotion was
indicated by reduced distance traveled (Figure BIA), increased rest time (Figure B1ID), and
increased spatial d (Figure BIG). Alternatively, pretreatment with 10 mg/kg ketamine did
not alter any measure of 5-HT1BR-induced perseverative hyperlocomotion. This ability of
3 mg/kg ketamine to reduce perseverative hyperlocomotion was observed when data was

pooled across the 30-minute and 24-hour time points.

3.4.8 Elffects of high-dose ketamine on perseverative hyperlocomotion

Surprisingly, a higher, but still subanesthetic, dose of ketamine worsened RU24969-induced
perseverative hyperlocomotion. We assessed effects of pretreatment with a higher (30 mg/kg)
dose of ketamine in light of recent work suggesting that this dose is prophylactic treatment
in a rodent PTSD model [239], and our own findings in the forced swim test and olfactory
bulbectomy paradigms (unpublished observations). We found that 30 mg/kg ketamine po-

tentiated RU24969-induced hyperactivity and reductions in rest time (Figure B2). These
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findings contrast with previous reports of similar doses of ketamine inducing hyperactivity
in mice [64, B3], whereas in the present study, ketamine had no effect on control activity
levels. However, the potentiation of 5-HT1BR-induced hyperactivity by ketamine were not
sustained at 24 hours (Figure B2B;82D). Rather, ketamine pretreatment increased spatial
d, and produced a trend to reduce distance traveled and increase rest time, all across treat-
ment groups. Thus, even in the absence of 5-HT1BR~induced perseverative behaviors, acute
30 mg/kg ketamine treatment reduced perseverative locomotor patterns in the open field.
Thus, while 3 mg/kg ketamine reduced 5-HT1BR-induced perseverative hyperlocomotion
across timepoints, the 30 mg/kg dose of ketamine worsened RU24969-induced perseverative
hyperlocomotion after 30 minutes, but reduced perseverative locomotor patterns overall by
24 h. These findings suggest that studies of acute ketamine treatment in OCD patients

might obtain opposite findings on symptom outcomes depending on dosage used.

3.4.4 Effects of ketamine on PPI

In contrast to perseverative hyperlocomotion, ketamine pretreatment did not mitigate RU24969-
induced PPI deficits at any dose. The lower ketamine doses, 3 and 10 mg/kg, had no effects
on PPI (Figure BT1J-L), in agreement with previous studies [395]. In contrast, acute pretreat-
ment with 30 mg/kg ketamine reduced PPI (Figure B2G-H), in line with previous findings
at this dose [64, 94, 395, B94]. However, this effect was lost by 24 hours. In sum, ketamine
did not modulate 5-HT1B-mediated PPI deficits across a range of subanesthetic doses. Our
findings suggest that the therapeutic effect of acute ketamine treatment in OCD patients

may not be mediated by increasing PPI, which is reduced in this patient population [G].

3.4.5 Effects of fluozetine on the 5-HT1BR-induced model

We also tested the effects of acute fluoxetine treatment on 5-HT1BR-induced perseverative

hyperlocomotion and PPI deficits. Since acute fluoxetine does not reduce perseverative

82



behaviors in OCD patients, we predicted that acute fluoxetine treatment would not reduce
5-HT1BR~induced behavioral deficits, and would provide a negative control. As expected,
acute fluoxetine pretreatment did not mitigate RU24969-induced locomotor perseveration
or PPI deficits (Figure B3). In fact, 10 mg/kg fluoxetine pretreatment worsened RU24969-
induced PPI deficits (Figure B33D). The 5-HT1BR-induced model of OCD-like behavior
has been shown to be sensitive to chronic (4 weeks), but not subchronic treatment with
SRIs [323, B24]. However, the effects of acute fluoxetine treatment have never previously
been reported in the model. Here, we demonstrate that acute ketamine, but not fluoxetine,
treatment reduces 5-HT1BR-induced perseverative hyperlocomotion, consistent with clinical

reports in OCD patients.

3.4.6  Relation to human trials

Trials assessing therapeutic efficacy of a single dose of ketamine for OCD [39, 305, B06]
or depression [34, BY6] have typically used one dosing regimen for ketamine: 0.5 mg/kg,
administered as a continuous intravenous infusion over the course of 40 minutes.Our find-
ings suggest that a dose range of 3-30 mg/kg induces substantially different effects on the
5-HT1BR-induced behavioral syndrome. While 3 mg/kg ketamine attenuated 5-HT1BR-
induced perseverative locomotion (Figure BWA; BID; BIG), 30 mg/kg ketamine increased
spatial d across RU24969 treatment (0 — 10 mg/kg) at 24 h, indicating reduced persevera-
tive locomotor patterns (Figure B2D). The ability of low-dose ketamine treatment to reduce
5-HT1BR~induced perseverative hyperlocomotion is consistent with the ability of other ef-
fective OCD treatments, like chronic SRI treatment [IT5], to reduce OCD-like behavior in
the model. However, the ability of 30 mg/kg ketamine to increase spatial d across RU24969
treatment (0 — 10 mg/kg) was unexpected, and might also contribute to the therapeutic
effects of ketamine in OCD patients. Furthermore, 30 mg/kg ketamine also reduced hyper-

locomotion across treatment, but only at the trend level (Figure B2B,D). Rodent models
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of depression-like behavior have shown antidepressant-like effects of ketamine across this

range of doses [23, 66, 127, 28, 229, 291, 301, B13]. More preclinical work will be required
to clarify potential therapeutic effects of acute ketamine treatment on baseline versus 5-
HT1BR-induced perseverative behaviors..

The endurance of ketamine’s therapeutic effects in OCD is currently unknown. One trial
found primarily acute effects in treatment refractory patients, with loss of effects within
one to three days [39]. However, another trial found effects lasting through the final mea-
surement at one week post-infusion [805], and another found effects lasting through their
final assessment at four weeks, when ketamine treatment was combined with two weeks of
cognitive behavioral therapy [B06]. More trials in OCD patients with extended assessment
time points will be needed to clarify this point. The 5-HT1BR-induced mouse model could
be used to identify the durability of ketamine’s palliative effects on locomotor perseveration,
which showed similar effects at 24 hours to those seen at 30 minutes in the current studies.
Further studies should examine more extended time points to identify the temporal limits

of ketamine’s therapeutic effects at various doses. Such studies might predict the timeframe

for ketamine’s therapeutic effects in OCD patients.

3.4.7 5-HT1BR-induced model

Successful mitigation of perseverative hyperlocomotion by acute ketamine treatment has im-
portant implications for the 5-HT1BR~induced mouse model of aspects of OCD. One of the
strengths of the 5-HT1BR-induced model is its pharmacological response profile. OCD-like
deficits in the model are responsive to chronic SRI treatment, but not other classes of antide-
pressants [323, B24], like in OCD patients. Importantly, the present findings indicate that
validating a model using currently known pharmacotherapies does not preclude discovery
of novel therapeutics, a common criticism brought against animal models. Specifically, our

results suggest that the 5-HT1BR-induced model can also identify novel treatments for OCD
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such as ketamine. Furthermore, since the 5>-HT1BR-induced model is sensitive to therapeutic
onset, the model could be particularly useful for identifying additional fast-acting anti-OCD

compounds.

3.4.8 Limitations

There are several limitations to the work presented here. These studies might not have been
sufficiently powered to identify all time point-specific effects of low-dose ketamine pretreat-
ment in Experiments 1 and 2, and should be confirmed with larger sample sizes. Future work
should also extend these findings to later time points to determine the durability of ketamine’s
effects. Finally, future studies should examine the effects of lower doses of ketamine on per-
severative hyperlocomotion in the 5-HT1BR-induced model in order to identify an optimal
dose. Despite these caveats, these studies present preliminary evidence for therapeutic-like

effects of ketamine in the 5-HT1BR~induced model of aspects of OCD-like behavior.

3.4.9 Conclusions

To our knowledge, this study is the first to identify a therapeutic-like effect of ketamine in
an animal model of OCD-like behavior. Here, we found that a single, low-dose (3 mg/kg),
pretreatment with ketamine mitigated 5-HT1BR~induced perseverative hyperlocomotion in
the open field. The present findings contribute to the validity of the 5-HT1BR-induced
model and demonstrate that it may be viable for identifying novel treatments. Finally, this

model may be used to identify the mechanisms by which ketamine produces rapid reductions

in OCD-like behavior.
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CHAPTER 4
BTBD3 EXPRESSION IN HIPPOCAMPUS MODULATES
OCD-RELEVANT BEHAVIORS

4.1 Introduction

BTBD3 is a transcription factor that guides dendrites toward active axon terminals during
development [234]. The BTBD3 gene was recently implicated in the first genome-wide
association study (GWAS) for obsessive-compulsive disorder (OCD), but remains to be
verified as an OCD risk gene [342]. It is of great interest to identify whether BTBD3 plays
a role in OCD-relevant behaviors.

BTBD3 is a member of the BTB/POZ family of transcription factors that play a role in
protein degradation, immune function, and development [275, 329]. BTBD3 preferentially
guides dendrites of layer IV spiny stellate neurons toward active thalamocortical afferents in
mouse somatosensory barrel cortex [234]. Relatedly, BTBD3 is integral for proper polarity of
the dendritic arbor of these neurons and Btbd3 knockdown induces dendritic hypertrophy in
barrel cortex spiny stellate neurons. BTBDS expression increases rapidly early in postnatal
development and is then stable through adulthood in both humans [247] and mice [219, 234].
Therefore, BTBD3 is vital for circuit formation during postnatal development, but the extent
of this function outside barrel cortex is unknown. Furthermore, behavioral effects of this role
for BTBD3 in neural circuit formation have not been explored.

While OCD is known to have a substantial genetic component [368|, specific risk genes
reliably associated with OCD have yet to emerge. The first GWAS for OCD identified one
genome-wide significant single nucleotide polymorphism (SNP) in the trio portion of the
sample [B42]. This SNP is 89 kilobases downstream of the BTBDS3 gene and is an expression
quantitative trait locus for BTBDS3, suggesting that BTBDS3 may be an OCD risk gene that

rs6131295 marks [342]. However, this SNP was not identified in a follow-up GWAS [235]
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or a GWAS combining these two samples [I77]. However, neither of these studies identified
any genome-wide significant SNPs. Thus, it remains to be determined whether BTBD3 will
emerge as a true risk gene for OCD once better powered sample sizes are attained in human
studies.

Interestingly, BT BDS3 expression has significant overlap with key brain regions implicated
in OCD. Namely, BTBDS3 is robustly expressed in hippocampus, mediodorsal thalamus, and
anterior cingulate cortex (ACC) [219, 247]. OCD is characterized by aberrant activity
in the limbic cortico-striato-thalamo-cortical (CSTC) circuit [315]. This circuit includes
mediodorsal thalamus and ACC and is modulated by hippocampus via inputs to the ventral
striatum [T92]. These brain regions are key players in goal-directed decision-making [44,
IR0, B65, 249, P6R], which is impaired in OCD patients and thought to underlie compulsive
behavior [135, 132, 130, ©36]. Thus, BTBD3 could contribute to formation of aspects of
the CSTC circuit that regulate goal-directed behavior, presenting a potential connection to
OCD.

Here, we used a constitutive Btbd3 knockout (KO) mouse as a tool to assess behavioral
effects of Btbd3 expression. Upon identifying several behavioral deficits, we sought to identify
mechanisms underlying these behavioral effects of Btbd3 expression using pharmacological,
neurohistological, and viral-mediated gene transfer approaches. We present evidence of a

role for hippocampal Btbd3 expression in exploration and goal-directed behavior.

4.2 Materials and methods

4.2.1  Animals

Animals were housed in a climate controlled vivarium on a 12 hour: 12 hour light:dark cycle.
Animals were group housed and given ad libitum access to standard chow and water unless

otherwise stated. Btbd3 KO mice on a mixed 129/B6 background were originally obtained
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from Riken (Hirosawa, Wako, Saitama, Japan). Exons 1 and 2 of the Btbd3 gene were
replaced with a neomycin-resistant cassette. Heterozygous (HT) Btbd3 mice were bred in
house to generate cohorts of wild-type (WT), HT, and KO mice. All experiments used Btbd3
WT, HT, and KO mice unless explicitly stated otherwise. Furthermore, we generated Btbd3
floxed (Btbd3geyx) mice on a pure C57BL/6J background (Transviragen, Research Triangle
Park, NC, USA). Btbd3g, mice were custom designed using CRISPR/Cas9 technology
with loxP sites inserted flanking exon 2 of the Btbd3 gene. Homozygous Btbd3q,y mice
were crossed to generate all Btbd3q,y cohorts. C57BL/6J mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). All procedures were performed in accordance with

the local Institutional Animal Care and Use Committee.

4.2.2  Drugs

Drugs were administered continuously in the home cage drinking water in opaque bottles.
Fluoxetine was administered at 80 mg/L to achieve a dose of 10 mg/kg/day, and desipramine
was administered at 215 mg/L to achieve a dose of 20 mg/kg/day [97, 165]. Fluoxetine was
changed weekly, and desipramine biweekly. Vehicle groups received unadulterated water as

the control.

4.2.3  Open field

Open field testing was performed as previously described [324]. Briefly, mice were placed in
a corner of the open field (Accuscan, Columbus, OH, USA) and activity was monitored for
thirty to forty-five minutes depending upon the experiment. Versamax software (Accuscan,
Columbus, OH, USA) automatically generated primary output measures except for spatial
d, which was calculated using NightOwl software (Custom) and Python (Python Software
Foundation, Beaverton, OR, USA).
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4.2.4 Barbering

Mice were pair-housed by sex and genotype. Mice were checked live for evidence of barbering,
characterized by bald patches in the fur or clipped whiskers. During chronic drug treatment,
cages were live checked weekly for evidence of barbering and photographed. Photographs

were checked to confirm live assessment of barbering.

4.2.5  Wheel-running

Animals were singly housed and cages were equipped with wireless running wheels (Med
Associates, St. Albans, VT, USA). Wheel revolution counts were transmitted to a computer
running Wheel Manager Software (Med Associates) continuously throughout the seven-day

testing period.

4.2.6  Dig test

The dig test was performed as described previously [[65]. Briefly, mice were placed in a
novel cage with fresh bedding (1” deep) and video recorded for 3 minutes. Videos were later

scored for digging behavior, defined by significant movement of bedding with the limbs.

4.2.7 Marble-burying

Marble-burying was performed as described previously [88]. Briefly, cages were filled with 5
cm bedding and twelve marbles placed on top in a 3x 4 grid, 4 cm center-to-center marble
spacing. Mice were placed in a cage with marbles for 30 minutes. The number of marbles
buried to 2/3 depth was recorded live at the end of the session. Cages were photographed

at the end of each session.
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4.2.8 Nest building

Nest building was performed as described previously [87]. Briefly, compressed cotton nestlets
(Ancare, Bellmore, NY, USA) were weighed prior to testing. Mice were singly housed and
given a nestlet in the home cage. In the eight-hour variation of the test, nestlets were
removed 8 hours later and any part of the nestlet remaining in its original compressed form
was weighed. In the overnight version of the test, nestlets were received just before initiation

of the dark cycle. 14 hours later, remaining nestlet was weighed the following morning.

4.2.9 Cognitive testing

Male Btbd3 WT, HT, and KO mice were food-restricted to 85% of baseline bodyweight.
Training and testing occurred in five-hole operant chambers (Med Associates). Chambers
consisted of 5 nosepoke holes with recessed LEDs, an additional light over the central nose-
poke hole, a house light, and a food delivery magazine on the opposite wall from the nose-
poke holes. Responses in the nosepoke holes and magazine were detected using infrared
beams. Liquid reinforcement was administered using peristaltic pumps (Lafayette Instru-
ments, Lafayette, IN, USA) and consisted of strawberry milkshake (Nesquik mixed with
nonfat milk) in 25 pl increments. Tasks were programmed in MED-PC for Windows (Med
Associates). Mice underwent general training to respond for reward, followed by Go/No-Go,
Progressive Ratio Breakpoint (PRBP) testing, and finally the Probabilistic Learning Task
(PLT). The Go/No-Go paradigm is a task used to measure response inhibition in humans
[000] and has been adapted for rodents [237]. The PRBP task assesses motivation by assess-
ing how hard animals are willing to work for food reward [166]. The Probabilistic Learning
Task measures goal-directed learning and response strategies [16].

Mice were initially trained to retrieve reward from the magazine (Phase I). To achieve
this aim, the magazine light was lit and administered reward every 15 seconds in a 20-minute

session. Once animals reliably retrieved reward (~60 rewards earned per session), they moved
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on to the subsequent training phase. In Phase II, mice were trained to respond to the central
nosepoke hole. To achieve this aim, the central nosepoke hole was lit constantly until the
animal poked its nose in the hole. Then, reward was administered in the magazine. Once
the mouse retrieved the reward, a variable intertrial interval (ITI) was employed, followed
by initiation of the next trial for a total of 30 minutes per session. Once animals consistently
responded in the central hole, they were trained in the Go/No-Go paradigm. In Phase
ITI, animals were trained to respond to the central hole during a limited stimulus interval
in which they initially had 8 seconds to respond, then were trained to respond within 5
seconds, then finally 3 seconds, in a 30-minute session. During this phase, animals were also
punished for incorrect responses (responses in unlit holes), for omissions (lack of response
during the stimulus window), and for premature responses (responses prior to initiation of
the trial indicated by light in the central hole). Punishment consisted of a 4 second time out
with the house light on. Animals had to retrieve reward from the magazine to initiate the
subsequent trial. Initially, a variable I'TT of 5 - 17 seconds was used. However, this resulted
in high levels of premature responding; thus the I'TI was shortened to 3 - 7 seconds. The
stimulus interval was 8 seconds for the first 5 sessions, then 5 seconds for 5 sessions, then
ultimately 3 seconds for 5 sessions. Animals that did not reach criterion (20 successful trials
within a session) by the end of the fifth training session at the 3-second stimulus interval were
excluded from analysis for the Go/No-Go paradigm. Next, animals underwent 15 30-minute
Go/No-Go test sessions. Here, a “Go” trial consisted of the central hole being lit during
the 3-second stimulus interval, as during training, except that responses in incorrect holes
were not punished during the test phase. “No-Go” trials consisted of lighting the central
hole concomitant with an additional, green, light just above the central hole for the 3-second
stimulus interval, creating a compound stimulus. Animals were rewarded for refraining from
responding to this stimulus, and were punished with a time out if they did respond (a “false

alarm”). The first five days were training for the No-Go stimulus. The remaining ten days
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of testing were used for analysis. The false alarm rate was the primary outcome measure
for response inhibition, where a high rate of false alarms indicates impairments in action
restraint, a type of impulsivity [I00]. Premature responding was the secondary response
inhibition measure. The sensitivity index d-prime (d’) measures how well animals learn the
task by comparing the hit rate and false alarm rate.

Following completion of Go/No-Go testing, animals moved on to the PRBP task. First,
animals did a refresher training session at Phase II (see above). The next day, animals
underwent the 60-minute PRBP test session. PRBP testing was performed as previously
described [246]. Briefly, mice had to respond in the central nosepoke hole progressively more
times in order to earn a reward in the following steps: 1, 2, 4, 7, 11, 16, 22, 29, 37, 46, 56
and 67 responses required for reward. The “breakpoint” was the primary outcome measure,
the highest number of responses the animal would perform to obtain reward.

Finally, animals underwent PLT testing. First, animals underwent one day of training.
This session was a modified version of the Phase II training session, in which all five holes
were lit and active for earning reward rather than only the central hole. The following day,
mice underwent PLT testing in 3 blocks of 60 trials for a maximum 60-minute session. Two
holes were lit for each trial, and the two lit holes were counterbalanced across groups. Within
a block, one hole was the “target” hole and the other the “non-target” hole. The target hole
was commonly rewarded (90, 80, or 70% of the trials for blocks 1, 2, and 3 respectively)
and the non-target hole was uncommonly rewarded (10, 20, or 30% of the trials). After
completing the 60 trials for block 1 (90 or 10% reward probabilities), the two previously lit
holes were extinguished and two new holes were lit, one with 80% and the other with a 20%
reward probability. Similarly, for the third block, the previously lit holes were extinguished
and two new holes were lit, one with 70% and one with 30% reward probability. “Win-stay”
and “lose-shift” strategies on the target and non-target holes were the primary outcome

measures, where “win-stay” denotes a trial in which an animal returns to the same hole in
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which they were rewarded on the previous trial. “Lose-shift” refers to a trial in which an
animal shifts responding to the opposite hole after receiving punishment on the previous
trial. Accuracy was also a primary outcome measure, defined as the percentage of trials in

which the animal responded on the target hole.

4.2.10  Viral-mediated knockdown of Btbd3 expression

Neonatal Btbd3q,x mouse pups received intracranial infusions of a custom adeno-associated
virus expressing Cre recombinase: AAV2/8-CMV-Cre-P2A-tdTomato-WPRE (Viral Vector
Core Facility, University of Iowa, lowa City, IA, USA) or control: AAV2/8-CMV-tdTomato-
WPRE, targeting the whole hippocampus (0.3 mm anterior, 2.0 mm lateral, 2.5 mm ventral
of lambda) or dorsal hippocampus (1.0 mm anterior, 0.3 mm lateral, 2.7 mm ventral of
lambda) at postnatal day 2 (P2). The AAV2/8 serotype was used because of its efficient
gene delivery to the central nervous system of neonatal mice [47, 60]. Cetalomegalovirus
(CMYV) was selected as the promoter because of its transduction efficiency in the central
nervous system in neonatal rodents [236] and long-term expression [353]. A woodchuck post-
trascriptional regulatory element (WPRE) was used to enhance viral transduction efficiency
[878]. The self-cleaving P2A peptide was used to create a bicistronic vector that would sepa-
rately express Cre recombinase and tdTomato, such that tdTomato would traffic similarly in
Cre-containing and control virus-infused animals [200]. TdTomato was used as the reporter
because of its brightness and photostability [325]. P2 mice were removed from the home cage
and placed on a heating pad. Animals were cryoanesthetized on ice prior to surgery. The
torso was secured with lab tape and the head was placed on a chin rest custom fitted into a
stereotaxic device (Stoelting, Wood Dale, IL, USA). The head was secured using modeling
clay (Crayola, Easton, PA, USA). Virus was administered using a syringe pump (Harvard
Apparatus, Holliston, MA, USA) holding a 10 pl syringe (#1701, Hamilton Company, Reno,

NV, USA) attached to plastic tubing and a 33 gauge cannula (Plastics One, Roanoke, VA,
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USA) that was secured into the stereotaxic device. Coordinates were measured relative to
lambda. Infusions were performed bilaterally at a rate of 0.1 pl/minute for a total infusion of
0.25 pl per side. The cannula was left in place for an additional minute for diffusion of virus
prior to slowly drawing up the cannula. Animals were then removed from the stereotaxic
device, and paws were tattooed for identification before returning to the heating pad. Once
fully recovered from anesthesia, animals were rolled in soiled bedding from the home cage and
returned to the home cage. Mice were assessed for behavior during adulthood (8-13 weeks).
Brains were then extracted, fixed in 4% paraformaldehyde, and stored at -80°C. Brains were
sectioned on a cryostat (Model 3050S; Leica Biosystems, Nussloch, Eisfeld, Germany). Sec-
tions were collected at 30 pm thickness onto Superfrost slides (Fisher) and mounted with
Vectashield Hardset Antifade Mounting Medium with DAPI (Cat# H-1500; Vector Labora-
tories, Burlingame, CA, USA). Sections were then visualized under a fluorescent microscope
(BX51; Olympus, Center Valley, PA, USA). Brains were assessed for infusion location by
visualizing tdTomato and only included in analyses if the majority (>50%) of fluorescence

was within the confines of the hippocampus.

4.2.11 Dendritic morphology

Mice were transcardially perfused with 0.9% NaCl. Brains were then processed for Golgi-
Cox staining as previously described [57]. Briefly, brains were extracted and immersed in
Golgi-Cox solution, consisting of a 1:1 solution of 5% potassium dichromate and 5% mercuric
chloride diluted 4:10 with potassium chromate for 14 days at room temperature [137]. Brains
were then transferred to a 30% sucrose solution and stored at 4°C until shipped to Dr.
Nuno Sousa’s laboratory (University of Minho, Braga, Portugal) for processing. Brains were
cut coronally at 200 pum section thickness on a vibratome. Sections were collected in 6%

sucrose, blotted dry, and mounted onto gelatin-coated slides. Slides were then alkalinized in

18.7% ammonia. Next, slides were developed in Dektol (Kodak, Rochester, NY, USA) and
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fixed in Kodak Rapid Fix. Slides were dehydrated in ethanol and cleared in xylene before
coverslipping.

Neurons were imaged and reconstructed as previously described [67]. Briefly, images
were taken of each selected neuron at 600x magnification using a motorized microscope
(Axioplan 2, Carl Zeiss, Germany) and a camera (DXC-390, Sony Corporation, Tokyo,
Japan) and reconstructed using Neurolucida software (Microbrightfield, VT, USA) to obtain
the complete dendritic tree. Neurons were assessed for dendritic branching using Sholl
analysis at 20 pum radius intervals, which was separated by apical and basal dendrites for
pyramidal neurons. Neurons in all regions were assessed for total dendritic length, also
separated by apical and basal dendrites for pyramidal neurons. Spine density was assessed
for all dendrites in dentate granule cells, and specifically for apical dendrites in anterior
cingulate cortex layer IT/III pyramidal neurons. The spine density was not assessed in
thalamic stellate neurons due to insufficient resolution in the limited dendritic tree of these

neurons.

4.2.12  Statistical analysis

Continuous dependent measures were analyzed using repeated measures analysis of variance
(ANOVA) or factorial ANOVAs. Alpha was set at 0.05. Significant interactions were
resolved by assessing simple main effects in post hoc ANOVAs for factors with more than
two groups, corrected for multiple comparisons using the Bonferroni method. Post hoc tests
were performed using Student Newman-Keuls. Where appropriate, Kruskal-Wallis one-way
ANOVAs were performed for effects of genotype following omnibus ANOVA analysis. Mann-
Whitney U tests with Bonferroni correction were used as post hoc tests for Kruskal-Wallis
ANOVAs. Categorical dependent measures were analyzed using chi-square tests for endpoint
factors and Kaplan-Meier survival curves for repeated measures analyses. Electrophysiology

data was analyzed using unpaired t-tests. Statistical analysis was performed using Statview
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software (SAS Institute, Inc., Cary, NC, USA). Effects of secondary factors (such as sex)
were only mentioned if they had significant interactions with primary factors (genotype,

virus).

4.3 Results

4.3.1 Btbd3 KO mice have deficits in compulsive-like behavior

Adult Btbd3 male and female WT, HT, and KO mice were assessed for behavioral deficits
in a variety of paradigms. The first phenotype observed in the Btbd3 KO mice was a high
frequency of cage-mate barbering (Figure BZ1A). Thus, animals were pair-housed by sex and
genotype and barbering behavior was monitored (n = 78-165/genotype/sex). An uneven
distribution of instances of barbering was identified across genotypes (Figure EIB)(X? (2,
n = 647) = 11.38; p<.005). Thus, Btbd3? HT (X2 (1, n = 486) = 7.73; p<.01) and KO (X2
(1, n = 332) = 11.77; p<.0001) mice were found to have increased incidence of barbering
compared to WT.

Barbering is associated with impaired shifting [122], a common impairment in OCD
(61, 260, P65, B64, B79], and has been identified in conjunction with excessive wheel-running
in a mouse model of OCD [I63]. Thus, activity was tested on running wheels for seven
days. In the wheel-running paradigm (n = 9-10/genotype/sex), a day by cycle by genotype
interaction was identified for number of wheel revolutions run (F(12’312) = 2.32; p<.01).
Post hoc ANOVAS revealed a significant main effect of genotype in the dark cycle (F(2755) =
4.57; p<.05). Post hoc tests revealed that Btbd3 KO mice ran more wheel revolutions than
WT or HT mice overall (Figure BIC).

Next, we tested goal-directed decision making in the PLT (n = 13-17/genotype, all
male). In this task, only the third block of testing showed any differential genotypic effects.

Therefore, block 3 was analyzed independently. A main effect of genotype was identified for
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Figure 4.1: Btbd3 knockout mice have deficits in exploration and goal-directed behavior.
A-B show instances of cage-mate barbering. C shows wheel-running in the dark cycle. D-F
show select measures from the probabilistic learning task. G shows the number of rewards
animals were willing to work for in the progressive ratio breakpoint task. H shows distance
traveled in the open field. I-J show vertical rearing in the open field. K-N show measures
of digging behavior in the dig test. O shows the number of marbles buried in the marble-
burying task. P shows the remaining portion of the nestlet by weight left unused for building
a nest at the end of the task. Results are expressed as mean + SEM, with the exception of
panel B, which is categorical data and shows instances. *Significant difference from Btbd3
WT mice. WT: wild-type; HT: heterozygous; KO: knockout.
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accuracy (F(2’35) = 8.01; p<.005). Post hoc tests revealed that Btbd3 KO mice were less
accurate at responding in the target hole than WT or HT mice (Figure E1D). A main effect
of genotype was found for the proportion of lose-shift responses on the target hole (F(2’35)
= 4.96; p<.05). Post hoc tests revealed a higher proportion of target lose-shift responses
in Btbd3 KO mice compared to WT mice (Figure BIE). A main effect of genotype was
also identified for proportion of win-stay responses on the non-target hole (F(Q’Qg) = 4.24;
p<.05). Post hoc tests revealed that Btbd3 KO mice were more likely to return to the non-
target hole after being rewarded at that hole than WT mice (Figure BF). Genotype did not
have significant effects on target win-stay or non-target lose-shift proportions (Supplemental
Results). To identify any potential effect of genotype on motivation for reward, mice were
then tested in the PRBP paradigm. Genotype did not affect breakpoint (Figure B1G) (F(Q’ 43)
= 1.58; p = .22).

4.8.2 Btbd3 KO mice have behavioral deficits in measures of exploration

Since exploration is a key part of goal-directed behavior [74], we next assessed Btbd3 mice in
paradigms that assess species-typical exploratory behaviors. In a 45-minute open field test
(n = 11-34/genotype/sex), several behavioral differences were found among genotypes. A
main effect of genotype on distance traveled was identified (F(27130) = 6.18; p<.005). Post
hoc tests revealed that KO mice traveled a greater total distance than either HT or WT mice
(Figure BIH). A genotype by bin interaction was also identified (F(16,1040) = 2.57; p<.0001).
Post hoc tests revealed that Btbd3 KO mice traveled a greater total distance than WT or HT
mice in bins 1-4. Post hoc ANOVAs showed main effects of bin within each genotype. Thus,
subsequent bins were analyzed for effects within each genotype to assess habituation. Post
hoc tests revealed a reduction in distance traveled from bin 1 to bin 2 within each genotype.
No other subsequent bins showed significant changes, with the exception of a reduction in

activity from bin 4 to bin 5 in Btbd3 HT mice. Distance traveled was higher in bins 1 and
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2 than in the final bin within each genotype. Btbd3 HT and KO mice also showed greater
distance traveled in bins 3 and 4 versus bin 9, whereas Btbd3 W'T mice did not.

For vertical rearing, a main effect of genotype was identified (F(2’130) = 6.97; p<.005).
Post hoc tests revealed that Btbd? HT and KO mice had reduced instances of rearing relative
to WT mice (Figure BI). Similarly, a main effect of genotype was found for time spent
rearing (F(2,130) = 7.18; p<.005). Post hoc tests revealed that Btbd3 HT and KO mice
spent less time rearing than WT mice (Figure B71J). No effects of genotype were identified
for center measures or spatial d (Supplemental Results).

To further test exploration [5], Btbd3 mice were assessed in the dig test (n = 13-
20/genotype/sex). A trend was identified for a main effect of genotype on latency to start
digging (F(2,85) = 2.65; p = .08). As there was no interaction between genotype and sex,
a Kruskal-Wallis one-way ANOVA for effects of genotype on latency to dig was performed.
This analysis revealed a main effect of genotype on latency to dig (H(z) = 6.43; p<.05). Post
hoc tests revealed a greater latency to dig in Btbd3 KO mice than WT mice (Figure B1K) (U
= 289; p<.025). No effect of genotype was identified for total digging duration (F(2,85) =
1.84; p = .16) in the main ANOVA. As there was no interaction between genotype and sex,
a Kruskal-Wallis one-way ANOVA was performed and revealed a main effect of genotype on
total time spent digging (H(Q) = 5.93; p<.05). Post hoc tests revealed significantly less time
spent digging in Btbd3 KO mice than WT mice (Figure BL)(U = 286; p<.025). A main
effect of genotype was found for average bout duration (F(2,85) = 3.79; p<.05. Post hoc tests
revealed that Btbd3 KO mice had shorter digging bouts than either WT or HT mice (Figure
AIM). No effect of genotype was identified for number of digging bouts (Figure EIN) in the
main ANOVA (F 5 g5) = .63; p = .54) nor in the Kruskal-Wallis one-way ANOVA (Hg) =
4.36; p = .11).

To corroborate findings in the dig test, marble-burying was tested, as marble-burying

is considered a measure of digging behavior in mice [88, 90, B54]. In the marble-burying
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paradigm (n = 9-14/genotype/sex), a main effect of genotype was identified for the number
of marbles buried (F(2,66) = 5.56; p<.01). Post hoc tests revealed that Btbd3 KO mice
buried fewer marbles than WT or HT mice (Figure B-10).

Several of the behavioral deficits identified thus far mirror those found in mice receiving
lesions throughout the hippocampus in adulthood [89, 90]. Thus, nest-building was mea-
sured, which is impaired in hippocampus-lesioned mice [90]. In the 8-hour nest building
task (n = 12/genotype/sex), a main effect of genotype was identified for percent of original
nestlet weight intact at the end of the test (F(2,65) = 4.33; p<.05). Post hoc tests revealed
that Btbd3 KO mice left significantly more nestlet untouched at the end of the task than

WT mice (Figure B1P).

4.3.8 Barbering behavior is preventable by chronic OCD-effective, but not

-ineffective treatment in Btbd3 WT and HT but not KO mice

Barbering behavior was then assessed for responsiveness to OCD-effective treatment (flu-
oxetine) or -ineffective treatment (desipramine). Barbering-naive animals were pair-housed
by genotype and sex and treated with fluoxetine, desipramine, or vehicle in the drinking
water for fourteen weeks (n = 12-19/genotype/sex/treatment). Animals were monitored for
onset of barbering behavior weekly. Mantel-Cox log rank tests revealed significant effects
of fluoxetine treatment compared to vehicle when pooled across genotypes (Figure B2A) at
weeks 4 (X2 (1, n = 185) = 6.05; p<.05), 5 (X2 (1, n = 185) = 5.45; p<.05), 6 (X2 (1, n
— 185) = 6.47; p<.05), 9 (X2 (1, n = 185) = 4.84; p<.05), 10 (X2 (1, n = 185) = 6.33;
p<.05), 11 (X2 (1, n = 185) = 6.18; p<.05), 12 (X% (1, n = 185) = 7.71; p<.01), 13 (X2

(1, n = 185) = 8.60; p<.005), and 14 (X2 (1, n = 185) = 7.58; p<.01). Weeks 2 (X2 (1, n
— 185) = .003; p = .95) and 3 (X2 (1, n = 185) = 1.48; p = .2245) did not show significant
effects of fluoxetine treatment. Weeks 7 (X2 (1, n = 185) = 2.88; p = .09) and 8 (X2 (1,

n = 185) = 3.46; p = .06) had trend level effects of fluoxetine treatment on barbering. In
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Figure 4.2: Barbering behavior is selectively prevented by fluoxetine treatment except in
Btbd3 KO mice. A shows onset of barbering behavior across genotypes. B-D compare onset
of barbering behavior in fluoxetine versus vehicle-treated mice split by genotype: WT (B),
HT (C), and KO (D). *Significant difference from vehicle treatment. WT: wild-type; HT:
heterozygous; KO: knockout.

contrast, desipramine did not affect onset of barbering pooled across genotypes at any time
point (week 14: (X2 (1, n = 177) = 2.09; p = .15)). Based on the effects of fluoxetine
across genotypes, effect of fluoxetine within each genotype was examined. Within Btbd?
WT mice, fluoxetine completely prevented the onset of barbering behavior (Figure B2B),
precluding accurate analysis. To estimate effects, data were tested at each time point with
one fluoxetine-treated WT mouse artificially marked as becoming a barber. With this simu-
lated analysis, fluoxetine reached trend-level significance at four weeks of treatment (X 2 (1,
n = 56) = 3.03; p = .08) and became significant by six weeks of treatment (X2 (1, n = 56)
= 4.59; p<.05), which was then sustained through the remaining weeks. Within Btbd3 HT
mice, fluoxetine became effective at twelve weeks of treatment (Figure B2C)(X? (1, n = 64)

— 4.50; p<.05) and remained significant through week 14 (X2 (1, n = 64) = 4.50; p<.05).
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In contrast, within Btbd? KO mice, fluoxetine did not affect onset of barbering behavior at

any time point (Figure E2D)(week 14: X2 (1, n = 65) = .40; p = .53).

4.3.4  Btbd3 knockdown in hippocampus during early development

recapitulates KO deficits in adulthood

Whole hippocampal lesions in adulthood [8Y, 90] or neonatal ventral hippocampal lesions
[216] cause behavioral deficits that overlap with those found in the global Btbd3 KO mouse.
In addition, Btbd3 is robustly expressed in hippocampus. Thus, the effect of loss of Btbd3
expression in hippocampus early in postnatal development on behavior was tested. Btbd3qox
mice were infused with a Cre recombinase-expressing or control virus (see Materials and
Methods) at postnatal day 2 (P2) and assessed for select behavioral deficits in adulthood (n
= 13 - 26/virus/sex). No effect of virus was identified for wheel-running (Figure B3A). In the
open field (45-minute test), a main effect of virus was identified for total distance traveled
(Figure B3B)(F (1 79y = 48.85; p<.0001). A virus by sex interaction was also identified
(F(1,70) = 15.19; p<.0005). Post hoc tests revealed that Cre virus increased total distance
traveled in both males and females. Post hoc tests also revealed significantly more activity in
females than males in the Cre, but not control, virus condition. A virus by bin interaction was
also identified for total distance traveled (F(8,560) = 4.22; p<.0001). Post hoc tests revealed
higher activity levels in the Cre condition than the control condition within each bin. Post
hoc ANOVAs revealed a main effect of bin within each virus condition (see Supplemental
Results). For instances of vertical rearing (Figure B23C), there was no main effect of virus
(F(1,70) = .81; p = .37). However, an interaction between bin and virus was identified
(F(8,560) = 3.93; p<.0005). Post hoc tests revealed a reduction in instances of vertical rearing
in the Cre condition only within bin 1. Post hoc ANOVAs revealed a main effect of bin within
each virus condition (see Supplemental Results). A main effect of virus was identified for

time spent rearing (Figure B23D)(F (q 79y = 6.17; p<.05). An interaction between virus and
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bin was also identified (F(8,560) = 3.49; p<.001). Post hoc tests revealed reduced time spent
rearing in the Cre condition for bins 1, 2, 4, and 5 relative to the control condition. Post
hoc ANOVAs identified a main effect of bin within each virus condition (see Supplemental
Results). No main effect of virus was identified for proportion of distance traveled in the

center (Figure B23E), but an interaction was found between virus and bin (F(8,504) = 6.90;
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p<.0001). Post hoc tests revealed lower proportion of distance traveled in the center in the
Cre relative to control condition for bins 1 and 2, and a higher proportion of distance traveled
in the center than control in bin 9. Post hoc ANOVAs revealed a main effect of bin within
each virus condition (see Supplemental Results). A main effect of virus was identified for
time spent in the center (Figure B3F)(F ¢ 7p) = 4.19; p<.05). An interaction was identified
between virus and bin (F(8,560) = 2.76; p<.01). Post hoc tests revealed lower center time in
the Cre condition relative to control for bins 1 and 2, and elevated center time in the Cre
versus control condition for bin 7. Post hoc ANOVAs revealed a main effect of bin within
each virus condition (see Supplemental Results). A main effect of virus was identified for
spatial d (Figure EEEG)(F(L%) = 23.84; p<.0001). An interaction was observed between
virus and bin (F(8,504) = 2.32; p<.05). Post hoc tests revealed decreased spatial d in the
Cre relative to control condition for each bin except bins 4 and 6. A main effect of bin was
identified within each virus condition (see Supplemental Results).

A main effect of virus was identified for the number of marbles buried in the marble-
burying test <F(1,70) = 10.87; p<.005), with mice in the Cre condition burying fewer marbles
than controls (Figure B23H). In the nest-building test (overnight version), a main effect of
virus was found for the percentage of original nestlet weight remaining intact at the end of

the test (Figure B3I)(F(q 79y = 6.47; p<.05).

4.3.5 Btbd3 KO mice have altered dendritic morphology in select brain
regions

Dendritic morphology was assessed in the dentate gyrus and CA1l subregions of the hip-
pocampus, anterior cingulate cortex (ACC), and mediodorsal thalamus (n = 4-6/genotype,
all female). In the dentate gyrus, dentate granule cells were assessed. No effect of genotype
was identified in the dentate gyrus for total dendritic length (Figure MA)(F(QJQ) = 1.88;
p = .20), dendritic crossings in the sholl analysis (Figure BEAB)(F(, 9y = 1.49; p = .26),
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Figure 4.4: Btbd3 expression modulates dendritic morphology in key brain regions. Dendritic
morphology is shown for dentate granule cells (A-C), CAlpyramidal neurons (D-G), anterior
cingulate layer II/III pyramidal neurons (H-L), and mediodorsal thalamus spiny stellate
neurons (M-N). Total dendritic length is shown in (A), (D), (F), (H), (K), and (M). Dendritic
crossings in the sholl analysis are shown in (B), (E), (G), (I), (L), and (N). Spine density is
shown in (C) and (J). Results are expressed as mean + SEM. *Significant difference from
WT mice. WT: wild-type; HT: heterozygous; KO: knockout.

or spine density (Figure B4C). In CA1, there was no effect of genotype on apical dendritic
length (Figure B2D) or dendritic crossings in the sholl analysis (Figure B4E). There was
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no effect of genotype on basal dendritic length (Figure MF)(F(QJQ) = 91; p = 43) or
basal dendritic crossings (Figure B2G). In ACC, a trend level effect of genotype was found
for apical dendritic length (Figure BE4H)(F (9 13) = 3.04; p = .08). A main effect of geno-
type was identified for apical dendritic crossings in the sholl analysis for ACC layer II/I11
pyramidal neurons (Figure ZEDI)(F(Q,B) = 3.98; p<.05. Post hoc tests did not reveal any
significant contrasts. A main effect of genotype was identified for spine density in ACC (Fig-
ure BAJ)(F (9 13) = 4.29; p<.05). Post hoc tests revealed that Btbd3 KO mice had greater
spine density in ACC than WT or HT mice. In contrast, there was no effect of genotype on
ACC basal dendritic length (Figure BE4K) or basal dendritic crossings in the sholl analysis
(Figure B4L). In mediodorsal thalamus, stellate neurons were assessed. There was no effect
of genotype on total dendritic length in the main ANOVA (Figure MM)(F(Q’H) =227;p
= .15). In the Kruskal-Wallis ANOVA, a trend for an effect of genotype on dendritic length
was identified (H(z) = 4.96; p =.08). There was no effect of genotype on dendritic crossings
(Figure EZAN)(F (3 19y = 1.96; p = .18). Spine density was not assessed in these neurons due

to lack of sufficient image resolution.

4.4 Discussion

4.4.1  Summary of findings

Here, we demonstrate a critical role for the Btbd3 gene in behavior. First, we identified im-
pairments in putative compulsive-like behaviors in the global Btbd3 knockout mouse (Figure
A1), These deficits are supported by additional behavioral deficits in measures of explo-
ration. Yet, the Btbd3 knockout mouse does not show indiscriminant deficits across behav-
ioral domains, as demonstrated by negative findings in several psychiatric-relevant paradigms
(Figure S1) as well as grossly normal sensory and motor functioning (Figure S2). Next, we

found selective prevention of barbering behavior by OCD-effective treatment in Btbd? W'T
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and HT, but not KO mice (Figure B2), which was not due to a general insensitivity to antide-
pressants (Figure S3). We next knocked down Btbd3 expression selectively in hippocampus
during early development and found that, in adulthood, these mice mirrored several behav-
ioral deficits identified in the global Btbd3 KO mouse (Figure B23) and, interestingly, had
some effects stronger than those seen in the global knockout. Preliminary evidence suggests
these behavioral effects may be driven by the ventral half of the hippocampus (Figure S5),
and that the critical window for Btbd3 expression is not confined to the neonatal develop-
mental stage (Figure S6). Finally, no effects of Btbd3 expression were identified on dendritic
morphology or neuronal activity levels in hippocampus, leaving the mechanism of action
of Btbd3 in hippocampus to be determined. In sum, Btbd3 expression in hippocampus is

critical for maintaining aspects OCD-relevant behavior in mice.

4.4.2  Btbd3 knockout leads to compulsive-like behavioral deficits

Btbd3 KO mice exhibited deficits in behaviors related to compulsivity. The first aberrant
behavior we identified was a robust increase in barbering behavior in Btbd3 HT and KO mice
(Figure B0A; B1B). Barbering is an abnormal behavior only found in animals in captivity,
in which animals clip or pluck the fur of their peers [302]. One study showed that barbering
behavior was associated with extradimensional shifting deficits in the rodent adaptation of
the intradimensional /extradimensional shifting task [I22]. In light of the putative connection
between BTBDS3 and OCD [347], it is of interest that OCD patients also have selective
deficits in extradimensional shifting on the intradimensional/extradimensional shifting task

60, 265, B64, B79]. Set-shifting is a classic measure of cognitive flexibility, the capacity to

61,

\\.7

flexibly update behavior based on changes in the environment [I56], which is integral for goal-
directed behavior [290]. 'Goal-directed’ means behavior that is driven by an understanding of
the association between actions and their outcomes [376]. Goal-directed behavior is impaired

across compulsive disorders |31, 875], including OCD [25, I35, 32, [30], and this deficit is
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thought to underlie compulsive behavior [I36].

Relatedly, the aromatase knockout mouse model of compulsive behavior is characterized
by barbering and excessive wheel-running [[63]. We also found excessive wheel-running
in the Btbd3 KO mice (Figure BIC), suggesting a link between excessive wheel-running
and barbering. Voluntary wheel-running is a goal-directed behavior [72] that animals are
motivated to perform and find rewarding [I51]], suggesting that BTBD3 may modulate goal-
directed behavior.

Btbd3 KO mice also had impaired goal-directed learning in the probabilistic learning task
(PLT), which measures decision-making strategies during reinforcement learning. Btbd3 KO
mice performed worse overall, reflected by reduced accuracy (Figure BID), where accuracy
denotes the percentage of trials for which the animal responds at the higher reward proba-
bility nosepoke hole, the “target.” To dissect the reduced accuracy found in Btbd3 KO mice,
response strategies were examined; namely, “win-stay” and “lose-shift” response patterns at
the target and non-target holes. A goal-directed learning strategy takes into account the
reward probability of each option to maximize reward [I34], and thus manifests in responses
primarily on the frequently rewarded target hole once reward contingencies are learned. Re-
duced accuracy on the PLT found in Btbd3 KO mice was driven by an increased tendency
to shift after losing on the target hole (Figure BIE), and by increased win-stay on the non-
target hole (Figure BTIF) despite its low reward probability. Thus, Btbd3 KO mice followed a
less goal-directed response strategy, resulting in reduced accuracy in the PLT. Importantly,
these deficits were not due to blunted motivation for reward, as indicated by the lack of
effect of genotype on breakpoint in the progressive ratio breakpoint task (Figure E1G). In
sum, increased incidence of barbering, excessive wheel-running, and poor PLT performance
converge to suggest that Btbd3 KO mice have impaired goal-directed behavior that may

constitute a compulsive-like phenotype.
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4.4.8 Btbd3 knockout causes deficits in exploratory behavior

Exploration is an integral component of goal-directed behavior [74]. Thus, we sought to
determine whether Btbd3 KO mice have deficits in measures of exploration that may con-
tribute to impairments in goal-directed behavior contributing to. The open field test is a
classic test of rodent exploration [849]. Btbd3 KO mice were hyperactive in the open field
(Figure BIH), and this hyperactivity was confined to the first 20 minutes of testing. Both
Btbd3 HT and KO mice showed robust reductions in vertical rearing (Figure B-11-J), a mea-
sure of exploration [349]. Furthermore, Btbd3 KO mice showed reduced digging in the dig
test (Figure EIK-N), another test of exploration [5]. Corroborating findings in the dig test,
Btbd3 KO mice buried fewer marbles than WT mice (Figure BZ10) in the marble-burying

paradigm, which is thought to measure digging behavior [88, 00, B54].

The hippocampus is implicated in several of these phenotypes [89, G0]. Thus, nest-
building was assessed, which is impaired in animals with adult-onset hippocampal lesions
[@0]. Btbd3 KO mice had impaired nest-building behavior (Figure B21P), suggesting that the
hippocampus may be driving behavioral deficits. Nest-building is also considered a putative
measure of exploration [26] and goal-directed behavior [I83]. Btbd3 KO mice did not exhibit
broad deficits in psychiatric-relevant phenotypes (Figure S1), and the behavioral deficits
identified are not due to gross sensory or motor deficits in Btbd3 KO mice (Figure S2). In

sum, Btbd3 KO mice have selective deficits in compulsive-like behaviors and exploration that

could be mediated through the hippocampus.

4.4.4 Barbering is selectively responsive to OCD-effective treatment

We next sought confirmation of barbering as a compulsive-like behavior, based on its asso-
ciation with extradimensional shifting deficits in previous studies [122]. Chronic treatment
with serotonin-reuptake inhibitors (SRIs) is the only effective pharmacological monotherapy
for OCD, whereas other classes of antidepressants are ineffective [288]. Thus, if barbering is
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compulsive-like, it may be selectively ameliorated by chronic treatment with SRIs but not
other classes of antidepressants. By four weeks of treatment, SRI fluoxetine significantly
reduced the onset of barbering across genotypes compared to vehicle treatment, whereas the
norepinephrine reuptake inhibitor desipramine had no effect at any time point (Figure Z2A).
The selectivity of this effect to OCD-effective treatment reinforces the idea that barbering
is related to compulsivity. Strikingly, fluoxetine completely prevented the onset of barbering
in WT mice (Figure B2B), reduced barbering in Btbd3 HT mice (Figure B2C), and had no
effect on barbering in Btbd3 KO mice at any time point (Figure B2D). This finding indicates
interplay between Btbd3 expression and fluoxetine treatment. This treatment-resistance was
not due to differential fluoxetine metabolism (Supplemental Results) or to general insensitiv-
ity to antidepressant action in Btbd3 KO mice (Figure S3), suggesting a unique relationship
between Btbd3 expression and fluoxetine treatment in the context of barbering behavior.
The mechanism underlying this effect warrants further investigation. Thus, barbering be-
havior is selectively responsive to OCD-effective treatment, providing additional evidence

that barbering may be a compulsive-like behavior.

4.4.5  Btbd3 knockdown in hippocampus recapitulates several behavioral

deficits of the global knockout

Several of the behavioral deficits identified in Btbd3 KO mice mirror impairments charac-
teristic of hippocampal dysfunction in rodents. Mice lesioned throughout hippocampus in
adulthood are hyperactive, rear less, dig less, bury fewer marbles, and build worse nests
than controls [89, 90]. Cyclin D2 KO mice, which have impaired adult neurogenesis and
reduced hippocampal volume, exhibit deficits in digging, marble-burying, and nest-building,
and are hyperactive [I82]. Furthermore, the neonatal ventral hippocampal lesion model
of schizophrenia exhibits cognitive flexibility deficits [289], hyperactivity, and reductions in

rearing [216]. Based on this evidence, and the robust expression of Btbd3 in hippocampus
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(219, 247], we selectively knocked down Btbd3 expression in hippocampus of neonatal (P2)
Btbd3 g0, mice and assessed behavior in adulthood. Knockdown (KD) was initiated at P2
due to behavioral overlap with the neonatal ventral hippocampal lesion model in the global
Btbd3 KO mice, and because BTBDS3 expression is low during embryonic development, but
then rapidly increases early in postnatal development [234, 247].

Neonatal Btbd3 knockdown in hippocampus recapitulated several of the behavioral deficits
identified in the global knockout mouse, with some distinctions. Excessive wheel-running
was not reproduced in the hippocampal knockdown mice (Figure BZ3A), but hyperactiv-
ity in the open field was (Figure B23B). This dissociation suggests that hippocampal Btbd3
expression may play a specific role in novelty-induced hyperactivity. Interestingly, viral in-
fusions in this cohort had peak expression in the ventral third of the hippocampus, and thus
these habituation findings align with impaired habituation to novelty in the open field in
the neonatal ventral hippocampal lesion model of schizophrenia [79]. Hippocampal Btbd3
KD recapitulated the reductions in rearing (Figure B=3C-D), reduced marble-burying (Fig-
ure B23H), and impaired nest-building (Figure B231) found in the global Btbd3 KO mouse,
indicating a role for hippocampus in BTBD3-mediated exploration. Interestingly, habitua-
tion to novelty was disrupted in hippocampal KD mice across measures in the open field,
which was not identified in the global Btbd3 KO mouse. This effect is interesting in light
of the blunted exploratory behaviors found in both the global KO and hippocampus KD
cohorts, and suggests that Btbd? expression in hippocampus may play a role in exploration
by regulating response to novelty. A role for hippocampal Btbd3 expression in novelty aligns
with the dissociation identified between hyperactivity on the running wheels and in the open
field.

Surprisingly, some behavioral deficits were identified in hippocampal KD mice that were
not found in the global knockout mouse, specifically changes in center activity and reduced

spatial d. Low spatial d is indicative of perseverative hyperlocomotion [270] and describes
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a rigid pattern of locomotion marked by few directional changes [270]. Interestingly, the 5-
HT1BR~induced mouse model of aspects of OCD also exhibits perseverative hyperlocomotion
in the open field [823, B24], not to mention hyperactivity and reduced rearing in the open
field, suggesting that this pattern of behavior may be of relevance to OCD. These findings
that have discrepancies from the global Btbd? KO mouse suggest that Btbd3 expression in
other brain regions may play a role in behavior. In sum, hippocampus plays an integral role

in behavioral effects of Btbd3 expression.

4.4.6  Behavioral effects of neonatal hippocampal Btbd3 knockdown are not

primarily attributable to the dorsal hippocampus

Next, we sought to narrow down the hippocampal subregion and developmental time points
requiring Btbd3 expression for maintaining normal behavior. Ventral hippocampus is impli-
cated in goal-directed behavior [274, B10, B11]|, cognitive flexibility [289], exploration [3], and
response to novelty [343], making it a good candidate region for the behavioral deficits found
in hippocampal Btbd3 KD mice. However, these functions are not entirely segregated; while
dorsal hippocampus is classically more important for encoding spatial information [343], it
was recently implicated in goal-directed decision-making [249]. Thus, we tested whether
selective neonatal Btbd? KD in dorsal hippocampus would be sufficient to induce the be-
havioral effects of full hippocampal Btbd3 KD. Dorsal hippocampal KD did not reproduce
the effects seen in the full hippocampal KD cohort (Figure S5), with the exception of robust
deficits found in nest-building behavior. This result suggests that Btbd3 expression in dor-
sal hippocampus plays a specific role in nest-building behavior, and that nest-building may
be dissociable from the exploratory behaviors (rearing, digging, marble-burying) that were
impaired in the general hippocampal KD cohort. While these findings suggest that Btbd3

may mediate its behavioral effects primarily through ventral hippocampus, this warrants

confirmation in a study knocking down Btbd3 expression exclusively in this subregion.
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4.4.7 Behavioral effects of hippocampal Btbd3 knockdown are not confined

to expression loss during the neonatal developmental period

To address the critical window for effects of Btbd3? expression on behavior, in a pilot ex-
periment, hippocampal knockdown was performed in juvenile (P21) mice and behavior was
assessed in adulthood. Female hippocampal Btbd3 KD mice were hyperactive (Figure S6A)
and spent more time in the center (Figure S6E) than control mice. These effects are remi-
niscent of the effects of neonatal hippocampal Btbd3 KD (Figure B=3), although those effects
were not sex-specific. Juvenile hippocampal Btbd3 KD robustly reduced nest-building (Fig-
ure S6G). Thus, some, but not all, effects of neonatal Btbd3 KD in hippocampus were found
with juvenile hippocampal Btbd3 KD. These effects will require confirmation in a larger
sample, but suggest that at least some behavioral effects of Btbd3 KD in hippocampus are
not specific to expression loss during the neonatal developmental stage, warranting further
investigation into the critical time frame for effects of hippocampal Btbd3 expression on

behavior.

4.4.8 Behavioral effects of hippocampal Btbd3 knockdown are not

attributable to cell-autonomous effects on dendritic morphology

We next sought to identify neural substrates underlying behavioral effects of Btbd3 expres-
sion. BTBD3 is necessary for proper organization of the dendritic arbor in spiny stellate
neurons of somatosensory barrel cortex in mice [234]. Thus, we hypothesized that dendritic
morphology would be disrupted in Btbd3 KO mice in key brain regions of dense Btbd3 expres-
sion and relevance to goal-directed behavior. Surprisingly, despite robust Btbd3 expression
in hippocampus, no effects of genotype were found on dendritic morphology in either den-
tate granule cells or CA1 pyramidal neurons (Figure B4A-E). These results suggest that

behavioral effects of Btbd3 expression are likely not mediated by cell autonomous effects on
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dendritic morphology in hippocampus. Interestingly, ACC layer II/III pyramidal neurons
appeared to have reduced apical dendritic branching and increased spine density in Btbd3
KO mice, although these effects were small (Figure B4J). Finally, a trend was identified
for an effect of genotype on dendritic length in mediodorsal thalamus spiny stellate neurons
(Figure B4M). These tentatively hypotrophic findings in ACC and mediodorsal thalamus
are surprising in light of the hypertrophic phenotype found with Btbd3 KD in barrel cortex,
where spiny stellate neurons have more primary dendrites, reduced polarity, and a more
complex dendritic arbor [234]. Since BTBD3 is a transcription factor, one explanation for
this discrepancy is that BTBD3 may regulate different genes between brain regions that
differentially affect dendritic morphology. These trend level reductions in dendritic length
require confirmation in a larger sample, but suggest that these brain regions warrant further
investigation as players in behavioral effects of Btbd3 expression. Thus, dendritic remodeling

is not likely to drive hippocampus-dependent behavioral effects of Btbd3 expression.

4.4.9 Relationship of behavioral effects of Btbd3 to OCD

A SNP downstream of BTBD3 was the first genome-wide significant hit for OCD [342],
providing the first evidence that BTBD3 may be relevant for psychiatric-related phenotypes.
The findings presented here indicate that BTBD3 plays a major role in OCD-relevant be-
haviors. Btbd3 KO mice exhibit compulsive-like behaviors and have deficits in goal-directed
behavior (Figure B), much like OCD patients [25, 135, 32, 30]. Impaired goal-directed be-
havior is thought to underlie compulsive behavior [36], and thus may be driving compulsive-
like phenotypes found in Btbd3 KO mice, such as barbering behavior. Furthermore, explo-
ration is a key component of goal-directed behavior [74], which is also deficient in Btbd3
KO mice (Figure B, suggesting that BTBD3 may play a role in goal-directed behavior

by modulating exploratory behavior. Exploration is in part driven by novelty [320], and

habituation to novelty was disrupted in neonatal hippocampal Btbd3 KD mice (Figure B=3).
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disrupted response to novelty may contribute to deficits in goal-directed behavior.
Hippocampal Btbd3 expression is necessary for maintaining normal exploratory behavior
(Figure B33), in line with the known roles of ventral hippocampus in the related constructs
of goal-directed behavior [274, B10, B11], cognitive flexibility [289], exploration [I3], and
response to novelty [343]. While historically the hippocampus has received less attention
in OCD than the CSTC circuit, it was recently suggested that hippocampal dysfunction
may play a primary role in OCD [299]. The hippocampus projects to medial prefrontal
cortical structures [372] and ventral striatum [192], and thus may influence OCD-relevant
behaviors through modulation of the limbic CSTC circuit [215]. In addition, there is evidence
to suggest reduced volume [22, A40] and shape deformity [I74] of the hippocampus in OCD
patients, as well as aberrant hippocampal activity during performance of various tasks in

neuroimaging studies [231, 244, 299]. Thus, in light of this evidence, our results suggest that

closer investigation of a role for the hippocampus in OCD is warranted.

4.4.10  Conclusions

To our knowledge, this study is the first to identify a role for Btbd3 expression in behavior.
Furthermore, BTBD3 selectively regulates goal-directed behaviors and exploration, which
are highly relevant to OCD. While BTBDS remains to be confirmed as an OCD risk gene in
human GWAS, our findings reinforce the tentative hypothesis that BTBD3 may play a role
in OCD etiology.
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4.5 Supplemental material

4.5.1 Methods

Prepulse inhibition

Prepulse inhibition (PPI) was assessed as previously described[324]. In brief, mice were
placed in startle chambers (San Diego Instruments, San Diego, CA, USA). Startle response
amplitude was measured for startle alone (120 dB), prepulse trials (3, 6, or 12 dB pre-
pulse followed by 120 dB pulse), or no stimulus. PPI was calculated as 100 * (startle -

prepulse) /startle amplitude.

Light/dark

The light/dark test was performed to assess anxiety-like behavior [250]. The light/dark test
was performed in the open field using dark chamber inserts that cover half the chamber
without blocking infrared beams and has a central entry hole for access to the light side
of the chamber (Omnitech Electronics, Inc., Columbus, OH, USA). Animals were placed in
the dark side of the chamber and activity was recorded for 10 minutes. Duration in each
side, proportion of distance traveled in the dark, and latency to enter the light side were
used as outcome measures. Distance on each side and transitions were not used because

hyperactivity in Btbd3 KO mice would confound the results.

Olfactory dis/habituation

The olfactory dis/habituation test was used to assess olfactory sensation as previously de-
scribed [406]. Mice were placed in a cage. Cotton swabs were dipped in odorant and lowered
into the cage for 60 seconds, followed by a 2-minute intertrial interval. Each odorant had 3

trials in a row to habituate the animal. Then a novel odorant was introduced and repeated
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for a total of 3 trials. The number of sniffs was recorded. The first odorant was always

water, followed by isoamyl acetate or ethyl acetate in a counterbalanced fashion.

Olfactory memory

The olfactory memory test was used to measure the memory retention of a familiar odor
as previously described [406]. Stimuli were presented in the same setup as for olfactory
dis/habituation. Animals were first exposed to ethyl vanillin for a period of 4 minutes to
habituate them to the stimulus. An hour later, animals were exposed to ethyl vanillin again
for a second trial of 4 minutes. If the animal remembers the odorant, they are expected to

sniff the stimulus less during the second trial than the first.

Whisker brushing

Whisker brushing was performed as previously described[76]. Briefly, animals were scruffed
in one hand while the other brushed the distal end of the whiskers on each side of the
face. Turning the face during or just after whisker brushing was considered indicative of a

response.

Footprint test

The footprint test was used to assess motor coordination and balance as previously described
[@9]. Animals were placed in a corridor (70 cm long) lined with paper. First, animals
underwent a habituation phase (2, 10 minute sessions) to train them to run the corridor.
A chunk of milk chocolate was placed at the end of the corridor. The end of the corridor
was covered to make it dark. Animals were scruffed and front paws were painted one color
and hind paws were painted a different color. Animals were then placed at the beginning
of the corridor and allowed to explore the corridor. If the animal reached the end of the

corridor and the chocolate reward, they were placed back at the start with a fresh piece of
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chocolate at the end. In the test phase, the corridor was lined with fresh paper and a piece
of chocolate. The animal’s paws were painted and then the animal was placed at the start.
As soon as the animal reached the end of the corridor or turned around in the corridor,
the animal was removed and the trial was over. The test phase was repeated for a total
of three trials or until a clear set of footprints with the animal moving in a straight path
was obtained. Output measures were stride length (distance between footfalls with the same
foot), overlap (distance between the center of the plantar of the fore and hind limb on the

same stride), and base width (distance between the fore or hind feet on the same stride).

Fluoxetine metabolism

Male Btbd3 W'T, HT, and KO mice were treated with fluoxetine in the drinking water at a
concentration of 80 mg/L for a target dose of 10 mg/kg/day. After four weeks, animals were
sacrificed and trunk blood was collected in tubes coated with EDTA. Samples were spun down
and plasma layer pipetted off into new tubes. Plasma samples were sent to the Analytical
Psychopharmacology Laboratories to measure fluoxetine and norfluoxetine levels using liquid
chromatography with fluorescence detection (Nathan Kline Institute, Orangeburg, NY, USA)

[344].

Novelty-induced hypophagia

Animals were treated continuously with fluoxetine, desipramine, or control in the drinking
water (as in main methods) for four weeks. Novelty-induced hypophagia (NTH) testing
was then performed as previously described [96]. Briefly, mice underwent three days of
training to consume sweetened condensed milk. The following day, mice were presented
with sweetened condensed milk in the home cage for 30 minutes and tested for latency to
drink and consumption volume. The following day, mice were presented with sweetened

condensed milk in a novel cage with no bedding and bright lighting for 30 minutes and
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latency to drink and consumption volume were recorded.

Btbd3 qPCR

Btbd3qox mice were infused with Cre recombinase or control virus (see main methods) into
hippocampus at P2. Brains were extracted and snap frozen at eight weeks. Tissue punches
were taken from hippocampus and stored at -80°C until RNA purificaiton. Placement of viral
infusion was verified during tissue punching by shining a UV light briefly over the tissue and
visualizing fluorescence in hippocampus. RNA was purified as above. qPCR was performed
using the KAPA SYBR FAST One-Step assay (KAPA Biosystems, Wilmington, MA, USA).
Btbd3 primers: (5’ to 3’): CGTAAGAAGCCAGCCAACTC and CCCAACCACAAAATG-
TACGTC (Integrated DNA Technologies, Inc., Coralville, IA,; USA). B-actin was used as

the reference gene (Integrated DNA Technologies, Inc.).

Western blot

Btbd3 g mice were infused with Cre recombinase or control virus (see main methods) into
hippocampus at P2. Brains were extracted and snap frozen at eight weeks. Tissue punches
were taken from hippocampus and stored at -80°C until cell lysis. Placement of viral infusion
was verified during tissue punching as above. Cells were lysed and protein quantified using
the BCA assay. 20 ug protein was loaded into NUPAGE 10% Bis-Tris gels (Cat#: NP0301;
ThermoFisher Scientific), and run at 200 V for 50 minutes. Protein was then transferred
to 0.45 pm PVDF membrane (Cat#: IPFL00010; Millipore Sigma, Billerica, MA, USA)
at 30 V for 50 minutes. The membrane was washed in TBST and incubated in blocking
buffer for 1 hour at room temperature. The membrane was then incubated in 1:200 rabbit
anti-BTBD3 (Cat#: HPA042048; Atlas Antibodies, Bromma, Sweden) or 1:10,000 rabbit
anti-GAPDH (Cat# 2118; Cell Signaling Technology, Inc., Danvers, MA, USA) primary

antibody overnight at 4°C. The membrane was washed in TBST then incubated in 1:1000
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HRP-conjugated anti-rabbit secondary antibody (Cat#: 7074S; Cell Signaling Technology,
Inc.) for one hour at room temperature. The membrane was washed in TBST then incubated
in chemiluminescent substrate (Cat#: PI34080; Fisher Scientific) for 5 minutes at room
temperature before visualizing on film (Cat#: E3018; Denville Scientific Inc., Holliston, MA,
USA). Film was scanned using a transparency scanner. Bands were analyzed in ImageJ [319].
Background was removed using a rolling ball radius of 200 pixels. Standard densitometry

analysis was performed to normalize BTBD3 bands to GAPDH bands within each lane.

shRNA Btbd3 knockdown pilot

Juvenile C57BL/6J mice (postnatal day 21 + 1) received intracranial infusions of shRNA
against Btbd3: AAV1-CAG2-tdTomato-WPRE-U6-mBTBD3-shRNA (Vector Biolabs, Malvern,
PA, USA) or scrambled shRNA: AAV1-CAG2-tdTomato-WPRE-U6-scrambled-shRNA (Vec-
tor Biolabs) into hippocampus (3.28 mm posterior, + 2.5 mm lateral, and 3.5 mm ventral of
bregma) using a standard stereotaxic setup. Animals were anesthetized using isoflurane and
secured in the stereotaxic. An incision was made to expose the skull and skin pulled back.
Bregma was identified and the coordinates measured. The dorsal-ventral coordinate was
measured at lambda as well to ensure that the head was level. Coordinates were determined
relative to bregma. Holes were drilled in the skull above the target regions. Infusions were
performed using a syringe pump (Harvard Apparatus) equipped with a 10 ul syringe (Hamil-
ton Company) connected to tubing and a 28 gauge cannula (Plastics One). The cannula
was lowered to the target coordinate and 1.0 ul virus infused at a rate of 0.2 ul/min. The
cannula was then left in place for an additional 5 minutes to allow virus to diffuse before
slowly retracting the cannula. The process was repeated for the opposite hemisphere. The
scalp was stapled closed and the animal monitored closely during the post-operative period.
Four weeks later, animals were assessed in the open field (30-minute test) and nest building

(8-hour variation) tests.
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Fos RNA quantification

Tissue punches were taken from fresh frozen brains of Btbd3 W'T, HT, and KO mice.
Quantitative real time polymerase chain reaction (qPCR) was performed as previously
described[I65]. In brief, RNA was isolated with the RNeasy Lipid Tissue mini Kit (Qia-
gen, Germantown, MD). ¢cDNA was produced by reverse transcription (Life Technologies,
Grand Islands, NY). qPCR was performed using TaqgMan gene expression assays for Fos
(Life Technologies) and eukaryotic 18S (Life Technologies). Fold change expression values

were determined using the comparative Ct method [3TR].

4.5.2  Results

Behavioral effects of Btbd3 expression in mice are specific

In the PLT, a trend was identified for a main effect of genotype on the proportion of win-
stay responses on the target hole (Figure IEIA)(F(Z?A) = 2.93; p = .07). No effect of
genotype on proportion of lose-shift responses on the non-target were identified (Figure EZ5B).
Animals were assessed in the Go/No-Go paradigm to measure response inhibition (n = 11-
16/genotype, all male). No differences among the genotypes were identified for learning the
task, as measured by d’ (Figure B5C)(F (2,36) = 1.05; p = .36). Genotype did not affect false
alarm rate (Figure BHD). However, genotype had a main effect on premature responding
(Fo,36) = 3-45; p<.05). Post hoc tests revealed that Btbd3 HT and KO mice had lower
instances of premature responding than WT mice (Figure B5E). PPI testing was performed
to measure sensorimotor gating (n = 14-15/genotype/sex). Genotype did not affect PPI
(Figure BGF)(F (5 g9y = -93; p = .39) or startle amplitude (Figure B3G)(F 5 g9y = 1.12; p =
.33). Animals were assessed in the light/dark paradigm to evaluate anxiety-like behavior (n
= 15/genotype/sex). No significant effects of genotype on primary outcome measures were

identified. A main effect of side of the chamber was found for duration (F(1,84) = 140.97;

121



A1_2' Genotype p<.10 B.: 11 C.45' 6]
: gg- 1 407 51
2101
21.0 g 8] X 351 4]
2 [
2081 = .30 37
o- =4 4 &
6 ] o 21
= w0 ©.25 5.2
& 0.6 251 ] ]
7 2 .20 A
E EXY
iﬂ“’ g 5] 15 0
- g, 2107 -1
% 0.2
=02 2 4] 057 29
0 0 0- -3
WT HT KO WT HT KO WT HT KO
67 .70 7 127 - WT
] > HT
51 ] [ J® 861 L 210] KO
@ = .60 F 2
T o, o @5 2 .1
x4 £.55 g g8 \
£ S 74 x / \
83 < 4 * £ 6
< @ = * 5
P .45 o3 1 ]
» N o 3 £
w .2 w40 ] 5 4
£ g, 2
o
] .35 I3
A oy 2
.30
0 .25 0 0
WT HT KO WT HT KO
. M Dark
E G H Cltight [
60 140 7 500 80
g b
50 1204 T 450 70 T
< @ 400
s 1 =P 60
B 40 g1 3507 5
£ E — S 3001 0507
£ < 80 k=) @
230 ° E 250 240
2 5 60 & 2001 B
£20 @ 150 1 2
40 =
% | 204
104 201 100 1
50 10
0 0 0- 0
WT HT KO WT HT wT HT KO
J 257 450 1.357
P I 4007 130 =
£ 27 350 [ [
g | - 1.257
217 2300 =
2 151 2 £
ER E 550 £1.20
e £250 g
i~ 5200 @ 154
3 .1 = .
2 ]
3087 o150 1.101
051 100
.03 50 1.057
0 0 1
WT HT KO wr HT KO WT HT KO

Figure 4.5: Behavioral deficits in Btbd3 knockout mice are selective. A-B show measures
in the probabilistic learning task (related to Figure 1D-F): proportion of win-stay responses
on the target hole (A) and proportion of lose-shift responses on the nontarget hole (B).
C-E show measures in the go/no-go task: sensitivity index d’ (C), false alarm rate (D), and
premature responding (E). F' shows prepulse inhibition. G shows startle amplitude. H-I
show the light /dark test: time spent on the dark versus light side of the box (H) and percent
distance traveled on the dark side of the box (I). J-L show open field measures (related to
Figure 1H-J): proportion of total distance traveled in the center (J), time spent in the center
(K), and spatial d (L). Results are expressed as mean £ SEM. *Significant difference from
WT mice. WT: wild-type; HT: heterozygous; KO: knockout.

p<.0001), indicating that animals spent more time on the dark side of the chamber. No

genotype by side interaction for duration was found (Figure BZ3H). Percent distance in the
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dark was used as a primary outcome measure to normalize to total activity, in light of the
hyperactivity identified in Btbd3 KO mice in the open field. Percent distance traveled in the
dark did not differ among the genotypes (Figure BZ8I). No effect of genotype was identified
on percent of total distance traveled in the dark side of the chamber. In the open field, no
effect of genotype was identified for proportion of distance traveled in the center (Figure
AHJ) or time spent in the center (Figure BZ5K). There was no effect of genotype on spatial
d (Figure B35L).

Btbd3 KO mice do not have major sensory or motor deficits

We next screened Btbd3 KO mice for deficits in basic sensory and motor functioning, as Btbd3
is robustly expressed in regions of high sensory acuity [234] and in the cerebellum [219]. An-
imals were assessed for olfactory sensitivity in the olfactory dis/habituation paradigm (n =
11-12/genotype/sex). A main effect of trial was identified (Figure BOA)(F (9 130y = 13.72;
p<.0001). No effects of genotype were found. Animals were assessed for olfactory memory
in the olfactory memory paradigm (n = 11-12/genotype/sex). A main effect of genotype
was identified for number of sniffs (F(2,65) = 7.45; p<.005). Post hoc tests revealed that
Btbd3 KO mice sniffed significantly more than HT or WT mice. However, no genotype
by trial interaction was identified (Figure ETOB)(F (5 g5y = 1.39; p = .25). Whisker brush-
ing was performed to assess whisker reflexes (n = 15/genotype/sex). No effect of genotype
was found for left (Figure BBC) or right (Figure BBD) whisker responsiveness. The foot-
print test was performed to assess effects of Btbd3 expression on motor coordination (n =
12/genotype/sex). A trend for a main effect of genotype was identified for forelimb stride
length (Figure BGE)(F (9 65) = 2.76; p = .07). However, post hoc tests revealed that no
genotypes were significantly different from each other. No effect of genotype was identified
for hind-limb stride length (Figure ZEEF)(F(2765) = 2.35; p = .10). No effects of genotype
were identified on fore- (Figure BBG) or hind-limb base width (Figure BGH). No effect of
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Figure 4.6: Behavioral deficits in Btbd3 knockout mice are not due to gross impairments in
sensory or motor function. A shows olfactory dis/habituation. B shows olfactory memory.
C-D show whisker responsiveness. E-I show the footprint test: forelimb stride length (E),
hindlimb stride length (F), forelimb base width (G), hindlimb base width (H), and overlap
(I). J shows bodyweight. Results are expressed as mean + SEM, with the exception of C-D
which are categorical data and show instances. *Significant difference from WT mice. WT:
wild-type; HT: heterozygous; KO: knockout.
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genotype was identified for overlap (Figure B8I). A main effect of genotype was identified
for bodyweight (Figure B0J)(F (9 66) = 26.30; p<.0001). Post hoc tests revealed that Btbd3

KO mice weighed significantly less than Btbd3 W'T or HT mice.

Effects of Btbd3 expression on barbering responsiveness to fluoxetine are spe-
cific

Plasma fluoxetine levels were measured to determine wither genotype-specific effects of flu-
oxetine on barbering behavior could be due to differential fluoxetine metabolism (n = 4-
6/genotype, all male). No effects of genotype were identified on plasma fluoxetine (F(2,12)
= .62; p - .55) or norfluoxetine levels (F(o19) = .21; p = .82)(data not shown). To test
if Btbd3 KO mice are generally insensitive to antidepressants, animals underwent novelty-
induced hypophagia (NIH) testing after chronic treatment with fluoxetine, desipramine, or
vehicle (n = 8-10/genotype/sex/treatment). For desipramine, a treatment by cage interac-
tion was identified for latency to drink the sweetened condensed milk (Figure MA)(F(L%)
= 10.78; p<.005). Post hoc tests revealed that animals had a significantly greater latency
to drink in the novel versus the home cage within both the vehicle and desipramine treat-
ment groups. Post hoc tests also revealed that desipramine reduced latency to drink in
both the home and novel cage. A treatment by cage interaction was also identified for total
consumption of sweetened condensed milk (Figure BZaB)(F (1,100) = 6.43; p<.05). Post hoc
tests revealed that animals drank less in the novel versus the home cage within both the
vehicle and desipramine treatment groups. Post hoc tests also revealed that desipramine in-
creased consumption relative to vehicle only within the novel cage condition. For fluoxetine,
a main effect of treatment on latency was identified (F(1,99) = 5.16; p<.05), with fluoxetine
decreasing latency to drink across cage conditions (Figure BZ2C). A main effect of cage was
also identified (F(ng) = 159.40; p<.0001), where animals had a greater latency to drink in

the novel versus the home cage. For consumption, a main effect of treatment was identified

125



[ vehicle
[ Desipramine
M Fluoxetine

H

*

vs]

Total Consumption (ml}

ha
)

o
1

e
o
L

e
o
L

<
=
s

e
]
L

cy (i

Lates

Fluoxetine p<.05
Cage p<.0001

Total Consurmption (ml)
o
@

O

o -
o

o -
=

2
ha

L
e

Fluoxetine p<.0005
Cage p<.0001

Home Novel Home Novel Home Novel Home Novel

o
(=]
o
(=]

Figure 4.7: Effects of Btbd3 expression on responsiveness of barbering to fluoxetine are not
due to general insensitivity to antidepressant treatment. A-D show effects of desipramine
(A-B) and fluoxetine (C-D) on novelty-induced hypophagia, measured in latency to drink
sweetened condensed milk (A,C) and total consumption of sweetened condensed milk (B,D).
Results are expressed as mean + SEM. *Significant difference from vehicle within condition.
#Significant difference from home cage condition within treatment condition.

(F(1,102) = 15.23; p<.0005), with fluoxetine reducing consumption across cage conditions
(Figure B7D). A main effect of cage was also identified (F(sz) = 146.09; p<.0001), where

animals consumed less sweetened condensed milk in the novel cage overall.

Cre recombinase successfully knocks down Btbd3 expression in Btbd3 g, mice

Because the Btbd3q,x mouse is a custom CRISPR floxed mouse and the Cre virus used (see
main methods) was custom designed, a series of experiments were performed to confirm that
the Cre/loxP system was working properly to knockdown Btbd3 expression. First, qPCR
was performed to measure Btbd3? RNA expression in hippocampus of 8-week old Btbd3 gy
mice that were infused with Cre-containing or control virus at P2 (n = 2-7/virus). A main
effect of virus was identified (Figure BBA)(F(q 7) = 46.39; p<.0005). A western blot was
performed to determine BTBD3 protein levels in hippocampus of 8-week old mice infused
with Cre-containing or control virus at P2 (n = 3/virus). A main effect of virus was identified
(Figure ZEEB—C)(F(IA) = 22.10; p<.01). An example of tdTomato fluorescence marking the

cells infected with virus in hippocampus is shown in Figure E=8D.
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Figure 4.8: Cre virus successfully knocks down Btbd3 expression in Btbd3 g, mice. A shows
Btbd3 RNA. B shows BTBD3 protein. C shows BTBD3 (top) and GAPDH (bottom) bands
from the western blot. D shows an example of tdTomato expression in hippocampus. Results
are expressed as mean = SEM. *Significant difference from control virus. CTRL: control.

Hippocampal Btbd3 knockdown blunts habituation to novelty in the open
field

See the main text for primary statistics for Figure B23. For distance traveled, post hoc
ANOVASs revealed a main effect of bin within each virus condition. Thus, subsequent bins
were compared within each virus condition to examine habituation to novelty (Figure B23B).
Post hoc tests revealed a significant difference between distance traveled in bins 1 and 2,
and between bins 2 and 3, within the control condition, whereas there were no differences
between sequential bins within the Cre condition. Next, each bin was tested against the
final, 9*® bin within each virus condition to further examine habituation to novelty. Within
the control condition, bins 1-5 had elevated activity above that found in bin 9. In contrast,
within the Cre condition, only bins 1-2 had elevated activity above that found in bin 9. For
instances of vertical rearing, post hoc ANOVAs revealed a main effect of bin within each
virus condition. Neither virus condition showed differences between subsequent bins. When
compared to bin 9, bins 1-5 had higher instances of rearing in the control condition. In the

Cre condition, bins 2-4 had higher instances of rearing than in bin 9. For time spent rearing,
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post hoc ANOVAs identified a main effect of bin within each virus condition. Post hoc tests
revealed no significant differences between subsequent bins within either the control or Cre
virus conditions. Within the control condition, bins 1-4 had greater time spent rearing than
bin 9, whereas no bins were significantly different from the final bin within the Cre virus
condition. For proportion of distance traveled in the center, post hoc ANOVAs revealed a
main effect of bin within each virus condition. Post hoc tests revealed a significant difference
between bins 1 and 2 and between 2 and 3 within the control condition, whereas within the
Cre condition only the difference between bins 1 and 2 was significant. Within the control
condition, bins 1-6 had elevated proportion center distance over bin 9. In contrast, within
the Cre virus condition, no bin was significantly different from bin 9. For time spent in the
center, post hoc ANOVASs revealed a main effect of bin within each virus condition. Post hoc
tests revealed an increase in center time between bins 1 and 2 within the Cre virus condition.
No subsequent bins were significantly different in the control virus condition. Within the
control condition, bins 2 and 4 had greater center time relative to bin 9. In contrast, within
the Cre virus condition, no bins showed different center time from the final bin. For spatial
d, a main effect of bin was identified within each virus condition. Post hoc tests revealed an
increase in spatial d between bins 1 and 2 within both the control and Cre virus conditions.
Post hoc tests also revealed an increase in spatial d between bins 1 and 9 within both the

control and Cre virus conditions.

Dorsal hippocampal Btbd3 knockdown does not preserve all effects seen in

the general hippocampal knockdown

The first cohort of hippocampal knockdown mice (see main text, Figure B=3) had infusions
that robustly infected cells throughout the hippocampus, consistently peaking in the ventral
hippocampus. A second cohort (n = 5-13/virus/sex) received infusions at more anterior

coordinates (see main methods) that consistently robustly infected cells in early dorsal hip-
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Figure 4.9: Dorsal hippocampal Btbd3 knockdown does not recapitulate most of the behav-
ioral deficits found in full hippocampal Btbd3 knockdown mice. A shows wheel-running in
the dark cycle. B shows distance traveled in the open field. C-D show vertical rearing in the
open field. E-F show center activity in the open field. G shows spatial d in the open field.
H shows the number of marbles buried in the marble-burying task. I shows the remaining
portion of the nestlet by weight left unused for building a nest at the end of the task. Re-
sults are expressed as mean + SEM. *Significant difference from control virus. #Significant
difference from females within virus condition. CTRL: Control

pocampus and that were primarily contained within the dorsal half of the hippocampus.
No effect of virus was identified on wheel-running (Figure Z9A). In the open field, no main
effect of virus was identified on total distance traveled (Figure B9B), instances of vertical

rearing (Figure B9C), time spent rearing (Figure Z29D) or proportion of distance traveled

129



in the center (Figure B9E). While there was no main effect of virus on time spent in the
center (Figure Z9F), an interaction between virus and sex was identified (F(ng) = 8.02;
p<.01). Post hoc tests revealed more time spent in the center in Cre versus control animals
within the males, but not females. Post hoc tests also revealed that males spent less time
in the center than females within the control condition, but more time in the center within
the Cre condition. No effect of virus was found for spatial d (Figure B9G). In the marble
burying paradigm, no effect of virus was identified for number of marbles buried (Figure
EEQH)(F(1733) = .83; p = .37). In the nest building paradigm, a main effect of virus was
identified for percent nestlet remaining intact at the end of the test (Figure EI)(F(q 33) =
11.53; p<.005).

Hippocampal Btbd3 knockdown in adolescence recapitulates some effects of

global knockout

In a pilot experiment, Btbd3 expression was knocked down at an advanced developmental
time point to assess whether the critical period for effects of Btbd3 expression is confined to
the neonatal period. Juvenile mice (P21+1 day) were infused with an shRNA virus against
Btbd3 or a scrambled virus and open field and nest building were assessed four weeks later
(n = 3-4/virus/sex). In the open field, a trend was identified for a main effect of genotype
on distance traveled (F(l,ll) = 4.80; p = .051). A virus by sex interaction was identified for
distance traveled (F(l,ll) = 6.75; p<.05). Post hoc tests revealed that sSiRNA against Btbd3
increased distance traveled relative to scrambled shRNA in females, but not males (Figure
ATdA). No effect of virus was identified for instances of vertical rearing (Figure E10UB) or
time spent rearing (Figure ZI0C). A trend for a main effect of virus on proportion of distance
traveled in the center was found (Figure BTOD)(F(y 11) = 3.77; p = .08). A virus by sex
interaction was identified for time spent in the center (F(l,ll) = 5.82; p<.05). Post hoc tests

revealed that Btbd3 shRNA increased time spent in the center for females, but not males
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Figure 4.10: Effects of hippocampal Btbd3 knockdown are not exclusive to the neonatal
developmental window. A shows distance traveled in the open field. B-C show vertical
rearing in the open field. D-E show center activity in the open field. F shows spatial d in the
open field. G shows the remaining portion of the nestlet by weight left unused for building
a nest at the end of the task. Results are expressed as mean + SEM. *Significant difference
from control virus. 4+Trend level difference from control virus. CTRL: Control

(Figure B10E). Virus had no effect on spatial d (Figure BI0F). In the nest building test
(8-hour variation), a main effect of virus was identified for percent nestlet remaining at the
end of the test period (F 11y = 6.31; p<05) with animals receiving shRNA against Btbd3

leaving a greater percentage of nestlet remaining intact.
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Figure 4.11: No effect of Btbd3 genotype on Fos RNA levels. A-F show fold change of Fos
RNA expression in hippocampus (A), anterior cingulate cortex (B), mediodorsal thalamus
(C), caudate putamen (D), nucleus accumbens (E), and orbitofrontal cortex (F). Results are
expressed as mean += SEM. WT: wild-type; HT: heterozygous; KO: knockout.

No effects of Btbd3 expression on regional brain activity

qPCR for Fos expression was performed to assess effects of Btbd3 genotype on activity levels
in key brain regions. In the first experiment, orbitofrontal cortex, ACC, mediodorsal thala-
mus, and caudate putamen were evaluated (n = 3-13/genotype, all female). No significant
effects of genotype were identified for any region tested: hippocampus (Figure Z1TA), ACC
(Figure B11B), mediodorsal thalamus (Figure BI1C), caudate putamen (Figure BI1D), nu-
cleus accumbens (Figure EZIIE) or orbitofrontal cortex (Figure BTIIF). Several of these brain

regions were tested in an additional cohort, again with no significant effects.
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CHAPTER 5
DISCUSSION

5.1 Overview

This work focused on identifying neural underpinnings of behaviors with relevance to OCD
in mouse models. The goal of this work was to contribute to our knowledge of the pathophys-
iology of OCD with the hope of ultimately leading to improved therapeutic options. While
this work focuses on OCD, compulsivity has emerged in recent years as a transdiagnostic
trait [375]. This shift in thinking is reflected in the most recent edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-5)[15], in which OCD was moved from
the anxiety disorders section to a new section entitled “Obsessive-Compulsive and Related
Disorders.” Even still, much of the transdiagnostic work on compulsivity incorporates psy-
chiatric disorders outside this section of DSM-5, such as binge-eating disorder and substance
use disorders [375]. Thus, the applicability of work on compulsive behavior is in a state
of expansion, and aspects of the present work could ideally have broader implications for
compulsive behavior.

Here, in Chapter 2, we sought to dissect effects of canonical versus noncanonical signaling
pathways in the 5-HT1BR-induced mouse model of aspects of OCD. In Chapter 3, we used
the 5-HT1BR-induced model to assess effects of ketamine, a putative fast-acting anti-OCD
treatment [39, 305], on 5-HT1BR-induced OCD-like behavior. In Chapter 4, we implicated
putative OCD risk gene BTBD3 [347] in goal-directed and exploratory behavior with an

integral role for hippocampus. Thus, these studies approached OCD from several angles,

from treatment, to genetics, to cell signaling pathways.
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5.1.1 Chapter 2 - Summary

The goal of chapter 2 was to determine which downstream cell signaling cascades contribute
to behavioral deficits in the 5-HT1BR-induced mouse model of OCD. This information would
shed light on a novel aspect of the mechanism underlying 5-HT1BR-induced OCD-like be-
havior with the ultimate goal of refining treatment options for OCD. G-protein-coupled re-
ceptors were previously thought to signal primarily through a G-protein-initiated signaling
cascade, but were recently found to signal through noncanonical pathways as well [218]. Fur-
thermore, different ligands selectively bias signaling toward G-protein versus noncanonical
pathways, opening up the possibility of developing more selective treatments [T97]. We used
a combined pharmacological and genetic approach to selectively block either the canonical,
G-protein-coupled pathway (by way of GSK-3 inhibition), or a noncanonical, S-arrestin2-
mediated pathway. We found that S-arrestin2 KO blunted 5-HT1BR-induced hyperactivity
in the open field and PPI deficits. GSK-3 inhibition had no effect on 5-HT1BR-induced
OCD-like behavior in the open field, but did ameliorate 5-HT1BR-induced PPI deficits.
However, GSK-3 inhibition had fewer effects on 5-HT1BR-induced OCD-like behaviors than
[-arrestin2 KO mice and actually worsened locomotor perseveration in the open field. Thus,
we suggest that compounds biased toward the noncanonical S-arrestin2 pathway holds more

promise for development of novel therapeutics for OCD.

5.1.2  Chapter 2 - Limitations and future directions

This set of experiments has some limitations. [-arrestin2 KO mice are hypoactive, mak-
ing interpretation of behavioral measures in the open field difficult. Several other studies
have bypassed this issue by extensively habituating animals to the open field prior to drug
challenge [B0, 67]. However, we believe this may simply occlude, rather than eliminate the
genotype effect due to a floor effect on activity. Thus, we matched animals for baseline activ-

ity levels. However, this method has the downside of a loss in power with the substantially
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reduced sample size.

We used [-arrestin2 KO mice to block the (-arrestin2-mediated noncanonical signaling
pathway because no f-arrestin2 inhibitors were commercially available. However, compen-
satory effects of constitutive knockout cannot be ruled out, and thus our findings will need to
be confirmed using a selective S-arrestin2 inhibitor once one becomes available. In the mean-
time, there are some improvements over using a constitutive S-arrestin2 KO. For example, a
p-arrestin2 floxed mouse was recently developed [363]. Thus, future experiments could use
viral-mediated gene transfer approaches to knockdown [-arrestin2 expression in adulthood
followed by assessment in the 5-HT1BR-induced model. This design would resolve the issue
of compensatory effects of absence of g-arrestin2 expression during development. In addi-
tion, this setup would allow for region-specific dissection of S-arrestin2-mediated OCD-like
behavioral effects of RU24969 treatment. Since OCD-like behavior in the 5-HT1BR-induced
model is mediated through 5-HT1BRs in the orbitofrontal cortex [324], this would be the
logical target region to start with for these studies. However, since the main aim of this work
was to identify signaling pathways to inform more selective treatments, these basic experi-
ments have the tradeoff of being less translational. Thus, confirmation of effects identified
in the g-arrestin2 KO using a [-arrestin2 inhibitor will still be of great utility for informing
development of novel treatment options for OCD.

GSK-3 inhibitor SB216763 reduced RU24969-induced PPI deficits. However, these effects
were confined to the second block of testing, were only seen with 3 mg/kg, but not 10 mg/kg
RU24969 treatment, and were not strong effects. We did confirm that the negative findings
for GSK-3 inhibition on RU24969-induced OCD-like behavior in the open field were not due
to late onset of SB216763 effects, but did not test PPI at a later time point. Testing PPI
at a later time point could serve to determine whether the block-dependent effect of GSK-3
inhibition on PPI is due to suboptimal SB216763 pretreatment timing. Furthermore, AR-
A014418, a second GSK-3 inhibitor, was tested with 10 mg/kg RU24969 but not 3 mg/kg
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RU24969. Thus, future studies could confirm the mitigating effects of GSK-3 inhibition on
5-HT1BR~induced PPI deficits by replicating these effects with a second GSK-3 inhibitor,
AR-A014418, at the 3 mg/kg dose of RU24969.

5.1.3 Chapter 3 - Summary

In Chapter 3 we sought to determine whether ketamine would mitigate OCD-like behavior
in the 5-HT1BR-induced model. Preliminary evidence suggests that ketamine works as a
fast-acting anti-OCD medication [39, B05]. However, this effect has yet to be thoroughly
confirmed. We found that 3 mg/kg ketamine, the lowest dose tested, was the only dose
that effectively mitigated OCD-like behavior in the 5-HT1BR-induced model. On the other
hand, a ten-fold higher dose of ketamine (30 mg/kg), which has had positive results in a
rodent model of posttraumatic stress disorder [239], acutely exacerbated 5-HT1BR-induced
behavioral deficits. Interestingly, at the 24-hour time point, this high dose caused behavioral
changes in the opposite direction to RU24969, suggesting a possible delayed protective effect
of high dose ketamine against OCD-like behavior. These dramatic differences between doses
indicate that careful titration of ketamine dose in OCD patients may be warranted, and that
doses should not be assumed equivalent across disorders.

Furthermore, we found that serotonin-reuptake inhibitor (SRI) fluoxetine was not acutely
effective in the 5-HT1BR-induced model. We have shown previously that chronic, but not
subchronic, fluoxetine treatment, administered continuously in the drinking water amelio-
rates OCD-like behaviors in the 5-HT1BR-induced model [323, 824], indicating that the
model is sensitive to therapeutic onset. However, we had never tested effects of an acute
injection of fluoxetine. Because ketamine has rapid antidepressant and anti-OCD effects
in humans, it can be ambiguous whether acute effects in animal models are truly rapid
therapeutic-like effects Thus, we demonstrated that fluoxetine, an OCD-effective treatment

after chronic administration, was not effective acutely. This result indicates that effects
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of ketamine seen at acute time points may reflect true onset. Importantly, these findings
demonstrate that the 5-HT1BR-induced model is capable of identifying novel OCD treat-
ments, as ketamine has a very different pharmacological profile from that of classic OCD

treatments such as SRI fluoxetine.

5.1.4 Chapter 8 - Limitations and future directions

There are a few limitations to this work. The effects of 3 mg/kg ketamine treatment required
pooling across time points to power significant effects. These studies should be replicated
in larger cohorts to confirm our findings and to gain time point-specific information about
ketamine efficacy in the 5-HT1BR-induced model. Once this has been established, the time
point of offset for effects of ketamine should be determined by testing time points extending
past 24 hours. Furthermore, because the lowest dose tested was the only effective dose
identified, we do not know the optimal dose. Thus, lower doses of ketamine should be tested
in order to identify the optimal dose. Finally, the delayed protective effects of high dose
ketamine warrant further investigation. Since some of the effects were only trend-level, these

effects should be confirmed in a larger cohort.

5.1.5 Chapter 4 - Summary

In Chapter 4 we sought to determine if putative OCD risk gene BTBDS3 plays a role in
behavior, and if so, if these behaviors are relevant to OCD. The first genome-wide significant
single nucleotide polymorphism for OCD is downstream of the BTBDS gene and is an
expression quantitative trait locus for BTBD3 [342], but has yet to be replicated. Thus,
we sought additional evidence of a role for BTBDS in OCD by assessing effects of Btbd3
expression on OCD-relevant behaviors in mice. This is the first characterization of a genome-
wide significant hit for OCD; all published genetic models of OCD use genes from candidate

studies [B9R| or were identified fortuitously [I52, 327, BR0]. Btbd3 KO mice were found to
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have deficits in measures of goal-directed behavior and exploration. Many of these deficits
were found to be mediated through the hippocampus. This was determined by knocking
down Btbd3 expression in hippocampus of neonatal mouse pups, then assessing them for
behavior in adulthood. Preliminary evidence suggests that these effects may be mediated
primarily through ventral hippocampus, and that the critical window for these effects is
likely not confined to the neonatal period. Surprisingly, no dendritic morphology changes
were identified in hippocampus of Btbd3 KO mice, but some tentative effects were found in
anterior cingulate cortex (ACC) layer II/III pyramidal neurons and mediodorsal thalamus
stellate neurons. Overall, these findings suggest that BTBD3 is of relevance to OCD and may
mediate goal-directed behavior through hippocampal regulation of exploration and response

to novelty.

5.1.6 Chapter 4 - Limitations and future directions

As this is the first report of behavioral implications of Btbd3 expression, there are many
future directions for this work. First, the subregion of hippocampus implicated in behav-
ioral effects of Btbd3 expression should be confirmed in a neonatal ventral hippocampal
knockdown cohort. While negative effects in the dorsal hippocampus cohort point to this
as a likelihood, it is possible that dorsal and ventral hippocampus work together to con-
fer the OCD-relevant behavioral deficits. In addition, the dorsal hippocampus knockdown
cohort had a smaller sample size than the full hippocampus knockdown cohort, rendering
negative results and sex effects tentative. Next, the critical period for Btbd3 expression in
hippocampus should be identified. Btbd3 expression dramatically increases in early post-
natal development, then levels off and remains sustained throughout adulthood [247]. The
preliminary results in juvenile mice suggest that Btbd3 expression later in development is still
important for maintaining normal behavior. Thus, Btbd3 knockdown should be performed in

adulthood to determine if Btbd3 is needed constitutively to maintain normal behavior, or if
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there is a developmental critical window for expression. The hippocampal Btbd3 knockdown
studies performed in Chapter 4 establish that hippocampal Btbd3 expression is necessary for
OCD-relevant behavior. Whether hippocampal Btbd3 expression is sufficient to rescue nor-
mal behavior should be tested as well, by infusing a virus expressing Btbd3 into hippocampus
of global Btbd3 knockout mice. The appropriate time point for these studies should be in-
formed by the knockdown critical window experiments suggested above. Furthermore, while
exploration was thoroughly measured in the hippocampal Btbd3 KD cohorts, goal-directed
behavior was not. Barbering was not practical to assess in these cohorts, as the penetrance is
low and would thus require very large sample sizes. Probabilistic learning was also not tested
in these cohorts. Probabilistic learning should be tested in a follow-up hippocampal Btbd3
knockdown cohort to confirm the role of hippocampus in Btbd3-dependent goal-directed
behavior.

The molecular mechanism underlying behavioral effects of Btbd3 in hippocampus remains
to be identified. No effect of genotype was identified for Fos expression, a marker of neuronal
activation [266]. However, Fos levels were low overall, likely due to generally low levels of Fos
expression in the absence of stimulation [266]. Thus, this negative finding is not stated with
confidence. Fos could be measured using a more sensitive technique, such as immunohisto-
chemistry, or a different marker of activity could be used. No dendritic morphology changes
were identified in Btbd3 KO hippocampus, although not every subregion of hippocampus
was evaluated. In addition, dendritic morphology analysis was not segregated by dorsal or
ventral portions of the hippocampus. If ventral hippocampus is the primary driver of effects
of Btbd3 expression on OCD-relevant behavior, changes in dendritic morphology may have
been diluted by including dorsal hippocampal neurons in the analysis. The significant and
trend-level effects of genotype on dendritic morphology in ACC and mediodorsal thalamus
warrant further investigation as well. These borderline results suggest that this sample may

have been underpowered to detect genotype effects. Thus, dendritic morphology results
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should be confirmed in a larger cohort. These findings in other key brain regions also serve
as a reminder that areas other than the hippocampus likely play a role in behavioral effects
of Btbd3 expression. This could be explored through knocking down Btbd3 expression in

ACC or mediodorsal thalamus and evaluating behavior in adulthood.

5.2 Conclusions

Here, we demonstrate the utility of animal models for OCD in several different applications.
Chapters 2 and 3 employed the previously validated 5-HT1BR-induced model of aspects of
OCD, but for distinct purposes. Chapter 2 aimed to determine pathways driving effects of
RU24969, the 5-HT1BR agonist that induces OCD-like behavior, in order to move toward
development of pathway-selective novel treatments; thus, leveraging neural mechanisms of
an animal model to inform treatment in patients down the line. Chapter 3, on the other
hand, used the 5-HT1BR-induced model as a platform for delving into preliminary evidence
for a novel OCD treatment based on human studies. Similarly, Chapter 4 took preliminary
genetic information from human studies, and applied it to an animal model to corroborate
the human work. In Chapter 4, the animal did not serve as a model of aspects of OCD per se,
but rather was a tool for investigating phenotypes of relevance to OCD. This type of work,
taking preliminary human findings and confirming them using animal modeling approaches,
can serve the dual purpose of 1) efficiently reinforcing tentative human findings, and thus
potentially guiding further human studies, and 2) going beyond what can be studied in the
human, providing mechanistic information that can again guide future human studies with

the ultimate goal of improving treatment outcomes for patients.
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