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Dissertation Abstract

Bipolar spectrum disorders are complex psychiatric phenotypes typified by
episodes of mania and depression. Animal modeling for these disorders usually breaks
them into complimentary behavioral endophenotypes of mania and depression. One
model for mania is the recently characterized Madison inbred mouse strain. These
animals show a variety of mania-like behaviors relative to related strains. The work
contained in this dissertation seeks to characterize this strain more fully at the
behavioral, neuromolecular, and genomic levels. In the first study, we performed a gene
expression microarray comparing hippocampus transcriptomes of Madison mice and
the outbred Hsd:ICR strain. We found multiple differentially expressed genes, gene
networks, and predicted genomic loci in Madison animals in systems previously
implicated in bipolar spectrum disorders including purinergic reception and chromatin
remodeling. In the second study, we performed an extended ethological phenotyping to
better define this strain’s complement of behaviors relevant to bipolar spectrum
disorders. While we did not find that Madison animals spontaneously cycle from their
normally mania-like phenotype to a depression-like phenotype, we did find evidence that
the Madison phenotype is sexually dimorphic, developmentally stable, and related to
alterations in diurnal rhythm and seasonal response. In the third study, we resequenced
the Madison exome and compared it with relevant control strains. We found variants in
genes related to chromatin structure, endocannabinoid reception, and chronobiology.
These variants included loss-of-function alleles in Smarca4, a gene whose product

remodels chromatin, and Polr3c, a gene coding for a subunit of RNA Polymerase lII.



These variants statistically account for much variance in the behavioral phenotype of the
Madison strain. Altogether, these results show that the Madison strain’s biology includes
chronobiological, translational regulation, purinergic, and cannabinoid perturbations,

supporting the face and construct validity of the Madison strain as a mania model.



CHAPTER 1: GENERAL INTRODUCTION



The subject of this work is the behavioral, molecular, and genomic
characterization of a mouse strain called Madison. These animals show a number of
phenotypic features similar to the manic pole of bipolar spectrum disorders. In
introducing this work, | will discuss bipolar spectrum disorders, their biology, and some
animal modeling approaches undertaken toward the understanding of these disorders. |
will cover the history of Madison mice and their characterization as a mania model prior
to the time | started working in Stephen Gammie’s laboratory. | will then introduce the
major research questions remaining on the Madison strain examined in this dissertation

before defining the working hypotheses driving the original research contained herein.

ON BIPOLAR SPECTRUM DISORDERS

Characteristics of Bipolar Spectrum Disorders

The DSM-5 definition of bipolar spectrum disorders (BSDs, alternatively called
bipolar disorder and bipolar disorders in this dissertation) encompasses affective
psychopathologies characterized by episodes of mania, an unusual elevation in mood,
and depression, an unusual diminishment in mood [1]. BSDs vary in their clinical
presentation by the relative severity of both their manic and depressive phases. They
are generally divided into three classical diagnoses based upon this presentation. The
most extreme presentation of bipolar spectrum disorders, bipolar | disorder, is
characterized by fully manic episodes, episodes of mania accompanied by psychosis,
along with episodes of major depression. These episodes usually last for timescales
measured in weeks to months. Bipolar Il disorder, characterized by hypomanic episodes

without psychotic features along with episodes of major depression, is often thought



less severe than bipolar | disorder, though the current diagnostic criteria caution against
a hierarchical view of disease severity [1]. Cyclothymia, the least severe disorder in the
bipolar spectrum, is characterized by an unusual dysfunctional dysthymia varying
between relatively mild manic and depressive episodes. Though these disease
subcategories are useful for clinical diagnosis, BSDs are heterogeneous and likely vary
on a continuum of severity, making them a complex subject of study [2].

Adding to this complexity, BSDs often present with multiple related clinical
features. Though the onset of BSDs was traditionally believed as adolescent or later,
recent revisions to the diagnostic criteria allow for juvenile onset BSDs [1,3]. BSDs vary
in their cyclicity; some show very rapid cycling between mania and depression that can
occur over timescales of days or even hours [1]. These disorders have unusually high
clinical comorbidities with other psychiatric disorders like substance abuse and anxiety
[2,4]. They show very high comorbidity with pathological cannabis use [5]. BSDs often
present with comorbid seasonal affective disorder [6]. Further, while BSDs occur with
equal prevalence in males and females [7], the nature of these disorders’ presentation
differs based upon sex; females are more likely to experience rapid cycling and mixed
states [8,9], but women and men have a differing complement of comorbid psychiatric
disorders [10]. Though the DSM acts as a guide for disentangling these various
psychopathologies in differential diagnosis, it is ultimately the discretion of the clinician
that decides which of the BSDs a patient has and what their comorbid illnesses are.
While necessary to account for the full repertoire of dysfunctionality psychiatric patients

display, such flexibility creates imprecision in a biological definition for BSDs.



At a humanistic level, bipolar disorders are extraordinarily detrimental psychiatric
illnesses, causing significant pain, suffering, and financial hardship to the afflicted, their
families, and those who rely upon them. The lifetime prevalence for bipolar | and bipolar
Il is somewhere between 2% and 3%, making it one of the more common mental health
diagnoses [2]. Between 20% and 25% of patients with bipolar | or bipolar Il will attempt
suicide [2], and a recent study of suicidality in psychiatric patients predicted that within
20 years of an initial psychiatric diagnosis, 6-10% of patients with bipolar spectrum
disorders will succeed in their suicide attempts [11]. Patients with BSDs experience
excess mortality in multiple populations above and beyond their increased suicidality
[12,13]. Even when managed pharmacologically, BSDs create problems for patients; the
current lines of mood-stabilizing drugs such as lithium and atypical antipsychotics used
to treat bipolar have myriad unpleasant side effects and may even shorten lifespans
[14,15].

The economic costs of BSDs are very high and growing higher with increasing
costs of healthcare. BSDs may even be the most expensive mental health diagnoses
[16]. In Australia, a country with much lower per-capita healthcare costs than the United
States [17], recent estimates of the per-patient lifetime cost of bipolar | and bipolar I
disorders were $76,821-$134,318 2012 AUD ($78,304-$136,910 2012 USD) [18]. The
direct and indirect US economic burden of bipolar disorders went from $45 billion in
1991 ($69 billion in 2012 dollars) to an estimated $151 billion in 2009 ($159 billion in

2012 dollars), a more than doubling in costs that is far above the expected increase in



disease cost due to epidemiological factors like better diagnoses and population growth
alone [19,20].

For such a diverse and costly group of mental health disorders, better treatment
alternatives would save lives, pain, and money. To design better treatments, the

etiology of these disorders must be clarified and understood at a deep level.

The Biology of Bipolar Spectrum Disorders

BSDs are among the most highly heritable of psychiatric illnesses, implying a
strong genetic constituent of this diverse spectrum of diseases [21]. Consequently,
these disorders are the subject of intense study by geneticists. A search for “bipolar
disorder genetics” on PubMed yields over 5,600 results, yet despite this strong effort
from the research community, much remains unknown about the genetics of bipolar
disorders [22]. There are many reasons these disorders’ etiologies remains elusive.
First, the difficulty in defining BSDs with precision likely increases the noise in rigorous
studies of this spectrum of ilinesses. Second, BSDs have complex molecular correlates
involving differential regulation of not just single genes, but of gene systems [23]. Third,
these pathologies may have multiple heterogeneous molecular bases [23,24], a
hypothesis consistent with the disparate findings in genome-wide studies of patients
with BSDs from separate populations [25]. Fourth, human genetics research is difficult.
Deriving a mechanistic model of human psychiatric disorders from the techniques used
on humans presents problems due to methodological constraints on power and to the

possible epigenetic constituents of these disorders [22,26-28]. Finally, humans have



highly variable genomes and experiences, and as a long-lived species, gene-by-
environment interactions produce a wide variety of potential outcomes.

The best conceptual models for the etiological underpinnings of BSDs admit that
genotypes and phenotypes for psychiatric disorders are inherently complex and
multivalent [25,29]. The human genome is a system containing tens of thousands of
individual genes, and it is highly unlikely that a few discrete genomic loci lead to
complex ilinesses like psychiatric disorders. The strong heritability of BSDs establishes
that the study of the genome provides the highest likelihood for apprehending the
biological underpinnings of BSDs [21], but it should be studied as a complex disease.

BSDs have been the subject of a multitude of human genome-wide linkage
scans. A recent review of multiple scans found a number of regions implicated in BSDs
including human genome regions 4p16, 6921, 8924, 12924, and 17925 [25]. A few
single genes candidates believed to have strong roles in BSDs include CACNA1C, a
calcium channel subunit; ANK3, a cytoskeletal protein often concentrated at the nodes
of Ranvier in myelinated axons; and P2RX7, a purine-gated ionotropic receptor [30-32].
While promising, the work on these single gene candidates is strongly reductive. A
number of loci associated with other genes may also contribute [25]. Further, the
genomic correlates of bipolar disorders vary depending upon the population studied
[25]. While people often conclude that only one or a few genes are involved, genome-
wide association studies and linkage scans often show multiple peaks. These peaks are

often interpreted with biases; the people undertaking these studies are often



neuroscientists, so the genes under peaks that interest them are often ion channels or
other neural signaling related genes.

Relative to simpler molecular etiologies linked to single genes, this complexity
presents difficulties in studying BSDs that must be resolved by advances in biological
theory. Recent work attempts to study BSDs using systems biology, the holistic study of
complex and highly interconnected biological systems using massive datasets and
computational tools. A systems meta-analysis of bipolar disorder gene expression
studies found that a system of interacting genes generally related to chromatin
packaging are correlated with susceptibility to bipolar disorders [32]. Recent human
genomic research has found that the same genomic loci may confer susceptibility to
BSDs and other major psychiatric illnesses including ADHD, schizophrenia, autism, and
major depressive disorder [33]. This suggests that BSDs may be one resultant disorder
in an array of nosologically-related mental health disorders whose origins lay in similar
gene systems, a finding consistent with the high comorbidities of these diseases seen in
the diagnosis of BSDs [1]. Though these advances show the great ability of systems
biology, much remains unknown about the precise gene systems involved in bipolar
disorders and how they modulate neural activity. Computational tools used to
understand the datasets generated by emergent technologies such as next-generation
sequencing show significant power to elucidate causative molecules behind these
disorders, and a query of NIMH RO1s on BSDs will show that such investigations are
underway. However, no published work presents a magisterial causative argument for

the genetic origins of BSDs.



Modeling the Bipolar Spectrum

Modeling an illness as complex as a BSD in a rodent is either impossible [34] or
very difficult [35,36] depending upon which researcher is asked. Though arguments for
the impossibility of understanding these diseases using animal models have merit, they
often suffer from an understanding of biology that privileges humans above non-human
animals. For over a decade now, we have known just how similar the genomes of
humans and non-human mammals are [37]. It follows that they should display similar
neural and behavioral phenotypes in the right contexts.

The animal modeling community has approached BSDs by breaking them into
pieces, using the complementary behaviorally-defined endophenotypes of mania and
depression [29,34,38]. To our knowledge, no animal model cycling between manic-like
and depressed-like states has ever been observed [29,34]. Multiple methods for
modeling each of these two affective states have been advanced. Models for
depression have been highly successful [35]. One of the most successful genetically
distinct mouse strains modeling the depressed pole, a naturally-occurring depressed
phenotype in a rat model called the Flinders-sensitive line, has aided in the elucidation
of much about depression since the mid 1980s [39]. Other non-genetic depression
models have included learned helplessness, pharmacological manipulations, various
social and non-social stressors, and even brain lesions [35].

Models for mania have had more limited success. A classic method for modeling
mania is an induced manic state. Often, the state is induced by administration of the

stimulant drugs dextroamphetamine or cocaine. In rodents, this method for inducing



mania in animals first appears in the literature in the 1970s, with treated mice showing a
hyperactive and hyperaggressive behavioral phenotype that can be moderated by
lithium treatment [40]. This approach to modeling has been used as a method for
achieving reproducible mania-like states in humans [41]. Pharmacological manipulations
have shown great utility in studying potential neurochemical alterations seen in mania,
providing good face and predictive validity [42]. However, because pharmacological
manipulations do not change the genome, they cannot show construct validity as mania
models. Further, there is no good evidence that these pharmacological models alter the
same neural systems altered in BSDs [29]. A variety of other inducible approaches for
modeling mania, including environmental manipulations and sleep deprivation, have
also been proposed [42], and though these show similar face validity to pharmacological
treatments, they also lack in predictive and construct validity. Additionally, the use of an
acute inducible phenotype has been attacked as overly reductive for a chronic disease
[29].

More recently, engineered transgenic animals bearing relevant genetic
manipulations have been advanced as potential mania models. One of the first
transgenic manic mice was the dopamine transporter knockout. These mice show
locomotor hyperactivity and deficits in social behaviors, though they lack
responsiveness to amphetamines [43,44]. They seem to show construct validity for
some BSDs [45], though other BSDs are likely genetically unrelated to dopamine
transporters [25]. Molecular clock knockouts have also been advanced as mania models

[46]. Since BSDs are often associated with perturbations in chronobiology [6,47], these
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models show significant construct validity for certain BSDs. However, they fall short on
subtlety and complexity. Recent models for mania have utilized subtle mitochondrial
dysfunction variants [48], a gene system perturbation consistent with newer molecular
and cytological information about BSDs [49-51]. This approach has even been called a
method for creating a bipolar animal, though that claim does not hold up to rigorous
examination of the data; the supposed depressed phase was observed in a single
animal for a short period [48]. Mitochondrial variant transgenics appear to be among the
most promising engineered chronic models for BSDs, though they fail to show the same
genetic complexity as the human disorders they model.

Within the past decade, a genetic model taking advantage of natural genetic
variation in different strains of animals has been advanced as an interesting and novel
method for modeling mania. The use of mouse strains naturally displaying a manic
phenotype has many advantages, and the Black Swiss strain of mice has seen interest
as a possible naturally occurring manic model relative to other strains [52,53].
Compared to the control C57BL/6J strain, Black Swiss mice show heightened sucrose
preference and amphetamine responsivity [52]. Compared with multiple other strains,
the Black Swiss strain shows increased locomotor activity, increased aggression,
decreased immobility in forced swimming, increased amphetamine-induced
hyperactivity, decreased anxiety-like behavior, and the predicted attenuation in
behavioral phenotype in response to lithium chloride and valproic acid treatment, results
consistent with a face and predictively valid mania model [54]. They have decreased

expression of the Wnt signaling molecule beta-catenin [53], a finding consistent with
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proposed differences in Wnt signaling in patients with BSDs [55]. Altogether, these
results suggest that Black Swiss animals are an interesting and genetically valid way of
modeling mania. However, Black Swiss animals from different vendors show marked
differences in their behavioral phenotype; Charles River Black Swiss animals show
decidedly non-manic behaviors and different response to lithium relative to Black Swiss
animals from Taconic [56]. This suggests that results seen on the Black Swiss strain
may be resultant from a phenocopy effect, a phenotype arising simply from differences
in environmental factors.

Altogether, while many good models for mania have been advanced, there is
significant room for improvement in contemporary mania models. Further, the promise
of strain differences for mania models should not be undercut by the possible failure of

the Black Swiss strain.

THE MADISON MOUSE STRAIN

The Madison Strain as a Mania Model

The Madison (MSN) strain is an inbred mouse strain that was observed to
display a collection of mania-like traits in the late 2000s. The first observations of MSN
as a manic model occurred by chance. When animals are on corncob bedding, their
movement produces a rustling sound. The room in which MSN animals were kept was
full of near constant rustling while related strains made much less noise.

From this simple behavioral obsesrvation, the Gammie lab successfully
characterized the strain as manic using a battery of behavioral tests designed to provide

evidence supporting MSN’s validity as a mania model. MSN mice displayed elevated
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spontaneous in-cage locomotor activity relative to control strains. They showed higher
forced swimming than control strains. They engaged in more sex mounts relative to
control strains. Critically, they showed an attenuation in manic behavior in response to
treatments of two pharmacological interventions often used to treat bipolar disorders,
lithium chloride and the atypical antipsychotic olanzapine [57].

The history of the MSN mouse strain suggests that the most important events
leading to the manic phenotype were unintended. At no point were MSN mice

selectively bred for mania.

A History of the Madison Mouse Strain

In the mid 1990s, Ted Garland, then working in the University of Wisconsin—
Madison Department of Zoology, began a selective breeding project on eight separate
lines of outbred albino Hsd:ICR (ICR) mice. Four of these lines were bred randomly as a
set of control strains while the other four strains were bred with selection for high
voluntary wheel running. In the time elapsed since that original selective breeding
project, individuals from Line 6 (L6), one of the original selectively bred lines of mice,
became the inbred strain that we now call MSN. The following is a history of the
breeding events leading to the genesis of the MSN strain.

In the original selective breeding experiment the progenitors of the MSN strain
underwent selection for high voluntary wheel running alongside three other selectively
bred lines. After the first 10 generations, these four selectively bred strains including L6
already showed significantly heighted voluntary wheel running relative to the control

strains [58]. The goal of this experiment was to look at exercise physiology, but few
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exercise physiological changes were observed in any selectively bred strains following
the selection process [59]. Selection for high voluntary wheel running lasted for a total of
30 generations, though significant increases in wheel running relative to control strains
were not seen past approximately generation 15 in any of these strains. The selectively
bred strains including L6 were studied around generation 30 for differences in brain
physiology correlating with the heightened voluntary wheel running, where they were
found to display differential neural activation in areas of the brain associated with
motivation in response to blocked wheel running [59]. Additionally, a microarray
experiment on the hippocampal gene expression profiles of the high wheel running
strains including L6 found some gene expression changes in relation to the selection
that included genes related to dopaminergic signaling [60].

The MSN progenitors also displayed significantly heightened maternal defense at
generation 30 of selective breeding. These L6 mice were a sharp contrast to the other 3
selected lines, which displayed no significant elevation in maternal defense behavior
relative to the control strains [61]. This observation suggests that during the first 30
generations of selective breeding, genetic drift also contributed to the phenotype
displayed by these animals. Following identification of high defense, the MSN
progenitors were bred for an additional 22 generations with selection for the high
maternal defense phenotype. At this point, these progenitors were temporarily called
maternal defense line 1 (MaD1). Curiously, though these animals displayed heightened
maternal defense, a large subset of females displayed significant maternal neglect

correlating with alterations in neural dopaminergic markers [62].
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The MSN strain was then maintained using random breeding for colony
maintenance without selection for any trait. During the time since the last selection
event, they have likely experienced genetic drift, fixing what little variation remained in
their genomes. At present, the estimated inbreeding coefficient of the MSN strain is

approximately 0.95 [57].

NEW WORK ON MADISON MICE

On Validity

A primary goal of animal modeling is to establish validity, a model that replicates
a human disease state. A predictively valid model allows for the successful testing of
novel interventions to ameliorate a disease state in both the animal and in humans.
Predictive validity in animal models is the ultimate goal for translational research. In the
Flinders-sensitive line of rats, one of the best validated animal model for depression,
predictive validity for depression was established over a period of decades [39]. Face
validity, a simple reiteration of a human phenotype in an animal, is faster and easier to
establish than predictive validity. However, face validity can be misleading; there are
often many paths to certain phenotypes [29]. Ultimately, construct validity is of the
highest interest biologically. Studying the same genes or gene systems as are involved
in a disease state is the goal of animal modeling. It is what is truly helpful to understand
a disease.

Behavioral batteries such as the one used to validate the MSN strain initially in
the Gammie Lab’s 2011 paper on MSN animals are used to establish a base level of

each of these kinds of validity [63]. Though these batteries are highly useful, they need
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occasional updating as more is found out about human diseases [54]. Previous
research on the MSN strain established basic face validity via phenotypic similarity and
some predictive validity via responses to drugs primarily used to treat BSDs [57].
However, much work remains necessary to establish and enhance all forms of validity
for the MSN strain. Construct validity, showing that similar biological systems are
perturbed in MSN animals as they are in patients with BSDs, remained unestablished at
the beginning of this dissertation work. Further, recent advances in the study of BSDs
make new behavioral predictions for a face-valid mania model [64].

Taking all of these concerns into account, the objective of this dissertation is a
deeper study of the MSN mouse strain with the goal of providing evidence for each of

these types of validity for MSN as a mania model.

Research Approach

Many compelling questions remain about the MSN phenotype. To us, the most
interesting of these questions fall generally under the three broad aims of this
dissertation project. We aimed to gain more information about their behavior by more
carefully crafting the ethological description of these animals’ phenotype. We aimed to
broaden our knowledge of the molecular correlates of this behavioral phenotype by
examining gene expression in these animals’ brains. Above all, we aimed to find
information about the genotype that drives this phenotype and just how similar that
genotype is to the one seen in humans with BSDs.

We believed that the best way to accomplish these aims was to design

experiments through the lens of validity. To enhance face validity, we hoped to extend
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the previous behavioral phenotyping with a fuller range of assays designed to assess
traits like onset of mania during development, intersexual differences in mania
presentation, and circadian and seasonal-like differences between MSN mice and
control strains. To establish construct validity, we hoped to investigate the gene
systems involved in conferring the MSN strain’s phenotype and evaluate the degree to
which these systems are similar to those involved in human bipolar disorders.
Ultimately, it is only through strengthening these validities that the MSN strain can pay

dividends in translational research on BSDs.

Dissertation Hypotheses
In testing the validity of the MSN mouse strain models mania, we formed the
following three working hypotheses:
1. The MSN strain displays neural gene expression correlates consistent with those
observed in humans with BSDs.
2. The MSN strain reiterates behaviors from human BSDs in ways outside those
included in traditional behavioral batteries.
3. The MSN strain’s genotype is consistent with genomic correlates of BSDs in
humans.
In this order, these three working hypotheses form the backbone of the original

research chapters in this dissertation.
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ABSTRACT

Bipolar disorder (BPD) is a debilitating heritable psychiatric disorder.
Contemporary rodent models for the manic pole of BPD have primarily utilized either
single locus transgenics or treatment with psychostimulants. Our lab recently
characterized a mouse strain termed Madison (MSN) that naturally displays a manic
phenotype, exhibiting elevated locomotor activity, increased sexual behavior, and higher
forced swimming relative to control strains. Lithium chloride and olanzapine treatments
attenuate this phenotype. In this study, we replicated our locomotor activity experiment,
showing that MSN mice display generationally-stable mania relative to their outbred
ancestral strain, hsd:ICR (ICR). We then performed a gene expression microarray
experiment to compare hippocampus of MSN and ICR mice. We found dysregulation of
multiple transcripts whose human orthologs are associated with BPD and other
psychiatric disorders including schizophrenia and ADHD, including: Epor, Smarca4,
Cmklir1, Cat, Tac1, Npsr1, Fhit, and P2rx7. RT-gPCR confirmed dysregulation for all of
seven transcripts tested. Using a novel genome enrichment algorithm, we found
enrichment in genome regions homologous to human loci implicated in BPD in
replicated linkage studies including homologs of human cytobands 1p36, 3p14, 3929,
6p21-22, 12924, 16924, and 17g25. Using a functional network analysis, we found
dysregulation of a gene system related to chromatin packaging, a result convergent with
recent human findings on BPD. Our findings suggest that MSN mice represent a
polygenic model for the manic pole of BPD showing much of the genetic systems

complexity of the corresponding human disorder. Further, the high degree of
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convergence between our findings and the human literature on BPD brings up novel

questions about evolution by analogy in mammalian genomes.

INTRODUCTION

Bipolar disorder (BPD) is a psychiatric disorder characterized by episodic mania
and depression [1]. It is a common mental health problem, with an estimated lifetime
prevalence of approximately 1-5% [2,3]. A meta-analysis of family, twin, and adoption
studies found that relatives of BPD patients have a 10-fold higher risk of the disorder
than those without relatives with BPD [4], demonstrating that BPD has a strong heritable
constituent. Though ongoing efforts to elucidate the genetic basis of BPD using varied
approaches have yielded promising results, a convincing molecular etiology of BPD
remains elusive [5]. There are at least a few good reasons for this difficulty in finding a
genetic basis for BPD. First, BPD is a complex disorder at the molecular level, involving
perturbations of not just single genes, but of systems of genes [6]. Second, it may be
more proper to speak of bipolar disorders in the plural; the pathology may have multiple
heterogeneous molecular bases [6,7], a hypothesis consistent with the multiple
heterogeneous findings in different genome-wide studies of BPD [8]. Third, deriving
mechanistic explanations of human psychiatric disorders using classical genetics
presents difficulties due to practical constraints on experimental power and the
possibility of epigenetic components of these disorders [5,9-11].

Because a convincing BPD molecular etiology poses significant technical and
theoretical challenges to human geneticists, animal models for BPD have a strong

potential to extend understanding of this disorder. The main animal modeling approach
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to date has been the use of separate rodent models for mania and depression [12].
Models for the manic pole of BPD have primarily utilized treatment with
psychostimulants [13,14] or single locus transgenic approaches like dopamine
transporter knockouts [15,16] and various molecular clock gene knockouts [17,18],
though the Black Swiss strain has recently been proposed as a tentative naturally-
occurring mania model [19,20]. Importantly, there exists at least one strain of rodent, the
Flinders Sensitive Line (FSL) of rat, which shows a well-validated depressed phenotype
relative to control strains [21]. This strain of rat has been used in multiple studies to
examine several molecular aspects of depression [22-24], and it has been useful in
conceptualizing depression as a disorder with a complex molecular etiology [12,25].

Our lab recently characterized a tentative model for the manic pole of BPD [26].
This model, an inbred mouse strain termed Madison (MSN), displays a naturally manic
phenotype. Relative to control strains, MSN mice show increased locomotor activity,
increased forced swimming, decreased sleeping, and increased sexual activity. Further,
treatments with both lithium chloride and olanzapine moderate the MSN manic
phenotype, a necessary condition for a predictively valid model for the manic pole of
BPD [27].

Our initial behavioral and pharmacological characterization of the MSN strain
showed promise, but without molecular correlates, the model lacked construct validity.
Consequently, we performed a gene expression microarray study with RT-gPCR
confirmation to extend the phenotype of the MSN mouse relative to their ancestral

outbred hsd:ICR (ICR) strain. When choosing which brain region to interrogate, we
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decided to look at gene expression in hippocampus. In humans, hippocampus shows
microstructural and functional differences in BPD patients as assayed by MRI [28,29].
Further, post-mortem analyses of hippocampal tissue from BPD patients show multiple
histological and gene expression differences relative to hippocampus from
psychiatrically normal controls [29-32]. Prior to the microarray experiment, we decided
to replicate the most robust measure from our previous behavioral work, total locomotor

activity, to confirm that MSN mice stably display a manic phenotype.
RESULTS

Total locomotor activity

Locomotor activity defined by total distance traveled (Fig. 2.1.A) was significantly
higher in MSN mice than in ICR mice (P-value = 7x10~", Monte Carlo permutation test,
Nusny = Nicr=19,Z=-4.24, B = 1x1 07). The probability density distribution for total
distance travelled for MSN mice was bimodal whereas the probability density
distribution for ICR mice was unimodal (Fig. 2.1.B). Since the MSN strain is almost
completely inbred, we do not believe this bimodality is evidence of two separate

populations within the MSN strain.

Single gene microarray results

The hundred best annotated genes with the most significant P-values along with
a heatmap showing expression in each of the tested samples are listed in Fig. 2.2. MSN
mice showed significant differences in gene expression in multiple genes whose

orthologs are associated with BPD and the related mental health disorders



28

schizophrenia, depression, and ADHD in the human literature. Significantly-
dysregulated genes (P-value < 1x10™°) whose human orthologs have been associated
with these disorders in at least two separate studies include: Cp (P-value = 1.25x107°, t
= —7.421) [33-35], Epor (P-value = 2.73x107°, t = 6.823) [36-38], Pdgfra (P-value =
4.38x1075, t = 6.476) [39,40], Tac1 (P-value = 9.03x107%, t = —7.684) [41-43], P2rx7 (P-
value = 6.72x107°, t = —-6.170) [44-49], Fhit (P-value = 5.20x107°, t = -6.352) [50,51],
and Cat (P-value = 6.56x107°, t = 7.946) [52,53]. Significantly-dysregulated genes
whose human orthologs have been associated with BPD or a related mental health
disorder in one study include: Smarca4 (P-value = 7.58x107~’, t = —9.897) [54], Mut (P-
value = 3.44x107®, t = -8.495) [55], Git1 (P-value = 6.24x107°, t = 7.988) [56], and
Cmkir1 (P-value = 1.12x10™, t = 5.818) [57]. An additional dysregulated gene of interest
we identified whose human ortholog has not been associated with BPD or related
mental health disorders as far as we know is Npsr1 (P-value = 9.48x107%, t = 4.455).
This gene's product is a G-protein coupled receptor generally involved with arousal and
activity [58,59]. The names of genes discussed here are highlighted in grey in Fig. 2.2.

All reported values use an empirical Bayesian t-test with 10 degrees of freedom.

RT-gPCR confirmation of microarray results

We confirmed the results of seven genes from our microarray experiments using
RT-gPCR. We chose genes for confirmation with an emphasis on gene products that we
thought were either related to neural signaling pathways it would be possible to target
pharmacologically or genes we could use as dependent variables in the future. We

tested Cat (P-value = 0.001, expression ratio = 1.202), Cmkir1 (P-value < 0.001,
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expression ratio = 1.404), Epor (P-value < 0.001, expression ratio = 1.370), Fhit (P-
value < 0.001, expression ratio = 0.446), Npsr1 (P-value = 0.021, expression ratio =
2.426), P2rx7 (P-value = 0.006, expression ratio = 0.681), and Tac1 (P-value = 0.001,
expression ratio = 0.696). The results of the RT-qPCR confirmation are shown in Fig.
2.3. All seven genes we chose to confirm were found significantly dysregulated in the
same direction and at the same approximate magnitude as in the results of the
microarray experiment. Altogether, our RT-qPCR confirmation provides evidence that

our microarray data are fundamentally sound.

Genome enrichment analysis

NIAID DAVID functional annotation analysis by cytoband of all genes
dysregulated at P < 0.01 found a significant enrichment in murine cytoband 5qF (3.789-
fold enrichment, Bonferroni-corrected P-value = 7.84x107) in MSN mice. We found this
result intriguing, but we believed this cytoband-style enrichment analysis utilized
genome regions too wide to allow the assumption of classical genetic linkage. We
created a new algorithm for genome enrichment analysis with much narrower partitions
of the genome queried. Our novel genome enrichment analysis yields results that look
very similar to a conventional genome-wide linkage or association study, and we find it
useful for generating predictions for broad chromosomal regions potentially related to a
given population’s phenotype. We found significant enrichment in a total of fifteen
genome regions (Fig. 2.4.A).

When looking at the significantly enriched genome regions, we decided to

examine their relationship to the human genome, so we qualitatively looked at shared



30

synteny, a similar clustering of orthologous genes between species that generally
demarcates genome homology. We looked for linkage and association literature
implicating the enriched regions’ human homologs in BPD and related mental health
disorders like schizophrenia and ADHD. We classified a human genome region
implicated in BPD in at least two linkage studies with at least one study showing a LOD
or NPL score (linkage score) greater than 3 as a region with a strong relationship to
BPD. Using this criterion, we found that eight of the enriched genome regions in MSN
mice are homologous to seven human genome regions displaying strong relationships
to BPD. Shared synteny for these regions is shown in Fig. 2.4.B. These regions include
the following cytobands: murine 4gE, homologous to human 1p36, implicated in BPD in
two studies with linkage scores of 3.97 [60] and 3.1 [61] and a region in which SNPs
predict BPD susceptibility [62]; murine 5qF, homologous to human 12924, implicated in
BPD in multiple studies with linkage scores of 4.91 [63], 3.63 [64], 3.37 [65], 2.8 [61],
and 2.08 [66] and a region in which SNPs and allele variants predict BPD susceptibility
[44,46,67]; 8qE1, homologous to human 16924, implicated in BPD in two studies with
linkage scores of 3.51 [68] and 2.29 [69]; murine 11gE2, homologous to human 17g25,
implicated in BPD in five studies with linkage scores of 3.11 [70], 2.4 [71], 2.4 [72], 2.1
[73], and 2.08 [74]; murine 13gA3 and 17gA3-17gB1, two cytobands with homology to
human 6p21-22, implicated in BPD in multiple studies with linkage scores of 3.19 [68],
2.60 [75], 2.26 [72], and 1.91 [69]; murine 14gA1, homologous to human 3p14,
implicated in BPD in two studies with linkage scores of 3.51 [76] and 2.31 [77]; and

murine 16qB2-B3, homologous to human 329, implicated in BPD in two studies with
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linkage scores of 3.74 [78] and 2.0 [61]. Additional enriched genome regions showing
weaker previous relationships to BPD included: murine 2gE, homologous to human
11p13, implicated in BPD in one study with a linkage score of 1.95 [79] and a region in
which SNPs and allele variants predict BPD susceptibility [80,81]; murine 8qB2-B3.1,
homologous to human 4q34, implicated in BPD in a study with a linkage score of 3.28
[82]; murine 8qB3.3 and 99AS3, homologous to human 19p13, implicated in BPD in three
studies with linkage scores of 2.37 [83], 1.8 [66], and 1.55 [84]; and 15gE3, homologous
to 22913, implicated in BPD in one study with a linkage score of 2.22 [85]. One cluster
at murine cytoband 13gD1 shared synteny with human 5q13-14, a region with no
significant linkage to BPD in any human literature we could find, but implicated in
schizophrenia in a study with a linkage score of 3.20 [86] and implicated in ADHD in a
study with a linkage score of 4.16 [87]. A cluster on the X chromosome consisted of
mostly predicted genes with no obvious orthology to known human genes. We were not

able to find shared synteny between this region and any human region.

Functional network analysis

NIAID DAVID analysis of all genes with FDR-adjusted P-values less than 0.25
found a significant gene cluster generally related to chromatin packaging, so we decided
to pursue this finding using Cytoscape to visualize this cluster. Using a gene list
generated from this DAVID analysis, we found a network of genes generally related to
chromatin packaging that was significantly dysregulated in our microarray study. These
genes included a few histone-related genes as well as Smarca4, a gene we found to be

one of the most highly-dysregulated in the microarray results that has helicase and
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chromatin remodeling activities. The chromatin packaging gene network is shown in Fig.
2.5, with nodes in red representing those genes found dysregulated in our microarray
results and nodes in blue representing linking genes previously found related to
chromatin packaging not significantly dysregulated in our microarray. These results
suggest that differential chromatin packaging is part of the MSN phenotype, which is

convergent with the findings of a recent systems biology meta-analysis of BPD [54].

DISCUSSION

A complex phenotype

As BPD is a genetic disorder involving systems of genes [6,8,54], models for
either pole of BPD representing single genes, while valuable for many purposes, are
necessarily limited. A mammalian genome containing upwards of 30,000 genes is a
complex system, and while understanding the effects of single genes and their products
will always be necessary, their results should be understood in a systems biology
context. We believe that the MSN strain represents among the first true systems biology
models for the manic pole of BPD characterized. The polygenic nature of this model
presents both challenges and promise. The quantity of loci involved in the phenotype
makes inference difficult relative to single locus models, but it reproduces the physiology
of the disorder more completely and more subtly. We believe the MSN mouse strain will
enable us to glean new insights into the biology of BPD based upon not only face
validity, but on fundamental biological construct validity.

The basis of this polygenic phenotype is the MSN strain’s ~15 year history of

multifaceted inbreeding. The ancestral strain of these mice was one of four replicate
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strains originally bred for high wheel running in a study on exercise physiology [88]. The
ancestors showed few notable exercise physiological changes; the most significant
changes observed in this strain displayed were neurological [89]. These MSN ancestors
were part of a 2003 hippocampus microarray paper comparing selectively bred strains
with control strains [90]. None of the 53 genes found significantly dysregulated in the
2003 microarray experiment overlap with the significantly dysregulated genes from the
present study, and most of these 53 genes are quite far from significance in the current
array. While methodological differences prevent easy comparisons between the 2003
microarray and the current microarray, we believe the fundamental divergence of the
two arrays implies that the chief physiological changes we see in the MSN strain likely
emerged after the MSN progenitors were selectively-bred for high wheel running. The
sole selection event occurring after the original microarray experiment was ~30
generations of selection to maintain a trait already observed in the MSN progenitors,
high maternal defense [91]. After this maintenance selection, the MSN strain’s
ancestors were maintained in our lab without selective breeding. Given the lack of
breeding toward a novel phenotype, we believe many of the important genetic changes
contributing to the MSN phenotype are likely attributable to genetic drift. This is not to
deemphasize the effect of the original selective breeding for high wheel running, which
provided the genetic foundation of the MSN strain. We suggest that the MSN strain’s
manic phenotype emerged through a series of random events acting upon an already

constrained gene pool.
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The MSN mouse strain’s locomotor activity displays a bimodal distribution while
the outbred mouse strain’s locomotor activity shows a unimodal distribution. Because
the MSN strain is highly inbred, we believe this bimodality does not suggest divergent
populations of mice within the MSN strain. Instead, we speculate that the MSN strain
may show a phenotype with true behavioral cyclicity, a finding that has never been seen
in a rodent model as far as we know. We are currently working on a behavioral project

to examine this possibility in greater detail.

Implications of the genome findings

The genome enrichment algorithm we developed is a new and useful method
extending the suite of systems biology tools for high-throughput gene expression data.
This algorithm can be applied to gene expression datasets old and new to enhance the
biological understanding of the genome as a substrate for the organization of gene
systems. Importantly, we believe it predicts both potential perturbations of the genome
and of the epigenome, which would provide a more complete accounting of the
mechanistic underpinnings of differences on the genome than classical genetics can.
When used in concert with classical genetic techniques, we believe this technique has
the potential to inform biologists not only about where to look for differences on the
genome, but for which types of differences they should interrogate each genome
regions.

While this genome enrichment analysis does not substitute for a true genome-
wide linkage scan, we believe it provides a strong prediction that the MSN genome

experiences perturbations in areas homologous to human genome regions linked to
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BPD in some populations. Why human populations with BPD should show differences in
the genome relative to psychiatrically normal comparisons is an interesting question.
Why MSN mice might share some of the same genomic perturbations as some human
BPD populations is a compelling extension of this question. We propose that because
the structural and functional components of mammalian genomes do not differ
significantly, these genomes, given analogous evolutionary events, display analogous
changes. Put more simply, similar genomes experiencing similar forces react similarly.
In this case, we believe we may have found a conserved genomic signature observable
even after the some 75 million years since the divergence of the mouse and human
lineages [92]. We speculate that this signature is related generally to neural activation
and organismal arousal. Further, our findings suggest that conserved genomic

signatures may exist for other disorders and traits.

Conclusions

Though these results show promise, we must include caveats based upon the
complex nature of the phenotype and the limitations of the techniques we used. MSN
mice weigh significantly less than ICR controls (tz7.0s7 = —3.986, P-value = 4.369x10™*,
Welch’s two-sample t-test), which shows that the MSN background includes other
characteristics potentially unrelated to mania. While the microarray platform we used
was designed to be robust against the effects of polymorphisms in the probes,
ultimately, we cannot preclude the possibility of coding changes in the probe binding
sites of some genes of interest affecting our results. Similarly, while we made all

practical efforts to design qPCR oligonucleotides on monomorphic sites, we cannot say
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with certainty that our primer binding sites do not contain novel polymorphisms.
Additionally, as we noted in the results, some of the evidence from the human literature
we utilized to contextualize our results is unreplicated.

Despite these complexities, when we look at the rich suite of systems biology
differences present in MSN strain relative to the closely related ICR strain, we believe
we have found a strong phenotype that models mania with high construct validity. We
have demonstrated that MSN mice reiterate a substantial amount of work done on
human BPD genetics using three levels of analysis. At the single gene level, MSN mice
display dysregulation of multiple transcripts whose human orthologs are related to BPD
and related mental health disorders [8,33-57]. At the systems level, MSN mice display
dysregulation of a gene network similar to one found conserved across multiple human
studies on BPD in a recent systems meta-analysis [54]. At the chromosomal level, MSN
mice display perturbations in eight murine genome regions homologous to seven human
genome regions with strong relationships to BPD in the human literature [60-78]. We
believe that the argument for analogy between MSN mice and human BPD is strong.
The genetic, systems, and genome findings we present here imply profound
physiological similarities.

Just as the etiology of human BPD remains unresolved [5], so do the mechanistic
underpinnings of the MSN strain’s phenotype. This study is an extension of our effort to
characterize the phenotype and a preliminary step in the process of finding a genotype.
While we believe we have fully utilized a strong dataset to glean an interesting picture of

these mice, until we understand more about the genomics behind the MSN phenotype,



37

the scope of our work remains limited. We believe the loci from our novel genome
enrichment analysis give us a set of targets relevant to a potential deep sequencing
project. Comparing the MSN genome with the outbred ICR genome will be an important

next step and will contribute much to our understanding of BPD.

MATERIALS AND METHODS

Ethics statement

Animal use was carried out in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
All protocols were approved by the University of Wisconsin—Madison IACUC (protocol #:

L00405-0-05-09), and all reasonable efforts were made to minimize animal suffering.

Animals

MSN is an inbred strain of mouse derived over the course of approximately 15
years from the outbred hsd:ICR (ICR) mouse strain (Harlan Laboratories, Madison, W],
USA), making the ICR strain a natural control. The ancestors of MSN mice were one of
four replicate strains selected over a period of ~30 generations for high wheel running
behavior [88]. This high wheel running ancestral strain was observed to display high
maternal defense behavior compared to both control lines and the other three lines
selected for high wheel running from the original selective breeding experiment [91].
The ancestral mice were then bred for an additional ~30 generations to maintain high
maternal defense behavior. This progenitor strain was also characterized as showing

maternal neglect [93]. The mice were maintained in a breeding colony in our lab without
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selection for multiple generations, likely experiencing genetic drift and fixation before our
lab eventually observed them to display a manic phenotype relative to control strains
[26]. The MSN strain is now highly inbred; we estimate its current inbreeding coefficient
at 0.95. The MSN and ICR strains were kept in separate breeding colonies in our
laboratory under similar conditions for multiple generations prior to this study. Mice from
this study were adult males from the same generation singly housed in the same room,

and all mice were approximately 10 weeks old during testing.

In-cage locomotor activity observations

Total in-cage locomotor activity observations during portions of both the light and
dark periods were made using a camera mounted above mouse home cages with online
analysis done by the TopScan 2.0 software (CleverSys, Reston, VA, USA) as described
previously [26], though for this experiment, we observed MSN mice during one day and
not two. In total, 19 MSN mice and 19 ICR mice were observed. Statistical inference for
total distance traveled over time tested was done using the Monte Carlo permutation
test implementation in the R package coin. Probability density plots were made using

the R package sm, a non-parametric smoothing algorithm for histograms.

Tissue collection

The day after observation of total locomotor activity, mice w