UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

L-Type Calcium Channel Cavl.2 and Circadian Rhythms in Bipolar Disorder Patient
Fibroblasts

Permalink
https://escholarship.org/uc/item/0pp77465
Author

Nudell, Victoria Shannon

Publication Date
2018

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0pp77465
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

L-Type Calcium Channel Cay1.2 and Circadian Rhythms in Bipolar Disorder Patient Fibroblasts

A thesis submitted in partial satisfaction of the requirements
for the degree
Master of Science

in

Biology

by

Victoria Shannon Nudell

Committee in charge:

Professor Michael J. McCarthy, Chair
Professor Nicholas Spitzer, Co-Chair
Professor Shelley Halpain






The Thesis of Victoria Shannon Nudell is approved, and it is acceptable in quality and form for
publication on microfilm and electronically:

Co-Chair

Chair

University of California San Diego

2018



TABLE OF CONTENTS

ST = LN (= T - iii
QI o] (=30 0] 1 =] 1 iv
I E 0 T 0 %

P AN o1y 1 (o o) 1 T I LT £ Vi
Introduction

IO = oo =Tl I T o[- 1
1.2 The CIrcatian ClOCK. .. ....oiiie i e e e e e e e e e as 1
1.3 Molecular Mechanisms of ENtrainment. .. .....ovut oottt e e e anes 4
1.4 L-Type Calcium Channels and the Brain.............cooiiii i e e, 8
1.5 Modeling Bipolar DISOIAEY ..........u ettt et et e e e e e e e e e e e eens 10

Materials and Methods

2.1 HUMAN SUDJECES. .. ettt et e et e e et et e et e e et et e et et e e et e e e e e 12
0 O | ¥ 11 F - P 12
2.3 Reporter Gene TranSfECTION. .. ... ...ie et e e e e e e e e e e e e e e 13
2.4 LUMINOMELIY ASSAYS. .. .t ettt et et et ete et e et e et e et et e e e et e e e e et e ren e ean e ene s 14
2.5 Temperature Pulse and Temperature Cycling EXperiments..........ccoovieiiiiiiiiii i e, 15
2.6 Preparation of Drug TreatmentS. .. ... ..vu ittt et e et et e e e e e en e 17
2.7 Human Fibroblast SNP GENOtYPING......coe ottt i e e e e et e e e e 17
2.8 RNA 1s0lation and gPCR.......oui i e e e e e e e e 18
2.9 Data Analysis and Statistical Methods. .. ... e 18
Results

3.1 Calcium Channel Antagonists Modify the Circadian Period of Mouse Fibroblasts................ 20
3.2 Temperature Pulses and Cycles Modify the Circadian Period of Mouse Fibraoblasts............... 22
3.3 Calcium Channel Antagonists Do Not Alter Circadian Period of Entrained Mouse Fibroblasts. 24
3.4 Human Fibroblasts Are Rhythmic and Entrain to Temperature Cycles ...............ccovvvveenn .. 26
3.5 CACNALC Genotype Predicts Entrainment of Human Fibroblasts to Temperature Cycles....... 26
3.6 Temperature Change Does Not Induce PER1 Expression in Human Fibroblasts.................. 28
3o B3] o] o 30
R E] =TT 00 PP 34



LIST OF FIGURES

T 00 4

100 6

100 0 7

10 U= P 9

10 U= PP 13
FIgUIE 2.2, ottt i e e e e e e e e e e e e e 17
T[0T TS T PP 20
FIUIE 3.2, e e e e e e e e 21
10 U130 T PP 21
FIUIE 3L e e e e e e e 22
T[0T TS 7 PP 23
T 0TS 7 PP 24
FIUIE 3.7, e e e e e e e e e e 25
FIUIE 3L, e e e e e e e e e 25
U 3.0 i i e i e e e e e e e 26
T[0T =TS T 0P 27
T 10T 0 PP 28



ABSTRACT OF THE THESIS

L-Type Calcium Channel Cay1.2 and Circadian Rhythms in Bipolar Disorder Patient Fibroblasts

by

Victoria Shannon Nudell

Master of Science in Biology

University of California San Diego, 2018

Professor Michael J. McCarthy, Chair
Professor Nicholas Spitzer, Co-Chair

Bipolar disorder (BD) is a psychiatric disorder characterized by recurrent periods of
depression and mania, accompanied by major disruptions in activity and sleep patterns. The circadian
clock controls these behavioral rhythms however; genome-wide association studies have failed to
identify any of the essential “clock genes” that regulate rhythms as major genetic contributors in BD,
but have associated the genes encoding L-type calcium channels (LTCCs) as important risk factors.

CACNALC encodes Cav1.2, a LTCC essential for entrainment of the circadian clock. In post mortem

Vi



brain studies, those with BD risk-associated variants in CACNA1C show alterations in gene
expression. However, it is not known if abnormal expression of calcium channels mediates the
circadian disruptions observed in BD patients. We utilized a viral per2::luciferase reporter to measure
circadian rhythms in vitro and evaluate the role of a BD-associated risk allele in CACNALC
(rs4765913) and its role in human fibroblasts during phase-shifting. We found that antagonizing
ryanodine receptors lengthens period whereas, blocking LTCCs shortens of the rhythm of per2::luc
expression in mouse fibroblasts. Interestingly, the period changing effects of calcium channel
blockers were insignificant when applied in conjunction with a temperature cycle. CACNALC
genotype (rs4765913) predicted the ability of human fibroblasts from BD patients to entrain to
temperature cycles. These findings give insight as to the role of CACNALC genotype in the ability of
fibroblasts to entrain to daily stimuli, and how the abnormal entrainment displayed in BD-associated

risk allele carriers could contribute to the circadian abnormalities observed in BD patients.
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INTRODUCTION

1.1 Bipolar Disorder

Bipolar disorder (BD) is a neuropsychiatric disorder characterized by recurrent symptoms of
depression and mania, and elevated risk of suicide (DSM-V). The risk for BD is largely inherited and
genetic studies in patients with BD have implicated many different genes (Xu et al., 2017, Ikeda et
al., 2018, Harrison et al., 2018). The current evidence suggests that the risk for BD is polygenic, and
distributed across many risk alleles, some of which may overlap with other psychiatric disorders like
major depression and schizophrenia (Consortium, 2013, Dedic et al., 2018, Charney et al., 2017,
Reble et al., 2017). Therefore despite considerable research interest, the mechanism of BD remains
unclear, and diagnosis and pharmacological treatment of this disease is complex (Geddes and
Miklowitz, 2013, Brady and Keshavan, 2015). A hallmark of the disorder is the presence of
abnormalities in circadian rhythms, which can lead to sleep disturbances and reduced daytime activity
(Geoffroy et al., 2015, Pagani et al., 2016, Alloy et al., 2017, Melo et al., 2017). The rhythmic
abnormalities in patients and the association of some core clock genes with BD in candidate gene
studies has lead to studies evaluating the interplay between the circadian clock and bipolar disorder
(Maciukiewicz et al., 2014, Benedetti et al., 2015, Oliveira et al., 2018, Charrier et al., 2017), but
these efforts have failed to confidently identify the connection between mood disorders and the
circadian clock. However, an alternative possibility is that other BD risk genes, not commonly linked
with circadian functions, have pleiotropic effects and impact rhythms through modulation of core

clock functions and/or by affecting inputs into the clock.

1.2 The Circadian Clock
The mammalian circadian clock is a self-sustained, tightly controlled, complex network of

transcription-translation feedback loops (TTFLs) (Panda et al., 2002, Lowrey and Takahashi, 2004).



These interlocking TTFLs serve to regulate gene expression and cellular activity such as neuronal
firing rates and neurotransmitter release (Jones et al., 2015). The core loop of the mammalian TTFL
as discovered in mice is composed of the genes and protein products of Perl, Per2, Cryl, Cry2,
Bmall, Clock, Rev-erba, and Rora, which are also known as *“core clock genes”. The same molecular
machinery builds the components of the circadian clock in humans, although most studies
encountering rhythmic variants have been completed in mice due to the ease of access of an animal

model.

In mice, mutations and abnormalities in core clock genes can diminish and even eliminate
rhythmicity in the clock (van der Horst et al., 1999, Bunger et al., 2000, Bae et al., 2001). Evaluation
of rhythmicity of the clock must be completed in constant conditions to verify the self-sustaining
cycle of the TTFL. This is necessary to ensure that observed phenotypic oscillations are a direct result
of the intrinsic clock of the organism, and not a result of some intervening stimulus creating an
artifact of the clock readout, a phenomena commonly referred to as “masking”. Removal of a
masking stimulus will result in phenotypic oscillations consistent with patterns observed before the
altering event, showing that the molecular clock has not been adjusted. In circadian biology, constant
conditions are commonly referred to as “freerunning conditions”, where the circadian clock is free to
run on its own intrinsic timing without any environmental input. In this way, the rhythmic activities
of an animal may be monitored for their timing allowing analysis of the freerunning period (FRP),
which is naturally encoded to be about 24 hours in mammals. Alternatively, experimental conditions
are often shown in a notation similar to “12:12 LD”, which is the shorthand to denote a light/dark
cycle of 12 hours of light followed by 12 hours of darkness. It is no coincidence that this cycle is

framed over the course of 24 hours, as it is meant to emulate the day/night cycle of the Earth.



While the intrinsic molecular clock may encode activities that are rhythmic approximately
every 24 hours, a key feature of the mammalian circadian system is the ability to entrain to stimuli in
the environment. Entrainment results in the adjustment of the molecular clock to adhere to the
periodicity of an entraining stimulus, sharpening the precision of the rhythmic molecular feedback
timing. These adjustments of the central circadian clock are measured by comparison of “phase”
before and after a stimulus. The phase of the clock is defined as the starting point of the cycle relative
to a fixed event (e.g. sunrise). Cycles may be moved forward so they occur earlier (phase advanced)
or backward to occur later (phase delayed) in response to an environmental stimulus. The ability of
the clock to adjust is essential, as the inability to adapt to the changing environment could increase
the likelihood of disease (Wolff et al., 2013). Choosing one representative core clock gene and
following its waveform of expression as a guide to the internal time set by the organism is a common
method to monitor the timing of the clock and evaluating entrainment. In this way, transfection with a
lentiviral Per2::luciferase (Per2::luc) reporter can be used to allow a real-time readout of
bioluminescence to represent rhythmic gene expression over extended time periods and allow

analysis of phase (Beaulé et al., 2011).

The “pacemaker” clock of the mammalian brain is located in the suprachiasmatic nucleus
(SCN) of the hypothalamus (Kafka et al., 1985, Ralph et al., 1990, Sujino et al., 2003). Once
entrained to a particular light cycle, the SCN functions as the central pacemaker to coordinate
rhythms in peripheral tissues outside of the SCN, and to direct rhythms in physiology and behavior.
Interference with SCN function leads to desynchronization of rhythms in gene expression and
behavior (Yoo et al., 2004). Importantly, due to redundancy in the system, most modifications to the
core molecular clock do not result in arrhythmicity, but instead cause changes in period and/or
entrainment. A notable example of a clock variation that maintains rhythmicity but with an abnormal

relationship to the environment can be seen in the advanced phase of circadian gene expression



discovered in a family with strange sleeping habits. Familial advanced sleep phase syndrome
(FASPS) presents in patients with abnormally early sleep onset and wake times, and is caused by a
missense mutation to casein kinase Ie (CKle) association region of PER2 (Toh et al., 2001). CKle
inhibits nuclear entry of PER2 via post-translational phosphorylation, leading to a conformational
change in its nuclear localization sequence and ultimately degradation (Vielhaber et al., 2000). By
mutating the binding region of CKle on PER2, the protein product is no longer regulated by
phosphorylation and will enter the nucleus to alter the transcriptional activity of circadian genes,
resulting in an overall shortening of circadian period of gene expression and altered phase
relationship as seen in Figure 1.1 (Xu et al., 2005). The increased rate of nuclear entry of PER2

underlies the advanced phase of sleep/wake phenotype observed in patients with FASPS.
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Figure 1.1: FASPS mutation leads to advanced phase and shortened period of Per2 expression in mouse
fibroblasts. NIH3T3 cell lines expressing either wild type Per2 or FASPS mutated Per2 were entrained to
12:12 (35C : 39C) temperature cycles for 6 days, then bioluminescence recordings were taken at a stable
37C using a Per2::Luciferase reporter. Taken from Vanselow et al., 2006.
1.3 Molecular Mechanisms of Entrainment

How does the circadian clock adapt to changes in environmental time cues? The mammalian

circadian clock may be entrained to environmental stimuli called “zeitgebers”, a German word

meaning “time-giver”. Common zeitgebers include light, as in the case of photoentrainment, and



more studies are being completed evaluating temperature changes as another input for entraining the
clock. Methods being developed include the use of single temperature pulses as well as repeated
temperature cycles, both of which have been shown to alter the phase of circadian gene expression in
vivo and in vitro (Tamaru et al., 2011, Saini et al., 2012, Brown et al., 2002, Abraham et al., 2018, El
Allali et al., 2013, Yoshikawa et al., 2013, Ohnishi et al., 2014, Ruby et al., 1999). Advancements in
the area of non-photic entrainment are increasing the ability to evaluate rhythmic activity and
adjustment of phase in peripheral tissues where light is not an adequate stimulus for manipulating the
clock. The pathway of entrainment involving temperature has not been fully revealed, but is thought
to be mediated via heat shock factor 1 (HSF1) interactions with clock machinery (Saini et al., 2012,
Tamaru et al., 2011). Further discoveries in this area will strengthen the understanding of the multi-

input system that contributes to entrainment of rhythms in peripheral tissues.

The neuronal machinery responsible for conveying light stimuli to the SCN has been highly
characterized, and begins in the retina. Photic information encoded by intrinsically-photosensitive
retinal ganglion cells projects along the retinohypothalamic tract (RHT) to the SCN to synchronize
internal daily rhythms with environmental light levels (B., 2017). Signaling down the RHT to the
SCN is mediated primarily by the neurotransmitter glutamate, which activates the ionotropic a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and N-methyl-D-aspartate
(NMDA) receptors on the postsynaptic membrane (Colwell, 2001, Mizoro et al., 2010, Golombek and
Rosenstein, 2010). Cytosolic calcium levels are increased by influx via NMDA receptors and
subsequently the voltage gated calcium channel Cayv1.2 (Irwin and Allen, 2007, Colwell, 2001).
Cay1.2 is the primary L-type calcium channel (LTCC) in the mammalian central nervous system, and
expression of the alpha-1 subunit of Cay1.2 (CACNA1C) is essential for the successful transmission
of light information to the central clock (Pennartz et al., 2002). Association of calcium-dependent

signal transduction elements such as Ca?*/calmodulin-dependent protein kinase 11 (CaMKII) to the



cytoplasmic domain of Cav1.2 (Abiria and Colbran, 2010, Kon et al., 2014) allows the direct
activation of CaMKII and subsequently the mitogen-activated protein kinase (MAPK) signal
transduction cascade (Nomura et al., 2006, Goldsmith and Bell-Pedersen, 2013). Ultimately, these
pathways end with the phosphorylation of cyclic AMP response element-binding protein (CREB),
activating the transcription of clock genes Perl and Per2 in the nucleus to induce their expression in

response to light (Tischkau et al., 2003, Colwell, 2011).
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Figure 1.2: The organization of calcium sources within SCN neurons responsible for
adjusting the phase of circadian gene expression. Adapted from Golombek et al., 2010.

Changes in intracellular calcium serve to mediate the coupling of light stimulation and
transcriptional activation of clock genes in a phase dependent manner, where light in the early
subjective night results in phase delays, whereas light in the late subjective night results in phase

advances (see Figure 1.2) (Schmutz et al., 2014, Aguilar-Roblero et al., 2016). Interestingly, phase



delays are encoded by endogenous calcium release via ryanodine receptors (RyRs) (Irwin and Allen,
2007) and phase advances are mediated by exogenous calcium influx via voltage-dependent LTCCs
(Kim et al., 2005). The SCN can discriminate between these two calcium sources to trigger different
cellular responses to each (West et al., 2001, Lundkvist et al., 2005). Discoveries in the area of the
molecular pathway of circadian entrainment are complicated in that both RyRs and LTCCs display
their own pattern of circadian expression, thus making these calcium channels both inputs and outputs
of the clock (Aguilar-Roblero et al., 2007, Ko et al., 2009, Pfeffer et al., 2009). This study will focus
on the L-type calcium channel Cav1.2, which is associated with the phase advancing pathway for
clock adjustment. Cav1.2”- mice show altered abilities to respond to a light pulse in the late night,

with smaller phase changes compared to controls (Figure 1.3) (Schmutz et al., 2014).
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Figure 1.3: Cav1.2 knockout (KO) mice show smaller phase shifts after a light pulse at late subjective
night. Shown are the quantifications of the phase shifts observed after brief light pulses presented at
CT22 (left panels) and representative locomotor activity records showing the locomotor activity before
and after light administration for control (middle panel) and Cav1.2 KO mice (right panel). White lines
in the activity recordings represent the onset of activity before the light pulse, and grey lines represent
the onset after the light pulse. White asterisks indicate the timing of the light pulse. Data are represented
as mean + SEM (n = 10-12), and significant differences were determined by unpaired t test (*** p <
0.001). Taken from Schmutz et al, 2013.

The altered ability to phase advance found in mice lacking CACNALC highlights the critical
role of this calcium channel in the phase advancing mechanism. However, it is unclear whether single

phase shifts induced by light in the late night proceed by a singular adjustment of the phase of gene



expression, or if this change arises by changing the speed of rhythmic gene expression similar to that
seen in freerunning FASPS. The way the circadian clock entrains to cycles, as well as the way it
responds to novel stimulus is widely debated in the field, as no mechanistic finding has allowed an
explanation for how the clock adjusts its phase but many theories have been presented (Roenneberg et
al., 2010, Bordyugov et al., 2015). The consistent association of CACNALC single nucleotide
polymorphisms (SNPs) with BD and the knowledge that this gene significantly contributes to the
ability of the circadian clock to phase advance warrants an investigation of how these risk alleles may

contribute to the circadian disruptions characteristic of BD.

1.4 L-Type Calcium Channels and the Brain

Both human and animal studies have informed our understanding of the widespread
importance of Cay1.2 activity in the mammalian brain, and its role in regulating mood and behavior.
Genome-wide association studies (Starnawska et al., 2016, lkeda et al., 2018) and gene ontology
studies (Ryan et al., 2006, Askland et al., 2009, Holmans et al., 2009) have repeatedly implicated the
alpha-1 subunit of Cay1.2 (CACNALC), and to a lesser extent, Cay1.3 (CACNALD), as risk associated
genes in BD. BD’s most implicated SNP (rs1006737) is found in intron 3 of the CACNALC gene
(Eckart et al., 2016), whereby channel function remains unaffected but regulation of gene expression
is changed. Another SNP (rs4765913) is in linkage disequilibrium with rs1006737 and has also been
strongly implicated in BD (Franke et al., 2010). In neurons, these two isoforms play an essential role
in regulating intracellular calcium levels, gene expression, membrane polarization and
neurotransmitter release (Flavell and Greenberg, 2008). The SCN is only one region where the
excitation-transcription coupling completed by Cay1.2 has been researched, and this LTCC has been
shown to have functions in other brain areas. Mice with region specific knockouts of CACNALC in
the pre-frontal cortex, hippocampus, and cerebral cortex show heightened anxiety behaviors

(Moosmang et al., 2005, Lee et al., 2012, Kabir et al., 2016). Neuroimaging research has allowed the



evaluation of how CACNA1C genotype influences the processing of emotionally salient stimuli in
humans, and revealed that carriers of a BD-associated risk allele (rs1006737) present altered structure
and function in regions associated with the regulation of depression and anxiety (Kabir et al., 2016).
Studies conducted on post mortem brain samples show that carriers of the CACNALC risk allele
associated with BD have altered levels of calcium influx in the cerebellum, which may be explained

by a change in regulation of CACNALC expression (Gershon et al., 2014).
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Figure 1.4: Expression of CACNALC is rhythmic in both control and bipolar patient fibroblasts,
although BD patient cells display lower amplitude and altered temporal expression. Taken from
McCarthy et al., 2016.

Further investigation using primary human fibroblasts revealed that CACNA1C exhibits a
circadian pattern of expression; with an abnormal phase relationship and amplitude of expression
observed in carriers of this BD associated risk allele compared to controls (Figure 1.4) (McCarthy et
al., 2016). These studies indicate a clear connection between CACNALC and BD. Interestingly, the
deficits observed in lithium induced amplitude modulation were linked to ERK signaling, a feature

that along with calcium channels overlaps with circadian entrainment. Based on this observation, this



study hopes to gain further mechanistic insight into the molecular basis underlying circadian

differences between BD and controls.

1.5 Modeling Bipolar Disorder

With heterogeneous clinical presentations, subjective mood states and polygenic genotypes,
mood disorders face various challenges when it comes to creating valid and dependable experimental
models. Moreover, BD presents the unique need for a dynamic disease model that can display both
manic and depressive behavioral phenotypes interspersed with healthy intervals. Typically, animal
model research in BD is completed independently, with studies completed separately for the
depressive phenotype and another model for the manic phenotype (Beyer and Freund, 2017). One of
the foremost animal models of bipolar mania is the Clock419 mouse strain, in which the core
molecular circadian gene Clock is mutated at intron 19, eliminating the rhythmic DNA binding and
transcriptional activating properties of its protein product. Interestingly, the CLOCKA19 mutant
displays manic characteristics in common with BD and is responsive to lithium therapy, the most
common pharmacological treatment prescribed for BD (Logan and McClung, 2016, Kristensen et al.,
2018), for the correction of these behaviors. The ClockA19 mouse model is limited to the study on
manic phenotypes, as this strain does not exhibit the cycling of depressive behavior that would also be

expected to accompany mania in BD.

Alternatively, there is an argument for the use of primary human fibroblasts from BD patients
as a model for mechanistic discoveries; as such cells would retain the polygenic characteristics of the
patient. In vitro modeling of psychiatric conditions is limited due to tissue availability, and the use of
fibroblasts for this research circumvents this issue where a non-invasive biopsy may be collected
from a large group of controls and patients, lending additional statistical power to results. Cellular

models can provide preliminary insights and directions for research as we develop animal and cell

10



models that more closely represent BD in genotype and phenotype. While primary human fibroblasts
may not participate in electrochemical communication in the same manner as neurons, they provide
an opportunity to evaluate hypotheses in an accessible tissue that carries a polygenic BD background.
Fibroblasts have been established as autonomous, self-sustained oscillators that are dependent on
membrane potential and calcium dynamics (Nagoshi et al., 2004, Noguchi et al., 2012, Tsuchiya and
Nishida, 2003), characteristics that lend themselves to validate psychiatric disorder discoveries in this
cell type. Additionally, human fibroblasts have also been shown to express Cay1.2 L-type calcium
channels, making this accessible cell type an option for evaluating BD and circadian rhythms (Figure

1.4) (McCarthy et al., 2016).

The studies discussed here prompt more lines of questioning: are characteristics of BD
correlated with CACNALC risk allele genotype? What role does CACNALC play in the circadian
rhythms of BD patients? If Cay1.2 is integral to adjusting phase advancing, do BD associated risk
alleles influence the ability of the clock to adjust in BD patients? The aim of this study is to better
understand how the CACNALC risk alleles contribute to the adjustment of the circadian clock in BD
patient fibroblasts, and to validate an in vitro model for evaluation of phase advancing in peripheral
tissues. To do this, collaborators shared primary patient fibroblasts collected from BD patients and
controls which were then genotyped for the CACNALC SNP rs1006737 (Oedegaard et al., 2016,
Milivojevic et al., 2011). Our hypothesis was that carriers of the CACNALC risk allele (rs1006737)
display lower levels of entrainment to temperature cycles, as the abnormal expression of Cay1.2 in

these cells could alter their ability to entrain to environmental stimuli.
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MATERIALS AND METHODS

Evaluation of rhythms was completed via transfection with a viral per2::luciferase reporter,
and recording of subsequent bioluminescence. Pharmacological agents to manipulate calcium levels
were used to evaluate the role of different calcium sources on fibroblast rhythms; the RyR antagonist

dantrolene, and the LTCC antagonist verapamil.

2.1 Human Subjects

Human fibroblast cell lines were obtained by punch biopsy of the deltoid and shared from
previous studies. Control lines were collected by Jonathan Covault at University of Connecticut
(Milivojevic et al., 2011); donors were self-identified non-Hispanic Caucasians screened with the
Structured Clinical Interview for DSM-111-R or DSM-1V or the Semi-Structured Assessment for Drug
Dependence and Alcoholism to exclude individuals with a substance use disorder or other major Axis
I psychiatric disorder. Lines from patients with clinically diagnosed Bipolar Disorder were shared
from The Pharmacogenomics of Bipolar Disorder Study (Oedegaard et al., 2016). The Diagnostic

Interview for Genetic Studies was used for DSM-IV diagnoses and to collect detailed patient history.

2.2 Cell Culture

Cells were thawed from cryopreservation and cultured in 100mm dishes to confluence for
each cell line before passaging. Standard cell culture media contained DMEM (Gibco 11316), 10%
fetal bovine serum (Gibco 10437), 2 mM L-glutamine (Gibco 25030), and an Antibiotic-Antimycotic
[Penicillin + Streptomycin + Amphotericin B] (Gibco 15240062). Passaging of cells was completed
with HBSS (Gibco 14175-095) to wash, and 0.05% Trypsin-EDTA with phenol red (Gibco
25300054) for cell dissociation. Cultures were maintained in a Nuaire Water-Jacketed IR Autoflow
CO; incubator with 5% CO; at 35C. Preliminary assay development was completed using

commercially available immortalized mouse fibroblasts before moving into human fibroblast

12



experiments. NIH 3T3 immortalized embryonic mouse fibroblasts (CRL 1658) were purchased from
Cedarlane Cellutions Biosystems Incorporated, and cultured in standard growth media and procedure
outlined above. In order to measure rhythmic gene expression in these cells, a stable expressing line
of NIH3T3 Per2::luc was generated using lentiviral transfection and antibiotic selection (see more
below). The transfected NIH3T3 cells were cultured in standard growth media containing 200 ug/ml
hygromycin B (ThermoFisher 10687010), to select for only the cells which were successful in

expressing the viral construct.

2.3 Reporter Gene Transfection

= @@@ = @%JW

Fibroblasts are seeded Media is replaced with Viral media is removed Rhythmic expression of
in 35mm dishes and fresh media containing and replaced by the per2 protein is
left to equilibrate and HIV-1 per2::luciferase recording media. analyzed via

grow. viral construct and Cells are placed in bioluminescence.
polybrene. luminometer for
recording.

Figure 2.1: Outline of the transfection process for preparing fibroblasts for luminometry recording.

The Per2::luc lentiviral vector has been described in detail previously (Liu et al. 2007). This
vector contains the Per2 promoter upstream of the firefly luciferase gene, the protein product of
which catalyzes a reaction with its substrate luciferin to produce light. The replication inactivated
HIV-1 vector inserts the construct within the host genome, where luciferase is then expressed under

the regulation of the endogenous circadian clock.

Luminometry assays required transfection with a Per2::luc virus to monitor the reporter gene

as a measurement of circadian rhythms. Human fibroblast cells were grown to confluence in a

13



100mm dish before being dissociated with 0.05% trypsin, and then seeded into 35mm dishes at a 10%
dilution. Dishes were placed in 35C incubator for 48 hours to allow stabilization. Following this
period, transfection was completed using ~1x107 infectious units of Per2::luc HIV-1 virus per plate,
with 0.1% polybrene in standard growth media. Cells incubated at 35C with 1ml of media containing
virus and polybrene for 1 hour, then an additional 1ml of plain growth medium was applied to cells

and incubated for an additional 48 hours at 35C to allow growth to confluence (~1.2x10° cells/dish).

NIH3T3 cells were treated with a Per2::luc HIV-1 virus with an additional gene conferring
resistance to the antibiotic hygromycin (Meng et al., 2008). The addition of this resistance gene
allowed the transfection and selection of a stable expressing line of NIH3T3 Per2::luc cells, which
would not require transient transfection before each experiment. Attempts to produce stable
transfected human fibroblasts lines with a Per2::luc virus conferring resistance to blasticidin were
unsuccessful, as the lines grew poorly, and rhythms in these lines were inconsistent, with very low
amplitude oscillations. Therefore, luminometry experiments with human fibroblasts were completed
using transient transfection protocols that would place minimal stress on the cells, as this method does

not require antibiotic selection to ensure incorporation of the viral construct.

2.4 Luminometry Assays

Immediately before placement into the luminometer, growth media was aspirated and
replaced with recording media containing 1X DMEM without phenol red (Cellgro 90-013-PB), 10
mM HEPES (Gibco 15630), 14 mM NaHCO; (Gibco 25080), 50 mM glutamine (Gibco 25030), 1X
B-27 (Gibco 17504-044), penicillin/streptomycin (Gibco 15140), and 1mM luciferin (BioSynth
International L-8220). This media change allows the synchronization of Per2::luc rhythms in these
cells without a need for serum shock. Drug treatments were added to the recording media, and were

present for the duration of luminometer recording. All drug solvents were run in parallel as vehicle

14



controls. Once placed in recording media, the cells were sealed into the dishes using grease and a
glass coverslip. The recording media contains a combination of HEPES and NaHCO; buffers to
stabilize the pH for the duration of the recording in sealed dishes, in a dry incubator that is
incompatible with CO, supplementation. The sealed plates were secured into a Lumi-Cycle 32-well
luminometer (Actimetrics, Wilmette, IL) and bioluminescence (counts/sec) was measured for 70
seconds, every 10 minutes for a period of 5 days for analysis. The luminometer was placed inside a

dry incubator, with a stable temperature of 35C for the duration of data collection.

2.5 Temperature Pulse and Temperature Cycling Experiments

Rhythm data was collected in freerunning conditions, as well as entrainment conditions. This
in vitro model employed fibroblasts, which do have photosensitive machinery to allow them to
entrain to light. Therefore, entrainment and phase manipulations were completed using temperature
cycles and temperature pulses, which have been shown to be effective stimulus for entrainment of the
circadian clock in vitro (Saini et al., 2012, Ruby et al., 1999, Ohnishi et al., 2014, Tamaru et al.,
2011). We sought to measure circadian entrainment in fibroblasts by examining the response of
rhythms to temperature pulses of different durations and intensities in a programmable incubator
(Panasonic MIR-554-PA). All pulse experiments were completed by allowing samples to stabilize at
35C in the luminometer for 24 hours after beginning recording, then increasing the temperature for a
specified intensity and duration. Once the chosen duration elapsed, the temperature was dropped back
to 35C for the remainder of the experimental recording. Temperature cycling experiments were
completed in a two-step square wave scheme: 12 hours at 35C followed by 12 hours at 37.5C where
all recordings began with samples at 35C for 12 hours. This repeating cyclical protocol is meant to
provide an entrainment stimulus similar to that of the rhythmic fluctuation of body temperature in

mammals. All samples were completed in duplicate.
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Data obtained from these cycling experiments in human fibroblasts allows the analysis of
entrainment according to BD-associated genotype, and therefore was an integral portion of the
experimental design for this study. Entrainment may be evaluated by assessing the difference between
period of circadian gene expression and the period of the given entrainment stimulus, with total
entrainment indicated by these two values being equal.

The expression of immediate early clock gene PER1 was evaluated in response to
temperature change as a validation of this model for entrainment of the circadian clock.
Synchronizing stimulus has been shown to result in the acute induction of PER1 (Kaeffer and Pardini,
2005), allowing the expression levels of PER1 mRNA to serve as a control when evaluating the
response of CACNALC expression in a temperature cycle. This experimental design is meant to
provide insight to the mechanism by which the temperature cycling paradigm is interacting with the
molecular oscillators in human fibroblasts, and how CACNALC expression responds to temperature
changes. For time course temperature pulse gene expression experiments, human fibroblasts were
cultured in parallel in 6-well plates, and then left to equilibrate for 48 hours. The temperature cycling
incubator was optimized for use with a luminometer, therefore all samples required the same sealing
and buffer treatment as with luminometry studies. To begin, the standard growth medium was
aspirated and replaced with recording media, and plates covered with Microseal ‘B’ Seals (Bio-Rad
MCB1001) before being placed in their separate incubators (t=0 hr). It has been shown that media
changes can down-regulate expression of perl in rat fibroblasts, with expression levels stabilizing
around 2 hours post media change (Hirota et al., 2002). Thus, our first collection and RNA isolation
was performed at t=2 hours. The second time point was selected as t=14 hours to allow the
temperature change in the 12:12 temperature cycle to take place (t=12), and any following influences
on gene expression to take full effect over the following two hours. Two six-well plates were placed
at constant temperature for the duration of the experiment (35C), and two more were placed in a

temperature cycling incubator (12 hours at 35C, 12 hours at 37.5C). At each time point, one plate
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from each condition was promptly washed with cold PBS, sealed and placed at -80C for preservation

before isolation of RNA.

t=0 =2 hr t=12 hr t=14 hr
Temp ¢
Cycle RNA
35C | synchronizing | RNA 37.5C isolation and
Control *media change ¢ E’ﬂggﬂﬁnd iextraction
X I
35C

Figure 2.2: Timeline of temperature cycle time course experimental design.

2.6 Preparation of Drug Treatments
The following list contains details of all drugs used in this study, along with the
corresponding solvent:
o Verapamil hydrochloride (Tocris 0654) - water
o Dantrolene, sodium salt (Tocris 0507/100) - DMSO
Drugs were dissolved in sterile water or DMSO to create stock solutions. All subsequent
dilutions were completed by adding stock to explant media and then distributing this dilution across
all plates of the same condition. Vehicle controls were completed for all drugs with stocks prepared in

DMSO.

2.7 Human Fibroblast SNP Genotyping

Purification of DNA from human fibroblast lines was completed with the DNeasy Blood and
Tissue Kit (Qiagen 69504) according to the manufacturer’s protocol. SNP Genotyping was completed
via quantitative real-time polymerase chain reaction (PCR) of isolated DNA, with pre-designed
Tagman assays (Applied Biosystems) using a C1000 Touch Thermal Cycler with a CFX384 Real-
Time System (Bio-Rad). All lines were evaluated for their genotype for CACNA1C SNPs (4765913

and rs1006737).
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Cell lines were sorted into the following categories according to CACNALC SNP genotype
(rs4765913 and rs1006737): homozygous carriers of the non-risk associated allele at rs1006737 (G;
common allele), and heterozygous and homozygous carriers of the risk allele at rs1006737 (A, risk
allele) are combined as one experimental group. The risk allele carriers include both heterozygotes
and homozygotes for the rare allele, as the minor allele frequency makes it challenging to gather data

with significant statistical power if these groups are separated.

2.8 RNA Isolation and gPCR

Cells were retrieved from -80C and lysed within their wells, then immediately extracted for
total RNA using RNeasy Mini Kit (Qiagen 74104) following manufacturer protocol. Total RNA yield
was quantified using Nanodrop 2000 (ThermoFisher). cDNA synthesis was completed with 500 ng of
total RNA with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems 4368814)
and T100 Thermal Cycler (Bio-Rad 1861096). Quantitative RT-PCR was performed using a C1000
Touch Thermal Cycler with a CFX384 Real-Time System (Bio-Rad) using pre-made primers
(Applied Biosystems) for CACNALC, PER1, and GAPDH. Transcript levels for each gene were
normalized to the non-rhythmic housekeeping gene GAPDH using the comparative Ct method
(Schmittgen and Livak, 2008, Kosir et al., 2010). Average relative expression ratios for each gene
were calculated from two PCR replicates and expressed as a percentage of the maximum ratio at peak

expression.

2.9 Data Analysis and Statistical Methods
For each cell line, luminometry data were fitted to a damped sine curve by the least squares
method using Lumicycle Analysis (Actimetrics). Rhythm parameters (period, amplitude, phase) were

then averaged. To limit variability, the first day of recording was excluded from analysis for all
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bioluminescence data. Data were filtered using moving average background subtraction. Post hoc

analysis of all data was completed via T-Test, with p<0.05 indicating significance.
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RESULTS

3.1 Calcium Channel Antagonists Modify the Circadian Period of Mouse Fibroblasts

To begin the study of calcium dynamics in the circadian rhythms of fibroblasts, we
investigated the effect of LTCC antagonist verapamil on mouse fibroblasts. Bioluminescence
recordings of cells in recording media containing verapamil showed significantly shortened periods of
per2 expression in mouse fibroblasts in constant conditions (35C). This result was highly
reproducible and post hoc T-test indicated p=0.0004 for the 10 uM concentration of verapamil versus

vehicle controls.
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Figure 3.1: Verapamil significantly shortens the freerunning period of mouse fibroblasts.

Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days in recording media containing either water (vehicle) or 10 uM verapamil. Counts/sec were analyzed using
a fitted damped sine curve, then evaluated for circadian period and averaged (n=24, n=13 respectively). Post
hoc t-test indicated p<0.05 (* indicates statistical significance compared to vehicle).

20



35°C

— Vehicle
— Verapamil (10uM)

counts/sec

2 3 4 5
Time (days)

Figure 3.2: Verapamil shortens the freerunning period of mouse fibroblasts.

Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days. A single representative rhythm trace was selected from sample data of controls (black) and 10 pM
verapamil treated (red).

In addition, the effect of RyR antagonist dantrolene on per2 expression in mouse fibroblasts
in constant conditions (35C) was a lengthening of the period of per2 expression. The circadian period
of vehicle controls run in parallel was on average 26.6 hrs, versus 26.9 hrs for cells with 10 M
dantrolene (Figure 3.1). The effects on period lengthening effect of 10 uM dantrolene was variable, as

the standard deviation between samples is larger than the margin of difference between the control

and this experimental condition (p=0.08).
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Figure 3.3: Dantrolene insignificantly lengthens the freerunning period of mouse fibroblasts.

Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days in recording media containing either DMSO (vehicle) or 10 uM dantrolene. Counts/sec were analyzed
using a fitted damped sine curve, then evaluated for circadian period and averaged (n=21, n=17 respectively).
Post hoc t-test indicated p>0.05.
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Figure 3.4: Dantrolene lengthens the freerunning period of mouse fibroblasts.

Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days. A single representative rhythm trace was selected from sample data of vehicle controls (black) and 10 uM
dantrolene treated (teal).

To summarize, we found that in mouse fibroblasts long-term blockage of extracellular
calcium influx via LTCCs resulted in shorter circadian period consistent with its role in facilitating
phase advances in response to environmental cues, whereas blocking intracellular calcium release via
RyRs resulted in longer circadian period consistent with its role in facilitating phase delays.
Curiously, these results were obtained via antagonism of these calcium channels in vitro, and in vivo

these mechanisms are mediated by activation of the channels.

3.2 Temperature Pulses and Cycles Modify the Circadian Period of Mouse Fibroblasts

To evaluate the characteristics of phase adaptation and entrainment in fibroblasts, we needed
to investigate a method of relaying information to the circadian clock in these cells. We found many
publications detailing the use of temperature as an entraining stimulus in vitro (Izumo et al., 2003,
Tamaru et al., 2011, Abraham et al., 2018), some employing temperature cycles and others using
single temperature pulses. To better understand how the duration and intensity of temperature pulses

mediates changes to the circadian clock, we tested six different combinations of pulse length and
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temperature change in mouse fibroblasts. It appears that the degree of alteration to circadian period
coincides with the intensity and duration of the pulse given, as the strongest pulse of 9 hours with

37.5C delivered a significant change to circadian period (Figure 3.5).
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Figure 3.5: Temperature pulses can modify the period length of mouse fibroblasts.

Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days in recording media. Samples were run with varying duration and intensity of temperature change
(increasing from 35C) to evaluate the effect of these parameters on circadian period. Counts/sec were analyzed
using a fitted damped sine curve, then evaluated for circadian period and averaged (n=28, n=4, n=4, n=4,n=4,
n=7 respectively). Post hoc t-test indicated p<0.05 for the 9 hr 37.5C condition (* indicates statistical
significance compared to no pulse).

The strongest pulse intensity, an increase of 2.5C elicited the strongest change to circadian
period. Therefore, we chose to evaluate circadian entrainment of mouse fibroblasts using temperature
cycles with a 2.5C change in temperature between steps. We saw that mouse fibroblasts in a 12 hour
35C, 12 hour 37.5C cycle displayed a stronger level of entrainment than cells in a 14 hour 35C, 10
hour 37.5C temperature cycle (Figure 3.6). The degree of entrainment is determined by the reduction
of the FRP to match per2::luc expression to the 24 hour cycle provided via temperature. Therefore,
the 12:12 condition which reduced circadian period to an average 24.5 hours, down from freerunning
controls at an average 26.8 hours, displays stronger entrainment than the 14:10 condition with an
average period of 25.2 hours. Although both of these cycles are within a 24 hour frame, the 12:12

cycle is more effective at entraining mouse fibroblasts.
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Figure 3.6: Mouse fibroblasts entrain to temperature cycles.
Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days in recording media. Samples were run in constant temperature (freerunning; 35C), 12:12 (35C : 37.5C) or
14:10 (35C: 37.5C) repeated temperature cycles. Counts/sec were analyzed using a fitted damped sine curve,
then evaluated for circadian period and averaged (n=24, n=11, n=14 respectively). Post hoc t-test indicated
p<0.05 for both the 12:12 and 14:10 temperature cycle conditions (* indicates statistical significance compared
to freerunning).
3.3 Calcium Channel Antagonists Do Not Alter Circadian Period of Entrained Mouse Fibroblasts
Next, we wanted to evaluate the effect of our calcium channel blockers in conjunction with
an entraining stimulus. To do this, samples were run in parallel either in freerunning conditions
(35C), or the 12:12 (35C: 37.5C) temperature cycle. Application of verapamil with the temperature
cycle did not significantly change the period of per2 expression in mouse fibroblasts (Figure 3.7). In
freerunning conditions the effect of verapamil is significant, but this effect is not observed when cells

are placed in a temperature cycle. Once again showing that the effect of a period altering drug is

overpowered by entrainment to another stimulus.
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Figure 3.7: Verapamil does not significantly change circadian period of entrained mouse fibroblasts.
Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days in recording media. Samples were run in constant temperature (freerunning; 35C) or 12:12 (temp cycle;
35C : 37.5C) repeated temperature cycles. DMSO (vehicle), or 10 pM verapamil were added to recording media
at experiment initiation. Counts/sec were analyzed using a fitted damped sine curve, then evaluated for
circadian period and averaged (n=13, n=11, n=11, respectively). Post hoc t-test indicated p<0.05 for only the
freerunning verapamil and 12:12 vehicle temperature cycle conditions (* indicates statistical significance
compared to freerunning).
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Concurrent application of dantrolene in conjunction with a temperature cycle did not result in a
significant change in circadian period, showing that the temperature cycle driven entrainment is

stronger than the effect of dantrolene (Figure 3.8).
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Figure 3.8: Dantrolene does not significantly change the period of entrained mouse fibroblasts.

Stable transfected NIH3T3 cells expressing a per2::luciferase reporter were recorded for bioluminescence for 5
days in recording media. Samples were run in constant temperature (freerunning; 35C) or 12:12 (35C : 37.5C)
repeated temperature cycles. DMSO (vehicle), or 10 puM dantrolene were added to recording media at
experiment initiation. Counts/sec were analyzed using a fitted damped sine curve, then evaluated for circadian
period and averaged (n=17, n=6, n=6, respectively). Post hoc t-test indicated p<0.05 for only the 12:12 vehicle
temperature cycle condition (* indicates statistical significance compared to freerunning).
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3.4 Human Fibroblasts Are Rhythmic and Entrain to Temperature Cycles

Now that we characterized the entrainment and effect of calcium channel drugs on mouse
fibroblasts, we desired to complete entrainment assays with human fibroblasts from bipolar patients
and controls. We conducted luminometry experiments with control and bipolar patient fibroblast lines
in 12:12 temperature cycles then genotyped each line for CACNALC genotype. We found that bipolar
and control fibroblast lines displayed rhythmic, circadian expression of the PER2::luc reporter and
this expression entrained to 12:12 temperature cycles (Figure 3.9). The entrainment of these cells is
easily visualized, as the peaks and troughs of PER2 expression match with the transition points
between steps of the temperature cycle. Control patient lines exhibited an average period of 24.9

hours, with no significant different from BD patient lines with an average of 25.3 hours.
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Figure 3.9: Human fibroblasts are rhythmic and entrain to temperature cycles.
Transient transfected human fibroblasts cells expressing a PER2::luciferase reporter were recorded for
bioluminescence for 5 days. Samples were run in 12:12 (35C : 37.5C) repeated temperature cycles.
Representative traces of BD patient lines (n=2) and control patient lines (n=2) are shown.
3.5 CACNALC Genotype Predicts Entrainment of Human Fibroblasts to Temperature Cycles
Further analysis revealed a genotype difference of entrainment in bipolar patient fibroblasts,

with cells homozygous for the common allele rs1006737 showing a smaller phase angle, with periods
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closer to the 24 hour cycle compared to the rare allele carriers (Figure 3.10). Indeed, CACNA1C SNP
rs1006737 genotype predicted the entrainment of bipolar patient fibroblasts. Due to the same number
of cells harboring the rare variant, both heterozygotes and homozygous carriers of this risk allele are
grouped together for analysis. This genotype-associated difference in entrainment was not observed in
a small number of control fibroblasts. However, only two control fibroblasts were carriers of the BD-

associated SNP.
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Figure 3.10: CACNALC genotype predicts entrainment of human fibroblasts to temperature cycles.
Transient transfected bipolar patient human fibroblasts cells expressing a PER2::luciferase reporter were
recorded for bioluminescence for 5 days. Samples were run in12:12 (35C : 37.5C) repeated temperature cycles.
Counts/sec were analyzed using a fitted damped sine curve, then evaluated for circadian period and averaged
(n=7, n= 2, n=15, n=6 respectively). CACNALC SNP rs1006737 genotype was found for each human fibroblast
line via gqPCR SNP genotyping assays. Post hoc t-test indicated p<0.05 for the carriers of the rare, bipolar
disorder-associated rs1006737 allele compared to BD patients without the rare allele (* indicates statistical
significance compared to BD patients with only common alleles).
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Figure 3.11: Temperature Change Does Not Induce CACNALC Expression in Human Fibroblasts.
Bipolar patient fibroblasts were run in parallel; either in freerunning conditions (“Free”), or ina 12:12 (35C :
37.5C) cycle. Cell collection and RNA isolation was performed at 2 hours and 14 hours post media change.
cDNA was run with probes for GAPDH and PER1, and data analyzed using the comparative Ct method, with
GAPDH as a non-rhythmic housekeeping control. CACNAL1C SNP rs1006737 genotype was found for each
human fibroblast line via g°PCR SNP genotyping assays. Due to low allele frequency of the BD-associated
allele, both heterozygotes and homozygous carriers of this allele are grouped together. Carriers of the rare,
bipolar disorder-associated rs1006737 allele (“Rare”) are compared to BD patients without the rare allele
(“*Common™).

3.6 Temperature Change Does Not Induce CACNALC Expression in Human Fibroblasts

To follow our discoveries of the difference in circadian entrainment between CACNA1C
genotype in BD patient fibroblasts, the expression of immediate early clock gene PER1 was evaluated
in response to temperature change as a validation of this model for entrainment of the circadian clock.
Synchronizing stimulus has been shown to result in the acute induction of PER1 (Kaeffer and Pardini,
2005), allowing the expression levels of PER1 mRNA to serve as a control when evaluating the
response of CACNALC expression in a temperature cycle. This experimental design is meant to
provide insight to the mechanism by which the temperature cycling paradigm is interacting with the
molecular oscillators in human fibroblasts, and how CACNALC expression responds to temperature
changes. All samples showed a reduction in PER1 expression from t=2 to t=14 (Figure 3.11), and no
significant difference between genotypes was detected. CACNALC expression did not display any

significant changes between t=2 and t=14, indicating that dynamic, short-term regulation of
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CACNALC expression is not the mechanism by which circadian entrainment to temperature cycles

occurs in fibroblasts.
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DISCUSSION

The work in mouse fibroblasts found that LTCC antagonism shortens circadian period,
whereas RyR antagonism lengthens period. Temperature cycles were found to be an effective method
of entrainment in both human and mouse fibroblasts, and work in these mouse lines showed that
calcium channel antagonists do not significantly alter entrainment to temperature. Our hypothesis
predicted carriers of the CACNALC risk allele (rs1006737) would display lower levels of entrainment
to temperature cycles, as the abnormal expression of Cayv1.2 in these cells could alter their ability to
entrain to environmental stimuli. Results indicate that this is true (Figure 3.10), but only in BD patient
fibroblasts, not in controls. The insignificant difference in entrainment between genotypes of controls
shows that CACNALC genotype alone is not sufficient to explain the observed differences. Some
other unknown factor must also be in play, and may attributed to BD genotype. In support of this
finding, we saw that CACNALC genotype does not influence PER1 or CACNALC expression after a
temperature change in BD patient fibroblasts, thus the mechanism of phase alteration following a
temperature change does not induce expression of either of these genes. The observed CACNALC
genotype difference in entrainment paints a picture where a central input component of the circadian
clock is functioning abnormally in BD patients who carry the rs1006737 risk allele (Figure 3.10). The
BD-associated SNP rs1006737 is known to be in a regulatory region of the CACNALC gene (Kabir et
al., 2017), providing a plausible explanation for the misregulation of rhythmic CACNA1C expression
seen in BD patient fibroblasts (McCarthy et al., 2016). It cannot be confidently reported that control
patients do not show the same CACNALC genotype difference in entrainment as BD patients until

larger sample sizes are tested.

The human circadian rhythm disorder FASPS is caused by a mutation in PER2, leading to

period shortening in animal and cellular modes (Toh et al., 2001, Xu et al., 2005). Therefore, when
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put on a recurrent light/dark (or temperature) cycle with daily resetting, short circadian period can
manifest as a phase advance. The shortening of period observed in mouse fibroblasts in response to
verapamil gives clues to the possible mechanism of circadian phase advancing. Blocking LTCCs and
subsequent calcium influx via verapamil for the duration of recording results in a shortening of the
rhythmic circadian expression of per2. In vitro application of glutamate in the late night to SCN
neurons activates Cav1.2, allowing a calcium influx and resulting in phase advances to the clock. This
advance is the result of a single shortened circadian period immediately following the stimulus, where
the activity of the clock in the next 24 hours is modified. Thus, the mechanism of phase advancing
involves regulation of circadian genes to speed up their rhythm. By the continuous application of
verapamil to mouse fibroblasts, the clock in these cells is consistently “phase advancing”, resulting in
a shortened circadian period for all days of recording compared to controls. In this way, it was as if
the verapamil was operating as an entraining stimulus for the clock, informing the circadian period
length to consistently be shortened from the FRP. Similar effects have been observed by lowering the
extracellular concentration of calcium, thereby reducing the influx mediated by LTCCs (Noguchi et

al., 2012).

Previous studies have documented the effect of RyR antagonism on the circadian rhythms of
fibroblasts using high concentrations of ryanodine. Noguchi et al. showed that blocking intracellular
release of calcium from the ER in vitro resulted in delayed phase of per2 expression, similar to the
results presented in this study (Noguchi et al., 2012). Application of glutamate to SCN slices in the
early subjective night results in phase delays of the clock, which may be attenuated by the concurrent
application of RyR blocker dantrolene(Ding et al., 1998). Likewise, the long-term application of
dantrolene to mouse fibroblasts results in a lengthened period of per2 expression. In this way, the
continuous lowering of intracellular calcium levels by blocking RyR calcium release creates a stable

period length longer than the FRP, perhaps due to the consistent delaying signal being relayed to the
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molecular clock. It has been established that ryanodine receptor expression is modulated as an output
of the circadian clock and is rhythmically expressed in mouse fibroblasts (Aguilar-Roblero et al.,
2007, Pfeffer et al., 2009), which highlights that RyRs relay light information to the clock and
contribute to the circadian control of their own expression. This autoregulatory mechanism could
explain the way light pulses in vivo cause phase adjustments to only the cycle immediately following

the stimulus, altering only the phase of expression without changing the circadian period thereafter.

The use of a peripheral cell type for the evaluation of neural mechanisms will always pose the
guestion: Do the results of studies of non-neural tissues accurately represent the molecular
happenings of the brain? As previously mentioned, there are many studies that make use of
fibroblasts for mechanistic circadian discoveries and the insights gained allow a pointed approach
when translating these experiments to more accurate models. A specific advantage of evaluating
peripheral oscillators comes into play with the unique challenge of modeling psychiatric disorders.
The complex polygenic nature of these neural disorders complicates research progress at the
molecular level, but unique solutions such as the use of BD patient fibroblasts overcomes these
obstacles. The discoveries presented in this study serve as an example of the capacity of peripheral
oscillating models to allow experimentation that is highly reproducible and capable of statistical
significance. Further directions for this work could include a more thorough characterization of the
response of circadian clock genes to temperature cycles. By better understanding how the clock
responds to mediate entrainment in these conditions, it will lead the way for discovery of the
mechanism of temperature entrainment. Additionally, studies addressing the role of CACNA1C
genotype in fibroblast-derived human induced neurons from BD patients will lead the way in
furthering the world’s understanding of this heterogeneous disorder (Mattis and Svendsen, 2011,
Brennand et al., 2012, Viswanath et al., 2015). Induced neurons allow research in the cell type where

psychiatric disorders arise, with the genetic information to create an accurate disease state if the cells
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are derived from BD patients. Given the common ectodermal origin of both neurons and fibroblasts,
there is strength to the developmental accuracy of using fibroblast-derived iPSCs in modeling
psychiatric disorders(Rieske et al., 2005). Recent advances in this technique include the ability to
differentiate these pluripotent cells into specific neuronal cell types, which is particularly
advantageous for the evaluation of mechanisms relevant to BD (Temme et al., 2016). Future potential
models include the culture of neural organoids, which could allow the testing of a more
physiologically accurate neuronal framework for aspects of psychiatric disorders (Adegbola et al.,
2017). Alternatively, there is still an argument for the use of primary human fibroblasts from BD
patients as a model for mechanistic discoveries; as such cells would retain the polygenic
characteristics of the patient without requiring the level of labor needed to create a sufficient number

of iPSCs (Nagoshi et al., 2004).

33



REFERENCES

ABIRIA, S. A. & COLBRAN, R. J. 2010. CaMKII associates with CaV1.2 L-type calcium channels
via selected beta subunits to enhance regulatory phosphorylation. J Neurochem, 112, 150-61.

ABRAHAM, U., SCHLICHTING, J. K., KRAMER, A. & HERZEL, H. 2018. Quantitative analysis
of circadian single cell oscillations in response to temperature. PLoS One, 13, e0190004.

ADEGBOLA, A., BURY, L. A,, FU, C., ZHANG, M. & WYNSHAW-BORIS, A. 2017. Concise
Review: Induced Pluripotent Stem Cell Models for Neuropsychiatric Diseases. Stem Cells
Transl Med, 6, 2062-2070.

AGUILAR-ROBLERO, R., MERCADO, C., ALAMILLA, J., LAVILLE, A. & DIAZ-MUNOZ, M.
2007. Ryanodine receptor Ca2+-release channels are an output pathway for the circadian
clock in the rat suprachiasmatic nuclei. Eur J Neurosci, 26, 575-82.

AGUILAR-ROBLERO, R, QUINTO, D,, BAEZ-RUIZ, A., CHAVEZ, J. L., BELIN, A. C., DIAZ-
MUNOZ, M., MICHEL, S. & LUNDKVIST, G. 2016. Ryanodine-sensitive intracellular Ca.
Eur J Neurosci, 44, 2504-2514.

ALLOY, L.B.,NG, T. H., TITONE, M. K. & BOLAND, E. M. 2017. Circadian Rhythm
Dysregulation in Bipolar Spectrum Disorders. Curr Psychiatry Rep, 19, 21.

ASKLAND, K., READ, C. & MOORE, J. 2009. Pathways-based analyses of whole-genome
association study data in bipolar disorder reveal genes mediating ion channel activity and
synaptic neurotransmission. Hum Genet, 125, 63-79.

B., B.-0. 2017. The Mammalian Neural Circadian System: From Molecules to Behaviour. In: H.D.,
P. (ed.) Biological Timekeeping: Clocks, Rhythms and Behaviour. Springer, New Delhi.

BAE, K., JIN, X.,, MAYWOOD, E. S., HASTINGS, M. H., REPPERT, S. M. & WEAVER, D. R.
2001. Differential functions of mPer1, mPer2, and mPer3 in the SCN circadian clock.
Neuron, 30, 525-36.

BEAULE, C., GRANADOS-FUENTES, D., MARPEGAN, L. & HERZOG, E. D. 2011. In vitro
circadian rhythms: imaging and electrophysiology. Essays Biochem, 49, 103-17.

BENEDETTI, F., RICCABONI, R., DALLASPEZIA, S., LOCATELLI, C., SMERALDI, E. &
COLOMBO, C. 2015. Effects of CLOCK gene variants and early stress on hopelessness and
suicide in bipolar depression. Chronobiol Int, 32, 1156-61.

BEYER, D. K. E. & FREUND, N. 2017. Animal models for bipolar disorder: from bedside to the
cage. Int J Bipolar Disord, 5, 35.

BORDYUGOQV, G., ABRAHAM, U., GRANADA, A., ROSE, P., IMKELLER, K., KRAMER, A. &

HERZEL, H. 2015. Tuning the phase of circadian entrainment. J R Soc Interface, 12,
20150282.

34



BRADY, R. 0. & KESHAVAN, M. 2015. Emergent treatments based on the pathophysiology of
bipolar disorder: A selective review. Asian J Psychiatr, 18, 15-21.

BRENNAND, K. J., SIMONE, A., TRAN, N. & GAGE, F. H. 2012. Modeling psychiatric disorders
at the cellular and network levels. Mol Psychiatry, 17, 1239-53.

BROWN, S. A., ZUMBRUNN, G., FLEURY-OLELA, F., PREITNER, N. & SCHIBLER, U. 2002.
Rhythms of mammalian body temperature can sustain peripheral circadian clocks. Curr Biol,
12, 1574-83.

BUNGER, M. K., WILSBACHER, L. D., MORAN, S. M., CLENDENIN, C., RADCLIFFE, L. A.,
HOGENESCH, J. B., SIMON, M. C., TAKAHASHI, J. S. & BRADFIELD, C. A. 2000.
Mop3 is an essential component of the master circadian pacemaker in mammals. Cell, 103,
1009-17.

CHARNEY, A. W., RUDERFER, D. M., STAHL, E. A., MORAN, J. L., CHAMBERT, K.,
BELLIVEAU, R. A, FORTY, L., GORDON-SMITH, K., DI FLORIO, A., LEE, P. H.,
BROMET, E. J.,, BUCKLEY, P. F.,, ESCAMILLA, M. A., FANOUS, A. H., FOCHTMANN,
L.J., LEHRER, D. S., MALASPINA, D., MARDER, S. R., MORLEY, C. P., NICOLINI, H.,
PERKINS, D. O., RAKOFSKY, J. J., RAPAPORT, M. H., MEDEIROS, H., SOBELL, J. L.,
GREEN, E. K., BACKLUND, L., BERGEN, S. E., JUREUS, A., SCHALLING, M.,
LICHTENSTEIN, P., ROUSSOS, P., KNOWLES, J. A., JONES, I., JONES, L. A.,
HULTMAN, C. M., PERLIS, R. H., PURCELL, S. M., MCCARROLL, S. A, PATO, C. N,,
PATO, M. T., CRADDOCK, N., LANDEN, M., SMOLLER, J. W. & SKLAR, P. 2017.
Evidence for genetic heterogeneity between clinical subtypes of bipolar disorder. Transl
Psychiatry, 7, e993.

CHARRIER, A., OLLIAC, B., ROUBERTOUX, P. & TORDJMAN, S. 2017. Clock Genes and
Altered Sleep-Wake Rhythms: Their Role in the Development of Psychiatric Disorders. Int J
Mol Sci, 18.

COLWELL, C. S. 2001. NMDA-evoked calcium transients and currents in the suprachiasmatic
nucleus: gating by the circadian system. Eur J Neurosci, 13, 1420-8.

COLWELL, C. S. 2011. Linking neural activity and molecular oscillations in the SCN. Nat Rev
Neurosci, 12, 553-69.

CONSORTIUM, C.-D. G. O. T. P. G. 2013. Identification of risk loci with shared effects on five
major psychiatric disorders: a genome-wide analysis. Lancet, 381, 1371-9.

DEDIC, N., POHLMANN, M. L., RICHTER, J. S., MEHTA, D., CZAMARA, D., METZGER, M.
W., DINE, J., BEDENK, B. T., HARTMANN, J.,, WAGNER, K. V., JURIK, A., ALMLLI, L.
M., LORI, A, MOOSMANG, S., HOFMANN, F., WOTJAK, C. T., RAMMES, G., EDER,
M., CHEN, A., RESSLER, K. J.,, WURST, W., SCHMIDT, M. V., BINDER, E. B. &
DEUSSING, J. M. 2018. Cross-disorder risk gene CACNALC differentially modulates
susceptibility to psychiatric disorders during development and adulthood. Mol Psychiatry, 23,
533-543.

35



DING, J. M., BUCHANAN, G. F.,, TISCHKAU, S. A, CHEN, D., KURIASHKINA, L., FAIMAN,
L. E., ALSTER, J. M., MCPHERSON, P. S., CAMPBELL, K. P. & GILLETTE, M. U. 1998.
A neuronal ryanodine receptor mediates light-induced phase delays of the circadian clock.
Nature, 394, 381-4.

ECKART, N., SONG, Q., YANG, R., WANG, R., ZHU, H., MCCALLION, A. S. &
AVRAMOPOULQS, D. 2016. Functional Characterization of Schizophrenia-Associated
Variation in CACNALC. PLoS One, 11, e0157086.

EL ALLALI, K., ACHAABAN, M. R., BOTHOREL, B., PIRO, M., BOUAOUDA, H., EL
ALLOUCHI, M., OUASSAT, M., MALAN, A. & PEVET, P. 2013. Entrainment of the
circadian clock by daily ambient temperature cycles in the camel (Camelus dromedarius). Am
J Physiol Regul Integr Comp Physiol, 304, R1044-52.

FLAVELL, S. W. & GREENBERG, M. E. 2008. Signaling mechanisms linking neuronal activity to
gene expression and plasticity of the nervous system. Annu Rev Neurosci, 31, 563-90.

FRANKE, B., VASQUEZ, A. A., VELTMAN, J. A,, BRUNNER, H. G., RIJPKEMA, M. &
FERNANDEZ, G. 2010. Genetic variation in CACNA1C, a gene associated with bipolar
disorder, influences brainstem rather than gray matter volume in healthy individuals. Biol
Psychiatry, 68, 586-8.

GEDDES, J. R. & MIKLOWITZ, D. J. 2013. Treatment of bipolar disorder. Lancet, 381, 1672-82.

GEOFFROY, P. A,, SCOTT, J., BOUDEBESSE, C., LAINEF, M., HENRY, C., LEBOYER, M.,
BELLIVIER, F. & ETAIN, B. 2015. Sleep in patients with remitted bipolar disorders: a meta-
analysis of actigraphy studies. Acta Psychiatr Scand, 131, 89-99.

GERSHON, E. S., GRENNAN, K., BUSNELLO, J., BADNER, J. A., OVSIEW, F., MEMON, S.,
ALLIEY-RODRIGUEZ, N., COOPER, J., ROMANOS, B. & LIU, C. 2014. A rare mutation
of CACNAIC in a patient with bipolar disorder, and decreased gene expression associated
with a bipolar-associated common SNP of CACNALC in brain. Mol Psychiatry, 19, 890-4.

GOLDSMITH, C. S. & BELL-PEDERSEN, D. 2013. Diverse roles for MAPK signaling in circadian
clocks. Adv Genet, 84, 1-39.

GOLOMBEK, D. A. & ROSENSTEIN, R. E. 2010. Physiology of circadian entrainment. Physiol
Rev, 90, 1063-102.

HARRISON, P. J., GEDDES, J. R. & TUNBRIDGE, E. M. 2018. The Emerging Neurobiology of
Bipolar Disorder. Trends Neurosci, 41, 18-30.

HIROTA, T., OKANO, T., KOKAME, K., SHIROTANI-IKEJIMA, H., MIYATA, T. & FUKADA,
Y. 2002. Glucose down-regulates Perl and Per2 mRNA levels and induces circadian gene
expression in cultured Rat-1 fibroblasts. J Biol Chem, 277, 44244-51.

HOLMANS, P., GREEN, E. K., PAHWA, J. S., FERREIRA, M. A., PURCELL, S. M., SKLAR, P.,
OWEN, M. J., ODONOVAN, M. C., CRADDOCK, N. & CONSORTIUM, W. T. C.-C.

36



2009. Gene ontology analysis of GWA study data sets provides insights into the biology of
bipolar disorder. Am J Hum Genet, 85, 13-24.

IKEDA, M., SAITO, T., KONDO, K. & IWATA, N. 2018. Genome-wide association studies of
bipolar disorder: A systematic review of recent findings and their clinical implications.
Psychiatry Clin Neurosci, 72, 52-63.

IRWIN, R. P. & ALLEN, C. N. 2007. Calcium response to retinohypothalamic tract synaptic
transmission in suprachiasmatic nucleus neurons. J Neurosci, 27, 11748-57.

IZUMO, M., JOHNSON, C. H. & YAMAZAKI, S. 2003. Circadian gene expression in mammalian
fibroblasts revealed by real-time luminescence reporting: temperature compensation and
damping. Proc Natl Acad Sci U S A, 100, 16089-94.

JONES, J. R., TACKENBERG, M. C. & MCMAHON, D. G. 2015. Manipulating circadian clock
neuron firing rate resets molecular circadian rhythms and behavior. Nat Neurosci, 18, 373-5.

KABIR, Z. D., LEE, A. S. & RAJADHYAKSHA, A. M. 2016. L-type Ca. J Physiol, 594, 5823-5837.

KABIR, Z. D., MARTINEZ-RIVERA, A. & RAJADHYAKSHA, A. M. 2017. From Gene to
Behavior: L-Type Calcium Channel Mechanisms Underlying Neuropsychiatric Symptoms.
Neurotherapeutics, 14, 588-613.

KAEFFER, B. & PARDINI, L. 2005. Clock genes of Mammalian cells: practical implications in
tissue culture. In Vitro Cell Dev Biol Anim, 41, 311-20.

KAFKA, M. S., MARANGOS, P. J. & MOORE, R. Y. 1985. Suprachiasmatic nucleus ablation
abolishes circadian rhythms in rat brain neurotransmitter receptors. Brain Res, 327, 344-7.

KIM, D. Y., CHOI, H. J., KIM, J. S., KIM, Y. S., JEONG, D. U., SHIN, H. C., KIM, M. J., HAN, H.
C., HONG, S. K. & KIM, Y. I. 2005. Voltage-gated calcium channels play crucial roles in the
glutamate-induced phase shifts of the rat suprachiasmatic circadian clock. Eur J Neurosci, 21,
1215-22.

KO, G. Y., SHI, L. & KO, M. L. 2009. Circadian regulation of ion channels and their functions. J
Neurochem, 110, 1150-69.

KON, N., YOSHIKAWA, T., HONMA, S., YAMAGATA, Y., YOSHITANE, H., SHIMIZU, K.,
SUGIYAMA, Y., HARA, C., KAMESHITA, I., HONMA, K. & FUKADA, Y. 2014.
CaMKIll is essential for the cellular clock and coupling between morning and evening
behavioral rhythms. Genes Dev, 28, 1101-10.

KOSIR, R., ACIMOVIC, J., GOLICNIK, M., PERSE, M., MAJDIC, G., FINK, M. & ROZMAN, D.
2010. Determination of reference genes for circadian studies in different tissues and mouse
strains. BMC Mol Biol, 11, 60.

KRISTENSEN, M., NIERENBERG, A. A. & 3STERGAARD, S. D. 2018. Face and predictive

validity of the ClockA19 mouse as an animal model for bipolar disorder: a systematic review.
Mol Psychiatry, 23, 70-80.

37



LEE, A. S., GONZALES, K. L., LEE, A., MOOSMANG, S., HOFMANN, F., PIEPER, A. A. &
RAJADHYAKSHA, A. M. 2012. Selective genetic deletion of cacnalc in the mouse
prefrontal cortex. Mol Psychiatry, 17, 1051.

LOGAN, R. W. & MCCLUNG, C. A. 2016. Animal models of bipolar mania: The past, present and
future. Neuroscience, 321, 163-188.

LOWREY, P. L. & TAKAHASHI, J. S. 2004. Mammalian circadian biology: elucidating genome-
wide levels of temporal organization. Annu Rev Genomics Hum Genet, 5, 407-41.

LUNDKVIST, G. B., KWAK, Y., DAVIS, E. K., TEI, H. & BLOCK, G. D. 2005. A calcium flux is
required for circadian rhythm generation in mammalian pacemaker neurons. J Neurosci, 25,
7682-6.

MACIUKIEWICZ, M., DMITRZAK-WEGLARZ, M., PAWLAK, J., LESZCZYNSKA-
RODZIEWICZ, A., ZAREMBA, D., SKIBINSKA, M. & HAUSER, J. 2014. Analysis of
genetic association and epistasis interactions between circadian clock genes and symptom
dimensions of bipolar affective disorder. Chronobiol Int, 31, 770-8.

MATTIS, V. B. & SVENDSEN, C. N. 2011. Induced pluripotent stem cells: a new revolution for
clinical neurology? Lancet Neurol, 10, 383-94.

MCCARTHY, M. J., LE ROUX, M. J., WEI, H., BEESLEY, S., KELSOE, J. R. & WELSH, D. K.
2016. Calcium channel genes associated with bipolar disorder modulate lithium's
amplification of circadian rhythms. Neuropharmacology, 101, 439-48.

MELO, M. C. A, ABREU, R. L. C., LINHARES NETO, V. B., DE BRUIN, P. F. C. & DE BRUIN,
V. M. S. 2017. Chronotype and circadian rhythm in bipolar disorder: A systematic review.
Sleep Med Rev, 34, 46-58.

MENG, Q. J.,, MCMASTER, A., BEESLEY, S., LU, W. Q., GIBBS, J., PARKS, D., COLLINS, J.,
FARROW, S., DONN, R., RAY, D. & LOUDON, A. 2008. Ligand modulation of REV-
ERBalpha function resets the peripheral circadian clock in a phasic manner. J Cell Sci, 121,
3629-35.

MILIVOJEVIC, V., KRANZLER, H. R., GELERNTER, J., BURIAN, L. & COVAULT, J. 2011.
Variation in genes encoding the neuroactive steroid synthetic enzymes 5a-reductase type 1
and 3o-reductase type 2 is associated with alcohol dependence. Alcohol Clin Exp Res, 35,
946-52.

MIZORO, Y., YAMAGUCHI, Y., KITAZAWA, R., YAMADA, H., MATSUO, M., FUSTIN, J. M.,
DOI, M. & OKAMURA, H. 2010. Activation of AMPA receptors in the suprachiasmatic
nucleus phase-shifts the mouse circadian clock in vivo and in vitro. PLoS One, 5, €10951.

MOOSMANG, S., HAIDER, N., KLUGBAUER, N., ADELSBERGER, H., LANGWIESER, N.,
MULLER, J., STIESS, M., MARAIS, E., SCHULLA, V., LACINOVA, L., GOEBBELS, S.,
NAVE, K. A., STORM, D. R., HOFMANN, F. & KLEPPISCH, T. 2005. Role of
hippocampal Cav1.2 Ca2+ channels in NMDA receptor-independent synaptic plasticity and
spatial memory. J Neurosci, 25, 9883-92.

38



NAGOSHI, E., SAINI, C., BAUER, C., LAROCHE, T., NAEF, F. & SCHIBLER, U. 2004.
Circadian gene expression in individual fibroblasts: cell-autonomous and self-sustained
oscillators pass time to daughter cells. Cell, 119, 693-705.

NOGUCHI, T., WANG, C. W., PAN, H. & WELSH, D. K. 2012. Fibroblast circadian rhythms of
PER2 expression depend on membrane potential and intracellular calcium. Chronobiol Int,
29, 653-64.

NOMURA, K., TAKEUCHI, Y. & FUKUNAGA, K. 2006. MAP kinase additively activates the
mouse Perl gene promoter with CaM kinase Il. Brain Res, 1118, 25-33.

OEDEGAARD, K. J., ALDA, M., ANAND, A., ANDREASSEN, O. A., BALARAMAN, Y.,
BERRETTINI, W. H., BHATTACHARIJEE, A., BRENNAND, K. J., BURDICK, K. E.,
CALABRESE, J. R., CALKIN, C. V., CLAASEN, A.,, CORYELL, W. H., CRAIG, D.,
DEMODENA, A., FRYE, M., GAGE, F. H., GAO, K., GARNHAM, J., GERSHON, E.,
JAKOBSEN, P., LECKBAND, S. G., MCCARTHY, M. J., MCINNIS, M. G., MAIHOFER,
A. X., MERTENS, J., MORKEN, G., NIEVERGELT, C. M., NURNBERGER, J., PHAM,
S., SCHOEYEN, H., SHEKHTMAN, T., SHILLING, P. D., SZELINGER, S., TARWATER,
B., YAO, J., ZANDI, P. P. & KELSOE, J. R. 2016. The Pharmacogenomics of Bipolar
Disorder study (PGBD): identification of genes for lithium response in a prospective sample.
BMC Psychiatry, 16, 129.

OHNISHI, N., TAHARA, Y., KURIKI, D., HARAGUCHI, A. & SHIBATA, S. 2014. Warm water
bath stimulates phase-shifts of the peripheral circadian clocks in PER2::LUCIFERASE
mouse. PLoS One, 9, e100272.

OLIVEIRA, T., MARINHO, V., CARVALHO, V., MAGALHAES, F., ROCHA, K., AYRES, C.,
TEIXEIRA, S., NUNES, M., BASTOS, V. H. & PINTO, G. R. 2018. Genetic polymorphisms
associated with circadian rhythm dysregulation provide new perspectives on bipolar disorder.
Bipolar Disord.

PAGANI, L., ST CLAIR, P. A, TESHIBA, T. M., SERVICE, S. K., FEARS, S. C., ARAYA, C.,
ARAYA, X., BEJARANO, J., RAMIREZ, M., CASTRILLON, G., GOMEZ-MAKHINSON,
J., LOPEZ, M. C., MONTOYA, G., MONTOYA, C. P., ALDANA, I., NAVARRO, L.,
FREIMER, D. G., SAFAIE, B., KEUNG, L. W., GREENSPAN, K., CHOU, K., ESCOBAR,
J. 1., OSPINA-DUQUE, J., KREMEYER, B., RUIZ-LINARES, A., CANTOR, R. M.,
LOPEZ-JARAMILLO, C., MACAYA, G., MOLINA, J., REUS, V. I, SABATTI, C.,
BEARDEN, C. E., TAKAHASHI, J. S. & FREIMER, N. B. 2016. Genetic contributions to
circadian activity rhythm and sleep pattern phenotypes in pedigrees segregating for severe
bipolar disorder. Proc Natl Acad Sci U S A, 113, E754-61.

PANDA, S., ANTOCH, M. P., MILLER, B. H., SU, A. ., SCHOOK, A. B., STRAUME, M.,
SCHULTZ, P. G, KAY, S. A.,, TAKAHASHI, J. S. & HOGENESCH, J. B. 2002.

Coordinated transcription of key pathways in the mouse by the circadian clock. Cell, 109,
307-20.

PENNARTZ, C. M., DE JEU, M. T., BOS, N. P., SCHAAP, J. & GEURTSEN, A. M. 2002. Diurnal
modulation of pacemaker potentials and calcium current in the mammalian circadian clock.
Nature, 416, 286-90.

39



PFEFFER, M., MULLER, C. M., MORDEL, J., MEISSL, H., ANSARI, N., DELLER, T., KORF, H.
W. & VON GALL, C. 2009. The mammalian molecular clockwork controls rhythmic
expression of its own input pathway components. J Neurosci, 29, 6114-23.

RALPH, M. R., FOSTER, R. G., DAVIS, F. C. & MENAKER, M. 1990. Transplanted
suprachiasmatic nucleus determines circadian period. Science, 247, 975-8.

REBLE, E., DINEEN, A. & BARR, C. L. 2017. The contribution of alternative splicing to genetic
risk for psychiatric disorders. Genes Brain Behav.

RIESKE, P., KRYNSKA, B. & AZIZI, S. A. 2005. Human fibroblast-derived cell lines have
characteristics of embryonic stem cells and cells of neuro-ectodermal origin. Differentiation,
73, 474-83.

ROENNEBERG, T., HUT, R., DAAN, S. & MERROW, M. 2010. Entrainment concepts revisited. J
Biol Rhythms, 25, 329-39.

RUBY, N. F., BURNS, D. E. & HELLER, H. C. 1999. Circadian rhythms in the suprachiasmatic
nucleus are temperature-compensated and phase-shifted by heat pulses in vitro. J Neurosci,
19, 8630-6.

RYAN, M. M., LOCKSTONE, H. E., HUFFAKER, S. J.,, WAYLAND, M. T., WEBSTER, M. J. &
BAHN, S. 2006. Gene expression analysis of bipolar disorder reveals downregulation of the
ubiquitin cycle and alterations in synaptic genes. Mol Psychiatry, 11, 965-78.

SAINI, C., MORF, J., STRATMANN, M., GOS, P. & SCHIBLER, U. 2012. Simulated body
temperature rhythms reveal the phase-shifting behavior and plasticity of mammalian
circadian oscillators. Genes Dev, 26, 567-80.

SCHMITTGEN, T. D. & LIVAK, K. J. 2008. Analyzing real-time PCR data by the comparative C(T)
method. Nat Protoc, 3, 1101-8.

SCHMUTZ, I., CHAVAN, R., RIPPERGER, J. A.,, MAYWOOD, E. S., LANGWIESER, N., JURIK,
A., STAUFFER, A., DELORME, J. E., MOOSMANG, S., HASTINGS, M. H., HOFMANN,
F. & ALBRECHT, U. 2014. A specific role for the REV-ERBa-controlled L-Type Voltage-
Gated Calcium Channel CaV1.2 in resetting the circadian clock in the late night. J Biol
Rhythms, 29, 288-98.

STARNAWSKA, A., DEMONTIS, D., PEN, A., HEDEMAND, A., NIELSEN, A. L.,
STAUNSTRUP, N. H,, GROVE, J., ALS, T. D., JARRAM, A., OBRIEN, N. L., MORS, O.,
MCQUILLIN, A., BARGLUM, A. D. & NYEGAARD, M. 2016. CACNA1C
hypermethylation is associated with bipolar disorder. Transl Psychiatry, 6, e831.

SUJINO, M., MASUMOTO, K. H., YAMAGUCHI, S., VAN DER HORST, G. T., OKAMURA, H.

& INOUYE, S. T. 2003. Suprachiasmatic nucleus grafts restore circadian behavioral rhythms
of genetically arrhythmic mice. Curr Biol, 13, 664-8.

40



TAMARU, T., HATTORI, M., HONDA, K., BENJAMIN, I., OZAWA, T. & TAKAMATSU, K.
2011. Synchronization of circadian Per2 rhythms and HSF1-BMAL1:CLOCK interaction in
mouse fibroblasts after short-term heat shock pulse. PLoS One, 6, e24521.

TEMME, S. J.,, MAHER, B. J. & CHRISTIAN, K. M. 2016. Using Induced Pluripotent Stem Cells to
Investigate Complex Genetic Psychiatric Disorders. Curr Behav Neurosci Rep, 3, 275-284.

TISCHKAU, S. A., MITCHELL, J. W., TYAN, S. H., BUCHANAN, G. F. & GILLETTE, M. U.
2003. Ca2+/cAMP response element-binding protein (CREB)-dependent activation of Perl is
required for light-induced signaling in the suprachiasmatic nucleus circadian clock. J Biol
Chem, 278, 718-23.

TOH, K. L., JONES, C. R, HE, Y., EIDE, E. J., HINZ, W. A,, VIRSHUP, D. M., PTACEK, L. J. &
FU, Y. H. 2001. An hPer2 phosphorylation site mutation in familial advanced sleep phase
syndrome. Science, 291, 1040-3.

TSUCHIYA, Y. & NISHIDA, E. 2003. Mammalian cultured cells as a model system of peripheral
circadian clocks. J Biochem, 134, 785-90.

VAN DER HORST, G. T., MUIJTJENS, M., KOBAYASHI, K., TAKANO, R., KANNO, S.,
TAKAO, M., DE WIT, J., VERKERK, A., EKER, A. P., VAN LEENEN, D., BUIJS, R.,
BOOTSMA, D., HOEIJMAKERS, J. H. & YASUI, A. 1999. Mammalian Cry1 and Cry2 are
essential for maintenance of circadian rhythms. Nature, 398, 627-30.

VIELHABER, E., EIDE, E., RIVERS, A., GAO, Z. H. & VIRSHUP, D. M. 2000. Nuclear entry of
the circadian regulator mPERL1 is controlled by mammalian casein kinase | epsilon. Mol Cell
Biol, 20, 4888-99.

VISWANATH, B., JOSE, S. P., SQUASSINA, A., THIRTHALLI, J., PURUSHOTTAM, M.,
MUKHERJEE, O., VLADIMIROV, V., PATRINOS, G. P., DEL ZOMPO, M. & JAIN, S.
2015. Cellular models to study bipolar disorder: A systematic review. J Affect Disord, 184,
36-50.

WEST, A. E., CHEN, W. G., DALVA, M. B., DOLMETSCH, R. E., KORNHAUSER, J. M.,
SHAYWITZ, A. J., TAKASU, M. A., TAO, X. & GREENBERG, M. E. 2001. Calcium
regulation of neuronal gene expression. Proc Natl Acad Sci U S A, 98, 11024-31.

WOLFF, G., DUNCAN, M. J. & ESSER, K. A. 2013. Chronic phase advance alters circadian
physiological rhythms and peripheral molecular clocks. J Appl Physiol (1985), 115, 373-82.

XU, Y., PADIATH, Q. S., SHAPIRO, R. E., JONES, C. R., WU, S. C., SAIGOH, N., SAIGOH, K.,
PTACEK, L. J. & FU, Y. H. 2005. Functional consequences of a CKldelta mutation causing
familial advanced sleep phase syndrome. Nature, 434, 640-4.

XU, Y., WANG, J., RAOQ, S., RITTER, M., MANOR, L. C., BACKER, R., CAO, H., CHENG, Z.,
LIU, S, LIU, Y., TIAN, L., DONG, K., YAO SHUGART, Y., WANG, G. & ZHANG, F.
2017. An Integrative Computational Approach to Evaluate Genetic Markers for Bipolar
Disorder. Sci Rep, 7, 6745.

41



YOO, S. H., YAMAZAKI, S., LOWREY, P. L., SHIMOMURA, K., KO, C. H., BUHR, E. D,
SIEPKA, S. M., HONG, H. K., OH, W. J,, YOO, 0. J.,, MENAKER, M. & TAKAHASH]I, J.
S. 2004. PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals
persistent circadian oscillations in mouse peripheral tissues. Proc Natl Acad Sci U S A, 101,
5339-46.

YOSHIKAWA, T., MATSUNO, A., YAMANAKA, Y., NISHIDE, S. Y., HONMA, S. & HONMA,

K. 2013. Daily exposure to cold phase-shifts the circadian clock of neonatal rats in vivo. Eur
J Neurosci, 37, 491-7.

42





