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ABSTRACT

Ubiquitination, a post-translational modification most often studied for its role in
proteasomal degradation, is known to be crucial for protein function. Circadian rhythms
are endogenous cycles of 24 h generated by a master clock located in the suprachiasmatic
nucleus of the hypothalamus and clocks in other tissues. This clock relies on
ubiquitination by ubiquitin ligases to regulate its activity. Additionally, evidence from
various human neuropsychiatric diseases suggests that ubiquitination is important in the
regulation of central nervous system function. However, the role of deubiquitinases,

which reverse ubiquitin ligase activity, remains largely unexplored in the brain.

The aim of this project was to study the role of the deubiquitinating enzyme USP2 in the
circadian clock and, more broadly, in the brain. We found that mice lacking USP2 have
alterations in entrainment to an environmental light/dark cycle and in light responses by
the suprachiasmatic nucleus. In addition to finding Usp2 expression in several brain
areas, we also discovered behavioural deficits in Usp2 KO mice, which displayed
reduced anxiety-like behaviour and certain motor coordination deficits. Our studies
indicate that USP2 plays an important role in the circadian clock and its response to light

cues, as well as in other brain functions.
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RESUME

L’ubitiquination, une modification post-traductionnelle ayant un role important dans la
dégradation par le protéasome, est ¢galement essentielle pour la fonction des protéines.
Les rythmes circadians sont des cycles endogeénes de 24h générés par 1’horloge centrale
située dans le noyau suprachiasmatique de I’hypothalamus et des horloges dans d’autres
tissus. Cette horloge dépend de I’ubiquitination par des ubiquitine ligases pour ajuster son
activité. De plus, plusieurs études de maladies neuropsychiatriques chez les humains
suggerent que 1’ubiquitination joue un rdle important dans le systéme nerveux central.
Cependant, le réle des déubiquitinases, qui ont une activité inverse de celle des ubiquitine

ligases, reste largement inexploré dans le cerveau.

Le but de ce projet est d’étudier le role de la déubiquitinase USP2 dans I’horloge
circadienne et, plus généralement, dans le cerveau. Nous avons démontré que les souris
n’exprimant pas USP2 présentent des différences dans leur entrainement aux cycles jour-
nuit et dans leurs réponses a la lumiere dans le noyau suprachiasmatique. En plus de
montrer que le géne Usp2 est exprimé dans plusieurs régions du cerveau, nous avons
découvert que les souris Usp2 KO présentent un phénotype moins anxieux et un déficit
de coordination motrice dans certains contextes. Nos études démontrent qu”USP2 joue un
role important dans 1’horloge circadienne et sa réponse a la lumiere, ainsi que dans

d’autres fonctions du cerveau.
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CHAPTER 1: BACKGROUND

1.1 Ubiquitination and deubiquitination

Ubiquitination involves the addition of the small protein ubiquitin to a target protein. The
number of ubiquitin moieties added to the protein, as well as the specific ubiquitin
residue where the linkage occurs, dictate the effect that this post-translational
modification will have on the target protein. Indeed, only polyubiquitin chains created by
ubiquitin molecules internally linked via lysine 48 lead to proteasomal degradation, the
most commonly discussed outcome of ubiquitination (Husnjak and Dikic, 2012). While
the ubiquitin proteasome system is crucial for the proper functioning of many cellular
systems, it is important not to disregard the other roles of ubiquitination which include
signaling, endocytosis and DNA repair. Indeed, the diversity of signals that can be
generated by ubiquitination allows this post-translational modification to be involved in
nearly every cellular pathway (Strieter and Korasick, 2012). Ubiquitination is achieved
through the activity of three types of enzymes, the E1, E2 and E3 enzymes, which
together activate, conjugate and finally ligate the ubiquitin to a target protein
(Varshavsky, 2012). The activity of these ubiquitinating enzymes is reversed by
deubiquitinating enzymes (DUBs), a group of about 100 proteins, which have received
much less attention so far but are likely to be just as important in the various aspects of
cellular function (Wing, 2003). Indeed, DUBs have been involved in cellular function,
protein stability, DNA repair, pathogenesis and kinase activation (Reyes-Turcu et al.,
2009). Interestingly, there are only about 100 DUBs while there are around 600 E3

ubiquitin ligases (Komander et al., 2009). Accordingly, E3 ubiquitin ligases often have
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fewer substrates compared to DUBs. While relatively few diseases have been linked to
disruptions of deubiquitination, it is reasonable to believe that more will be discovered as

DUBSs become better studied.

1.2 Ubiquitination and the brain

Several neurodegenerative and neuropsychiatric illnesses have been linked to mutations
affecting different aspects of the ubiquitin proteasome system. Mouse models have

further suggested an important role of ubiquitination in normal brain function.

1.2.1 Neurodegenerative diseases: Alzheimer’s disease, the most common
neurodegenerative disorder, is characterized by an accumulation of amyloid plaques
which has been suspected to result from disrupted protein degradation. This idea has been
reinforced by the discovery of more than 10 protein mutations affecting the ubiquitin
proteasome system in Alzheimer’s (Riederer et al., 2011). The second most prevalent
neurodegenerative disorder, Parkinson’s disease, has also been linked to defects in the
ubiquitination pathway. Indeed, the parkin gene, which was found to be mutated in
several Japanese families affected by a specific type of Parkinson’s disease known as
autosomal-recessive juvenile parkinsonism, is an E3 ubiquitin ligase (Kitada et al., 1998).
Since their discovery, mutations in parkin have become the second most known cause of
Parkinson’s and have been implicated in both familial and sporadic cases (Dawson and
Dawson, 2010). It is of interest that for at least one DUB, UCH-L1, point mutations have

been associated with familial forms of Parkinson’s (Amerik and Hochstrasser, 2004).

1.2.2 Neuropsychiatric diseases: Several studies have linked genes involved in the

ubiquitin pathway with schizophrenia (Altar et al., 2005; Bousman et al., 2010; Chen et
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al., 2008; Kushima et al., 2010), anxiety (Kim et al., 2009), bipolar disorder (Bousman et
al., 2010; Kushima et al., 2010; Ryan et al., 2006) and depression (Fukuo et al., 2011) in
human patients. While most of these studies focus on the genes involved in
ubiquitination, one group has identified an association between a deubiquitinating
enzyme, ubiquitin-specific peptidase 46 (USP46) and major depressive disorder in
Japanese populations in a haplotype analysis (Fukuo et al., 2011; Kushima et al., 2010).
While none of these studies elucidated the mechanism by which the identified proteins
contributed to the disease, they all identified a trend of decreased overall ubiquitination in

the patients.

1.2.3 Mouse models: Despite the various associations between the ubiquitin system and
neuropsychiatric disorders, surprisingly few studies have looked at the behaviour of mice
with disrupted ubiquitination. However, as expected, a handful of studies looking at
different E3 ubiquitin ligase mutants or knockouts were able to identify several

behavioural abnormalities.

One such study focused on mice lacking Kf-/, a ubiquitin ligase whose gene transcripts
were found to be more abundant in the brains of patients with Alzheimer’s (Tsujimura et
al., 2008; Yasojima et al., 1997). These mice were found to have increased anxiety-like
behaviour and increased pre-pulse inhibition, a measure of sensorimotor gating which is

usually reduced in human schizophrenic patients (Amann et al., 2010).

Another study investigated the behaviour of mice which were heterozygous for
SCRAPPER, a synapse-localized E3 ubiquitin ligase whose absence in homozygous

knockout mice is lethal (Yao et al., 2011). Mice were found to have decreased anxiety-
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like behaviour in one test, as well as increased social behaviour. Additionally,

heterozygous mice displayed reduced freezing behaviour in contextual fear conditioning.

A third study looked at the role of the RING Finger 41 E3 ubiquitin ligase in behaviour
using mice congenic for the chromosomal region where this enzyme is located (Kim et
al., 2009). Like in the abovementioned studies, these mice were found to have significant
differences in anxiety-like behaviour, displaying increased anxiety in two separate

behavioural paradigms.

Interestingly, the only study looking at a DUB focused on USP46 which, as discussed
above, associates with major depressive disorder in Japanese populations, and found that
Usp46 KO mice as well as mice with a lysine codon deletion in the Usp46 gene displayed
increased depression-like behaviour, supporting the human data (Imai et al., 2012;
Tomida et al., 2009). In conjunction with the human studies presented above, these data
suggest an important role of various components of the ubiquitin-proteasome system in

the regulation of behaviour.

1.3 Ubiquitination in the circadian clock

Circadian rthythms are endogenous cycles of about 24 h generated by a master clock in
the suprachiasmatic nucleus (SCN) and clocks located in other tissues. Circadian clocks
exist in most organisms and allow physiological function to anticipate predictable daily
occurrences, such as changes in light and temperature levels or food availability (Dibner
et al., 2010). Through synchronization with the external environment, the organism can
then adapt its behaviour in a way that ensures that internal homeostasis is maintained

(Nakagawa and Okumura, 2010).
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1.3.1 Circadian clocks and clock genes: At the molecular level, the circadian clock relies
on self-sustained transcription-translation feedback loops. A set of clock genes and their
protein products generate rhythmicity in the clock through negative feedback, a
mechanism by which a protein inhibits its own transcription (Dardente and Cermakian,
2007; Reppert and Weaver, 2002). In the mammalian clock, the proteins CLOCK and
BMALI dimerize and act as transcriptional activators of the Period (Per) I and 2 and
Cryptochrome (Cry) I and 2 genes (Gekakis et al., 1998; Ueda et al., 2005). The PER1,2
and CRY 1,2 protein products then later enter the nucleus and inhibit the activity of
CLOCK and BMALI, thereby shutting down their own transcription (Kiyohara et al.,
2006; Kume et al., 1999). Other feedback loops also exist, namely one which involves the
induction of the transcription of the Retinoic acid receptor-related orphan receptor (Ror)
and Rev-erb genes, with the REV-ERB protein subsequently inhibiting transcription of
the Bmall gene (Akashi and Takumi, 2005; Guillaumond et al., 2005; Preitner et al.,

2002; Sato et al., 2004).

The timing of these feedback loops is dictated by post-translational modifications (PTM)
of the various proteins involved (Gallego and Virshup, 2007; Vanselow and Kramer,
2007). Indeed, the core clock proteins CLOCK, BMALI, PER1/2 and CRY 1/2 are all
subject to post-translational modifications such as acetylation, phosphorylation,
SUMOylation and ubiquitination (Duguay and Cermakian, 2009). The importance of
these modifications has been highlighted by many studies (Dardente et al., 2007;
Etchegaray et al., 2003; Etchegaray et al., 2009; Gallego et al., 2006; Harada et al., 2005;

Lowrey et al., 2000; Toh et al., 2001; Yin et al., 2006).
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The light/dark cycle is the dominant synchronizing signal for the circadian system, and
light detection by the clock is largely independent of the classic image forming vision
pathway. Light is perceived by intrinsically photosensitive retinal ganglion cells
(ipRGCs) which contain the photoreceptor melanopsin and project along the
retinohypothalamic tract to the SCN and a dozen other brain regions (Berson et al., 2002;
Hattar et al., 2002). In the SCN, light information activates the mitogen-activated protein
kinase (MAPK) signaling cascade, which in turn leads to the activation of cAMP reponse
element-binding protein (CREB), a transcription factor (Coogan and Piggins, 2003;
Obrietan et al., 1998; Tischkau et al., 2003). Through the presence of CRE binding
elements in their promoter regions, the key clock genes Period I and Period 2 are then
rapidly induced, allowing the circadian clock to synchronize to environmental light cues.
Recently, it has been found that the mammalian target of rapamycin (mTOR) protein, a
target of the MAPK signaling cascade which is activated in the SCN in response to light,
can directly modulate PERIOD 1 and 2 protein levels, indicating that light responses in

the SCN occur at both the gene and protein level (Cao et al., 2010).

1.3.2 Ubiquitin ligases in the circadian clock: Of the various PTMs discussed in the
previous section, ubiquitination is of particular interest due to the aforementioned
diversity of signals that this modification can generate and due to its direct role in
determining protein half-life via control of degradation by the proteasome (Duguay and
Cermakian, 2009). Several ubiquitin ligases have been found to play important roles in

the mammalian circadian clock.

FBXL3 is an F-box protein which is part of SCF E3 ubiquitin ligase complex (Siepka et

al., 2007). FBXL3 was identified as the protein which was mutated in the Overtime
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mouse, whose free-running period is 2h longer than that of WT littermates. It was found
that loss of FBXL3 activity in the mutant lead to a stabilization of the CRY 1,2 proteins
due to decreased targeting of the proteins for proteasomal degradation by ubiquitination
(Siepka et al., 2007) . Around the same time, another mouse mutant with a long free-
running period (26.5 h) was identified. Dubbed the “after hours” mutants, these mice
were also found to have a mutation in the FBXL3 gene. Work on these animals revealed
that the “after hours” mutation also leads to increased stabilization of the CRY proteins,
thereby prolonging inhibition of the BMAL1/CLOCK transcriptional activators. Peak
levels of the Per, Cry and Bmall clock genes and their protein products were therefore
found to be reduced (Godinho et al., 2007). Further work on FBXL3 revealed that
ubiquitination of CRY 1,2 by this enzyme was necessary for the timely degradation of the
CRY proteins and the reactivation of BMAL1/CLOCK (Busino et al., 2007). An FBXL3
homolog, FBXIL.21, was identified in sheep where it was also found to bind to CRY1,
thereby affecting transcriptional activation by BMAL1 and CLOCK (Dardente et al.,
2008). Recent work in mice has revealed that FBXL3 and FBXL21 have opposing roles,
with FBXL21 stabilizing the CRY proteins rather than degrading them (Hirano et al.,
2013). It has been proposed that the coordinated action of these two proteins in distinct
subcellular compartments is important to maintain the robustness of circadian

oscillations.

B-TRCP1 and B-TRCP2 are E3 ubiquitin ligase F-box proteins recruited to PER2
following phosphorylation of this protein by the kinases CK1e and CK 16, which leads to
polyubiquitination and subsequent degradation of PER2 (Eide et al., 2005). Indeed,

expression of a dominant negative form of f-TRCP was found to lead to the inhibition of
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PER?2 ubiquitination and degradation. B-TRCP1,2 were also shown to interact with
PERI in a CK1e-depedent manner and a knockdown of both proteins was found to
stabilize PER1, and reduce levels of transcriptional activation by CLOCK/BMALI1
(Shirogane et al., 2005). Interestingly, it was found that the circadian period of fibroblasts
could be elongated by either inhibiting the kinases which phosphorylate the PER
proteins, downregulating B-TRCP1 or expressing a dominant negative B-TRCP1 (Reischl
et al., 2007). Accordingly, the introduction of a PER2 protein incapable of interacting
with B-TRCP1,2 leads to disrupted circadian rhythms in these cells. /n vitro experiments
have shown that the stabilization of PER protein levels caused by the knockdown of -
TRCP1,2 leads to abnormal circadian rhythms (Maier et al., 2009; Ohsaki et al., 2008).
Surprisingly, mice lacking B-TRCP1 were not found to have any disruptions in circadian
period, phase shifting behaviour or PER2 levels, suggesting either that the SCN clock
behaves differently from peripheral oscillators or that there is redundancy at the level of

the ubiquitin ligases (Ohsaki et al., 2008).

Ubiquitination is also important for the regulation of the REV-ERBa protein. Indeed,
REV-ERBa was found to interact with two E3 ubiquitin ligases, Arf-bp1l and Pam, and
the depletion of either one of these proteins stabilized REV-ERBa levels (Yin et al.,
2010). Accordingly, downregulation of Arf-bpl and Pam also lead to decreased levels of
Bmall gene expression, and disrupted oscillations in vitro, suggesting that ubiquitination
by these proteins plays an important role in the regulation of the circadian clock. In
conjunction with the studies on FBXL3 and B-TRCP1,2, this work highlights the

importance of ubiquitination in the circadian system.
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1.3.3 Deubiquitination in the circadian clock: Given the importance of ubiquitination in
circadian rhythms, it is reasonable to believe that deubiquitination would play a role in
the regulation of clock proteins as well. It is therefore interesting that the mRNA levels of
a DUB, ubiquitin-specific protease 2 (USP2), have been found to cycle in a circadian
fashion in most tissues tested, a rare property shared by core clock components (Kita et
al., 2002; Storch et al., 2002; Yan et al., 2008). In addition, the circadian rhythm of Usp?2
is dampened in Clock mutant mice, suggesting that the transcription of Usp? is at least
partially controlled by CLOCK (Oishi et al., 2003). Together, these data make USP2 an

interesting candidate to study the role of deubiquitination in the clock.

USP2 has two isoforms, USP2a and USP2b (Fig. 1), which result from the use of
alternative promoters, leading to the use of distinct first exons that are spliced onto the
core catalytic region (Bedard et al., 2011). While it is unclear whether these isoforms
have different functions, it has been found that they differ in their temporal expression
pattern, particularly in the SCN where USP2b appears to be the dominant circadian form

(Scoma et al., 2011).

Isoform-specific region Core region

Exon 1

Exon 2 Exons 3-13

Figure 1: The isoforms of Usp2. Distinct promoter use leads to the use of distinct first exons.

It was further shown that USP2b can interact with several clock proteins in co-

immunoprecipitation experiments, leading to a stabilization of BMALI protein in vitro.
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Circadian characterization of Usp2 knockout (KO) mice showed no overt abnormalities,
except for a mild difference in responses to low irradiance light. USP2b was also
identified as the dominant circadian isoform in the liver, appearing to be involved in the
generation of a diurnal rhythm in glucose metabolism (Molusky et al., 2012). Finally,
USP2a has been found to interact with the clock protein CRY1, resulting in
deubiquitination and stabilization of CRY1 and decreased Per2 levels. Interestingly,
Usp2a expression is increased in response to inflammatory signals, suggesting that
deubiquitination by USP2a is involved in circadian disruptions during inflammation
(Tong et al., 2012). Together, these studies implicate USP2 in the functioning of both

central and peripheral clocks.

In parallel to these studies, our lab has previously conducted both molecular and
behavioural experiments to elucidate the role of USP2 in the circadian clock (Yang et al.,
2012). Co-immunoprecipitations revealed an interaction of both isoforms of USP2 with
PER1/2, CRY1/2 and BMALI. Using in vitro translated proteins, a direct interaction was
only confirmed for PER1, suggesting that the other proteins interact with USP2 through
the formation of a complex. Ubiquitination assays further revealed that USP2 can
deubiquitinate PER1 in transfected cells, suggesting that USP2 participates in the clock
machinery via modulation of the PER1 protein. To see whether the involvement of USP2
in the circadian machinery could translate in differences in circadian behaviour, the
circadian rhythms of Usp2 KO mice were monitored in running wheels under different
light regimens. In contrast to Scoma et al, our Usp2 KO mice display clear alterations of
their circadian behaviour: the free-running period in these animals was significantly

longer than that of WT littermates, suggesting that the interaction between USP2 and



Stojkovic 20

PERI has an effect on locomotor activity rhythms, an output of the SCN clock. While
levels of Cry mRNA were not affected, peak levels of Bmall were significantly reduced
in Usp2 KO mouse embryonic fibroblasts. It is possible that repression of
BMALI1/CLOCK by PER and CRY could be increased due to stabilized levels of PER1
in the Usp2 KO, leading to the observed elongated period. Finally, the mice were
subjected to phase shifts and the number of days it took them to adapt to the new phase
was measured. Usp2 knockout mice were faster to adapt to a 6 h phase delay while they
were slower to adapt to a 6 h phase advance. Another experiment which consisted of
administering phase shifting light pulses at either the advancing or the delaying portion of
the circadian clock corroborated these findings. However, the exact molecular
mechanism underlying the altered light responses and the long period have not yet been

elucidated.
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CHAPTER 2: HYPOTHESES AND AIMS

While it is well established that ubiquitination plays a role in circadian rhythms and
behaviour, the role of deubiquitination remains poorly studied. The purpose of this
project is to investigate the role of the deubiquitinating enzyme USP2 on circadian
rhythms, at the level of behavioural locomotor rhythms, light responses by the clock and
the molecular clock, and in the brain, with a focus on expression and behaviour. Studying
circadian rhythms and broader brain function is particularly important given the recent
interest in the role of clock proteins in various psychiatric disorders. Indeed, it has been
suggested that the discrepancy between psychiatric patients’ endogenous rhythms and

their sleep cycles contribute to their pathology (Lamont et al., 2007).

Hypotheses: We hypothesize that Usp2 knockout mice will show altered circadian
rhythms both at the molecular and behavioural levels. Moreover, we predict that general
behaviour in these mice will also be altered. In order to explore these hypotheses, we will

more specifically:

Aim I: Study circadian locomotor activity rhythms of Usp2 KO mice under different
circadian protocols. By subjecting mice to different lighting conditions and analyzing
several activity and entrainment parameters, we can determine whether differences exist

in the SCN clock.

Aim 2: Explore the effects of the absence of USP2 on the molecular clockwork of the
suprachiasmatic nucleus clock. We focus on responses of the molecular clock to the

administration of light pulses and on protein rhythms in isolated SCN slices.
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Aim 3: Determine the importance of USP2 in the brain. We focus on the expression of the
two isoforms of Usp2 in the brain and, at a functional level, on behaviour in Usp2 KO

mice.

Together, the results of these experiments should provide insights into the contribution of

deubiqutination to both circadian rhythms, and general behaviour and brain function.
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CHAPTER 3: AIM 1: THE CIRCADIAN BEHAVIOUR OF USP2 KO MICE

UNDER DIFFERENT CIRCADIAN PROTOCOLS

Studies focusing on the role of ubiquitination in circadian rhythms (Busino et al., 2007;
Godinho et al., 2007; Maier et al., 2009; Ohsaki et al., 2008; Reischl et al., 2007,
Shirogane et al., 2005; Siepka et al., 2007) have highlighted the importance of this post-
translational modification both at the level of the molecular clockwork and on locomotor
activity rhythms, which are a direct output of the SCN clock (LeSauter and Silver, 1998).
Since previous work in our lab has shown differences in the endogenous period and phase
resetting of Usp2 KO mice (Yang et al., 2012), we were interested in continuing the
characterization of the circadian behaviour of these mice under different protocols so as
to have a complete picture of the way in which SCN outputs are affected by the loss of

deubiquitination by USP2.

3.1 Experimental methods

3.1.1 Animals: The Usp2 KO mice were originally generated in the lab of Dr. Simon
Wing (McGill University) using the Cre-Lox recombination system to excise exons 4-6,
which are part of the core catalytic domain (Bedard et al., 2011). The mice Usp2 KO and
WT mice used for experiments were generated in house by breeding heterozygous mice
whose genetic backgrounds were 99% C57BL/6 (9 backcrosses with C57BL/6 starting
from 50:50 C57BL/6:129Sv mice). We put 11 Usp2 KO and 8 Usp2 WT male mice
between 2 and 4 months of age in individual running wheel cages. Mice were moved

from the breeding room to the experimental room and allowed to habituate to a 12 h light
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(~200 lux), 12 h dark (12:12 LD) cycle in the light-proof ventilated cabinets for two
weeks before starting the experiment. All animal procedures described in chapters 3, 4
and 5 were conducted in accordance with the guidelines of the Canadian Council for

Animal Care, and approved by the Douglas Institute Facility Animal Care Committee.

3.1.2 Experimental setup: Experiments aimed at studying circadian locomotor activity
rhythms were conducted in isolated ventilated cabinets. Light was controlled via an
external timer and the cabinets were light-proof, thereby ensuring precise control over the
light schedule and the intensity of light perceived by the animals (see Jud et al., 2005 for
a review of the standard methods). Mice were placed in individual cages equipped with
running wheels (Actimetrics, Wilmette, IL, USA), some bedding and no other
enrichments. Wheel rotations were recorded by a computer and analyzed using the
ClockLab program (Actimetrics, Wilmette, IL, USA). During the experiment, food and
water were given ad libitum. Cages were changed every 7-10 days so as to avoid health
problems. When changes in the light/dark cycle were planned, cage changes were
scheduled to occur at least 2 days before to avoid any potential effects of cage changing
on measured behaviour (Jud et al., 2005). Light was provided by white light bulbs placed
in the middle of each compartment of the cabinet. Cages were arranged to achieve a light

intensity of ~200 lux for each cage.

3.1.3 Measurement of locomotor activity under entrained conditions: This experiment
aimed to characterize the circadian rhythms of Usp2 KO mice under different
photoperiods i.e. when exposed to light for varying lengths of time during a 24 h day.
Following an initial habituation to a 12:12 LD cycle, cages were changed and mice were

left undisturbed under the same photoperiod for 10 days. Following this initial
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entrainment, the mice were put on a short day with 8 h of light, 16 h dark (8:16 LD) for a
period of two weeks. Mice were then re-entrained to a 12:12 LD cycle for two weeks
before being transferred to a long day with 16 h of light, 8 h dark (16:8 LD) for another
two weeks. The last 10 days of each photoperiod were used to calculate the phase angle
of activity onset and offset (i.e. when the mice start and stop running relative to lights on
and off), overall activity, the percentage of activity in the light phase, the duration of

activity (alpha) and period length (through Chi” periodogram analysis).

3.1.4 Measurement of locomotor activity under a skeleton photoperiod: Prior to starting
this experiment, mice were re-entrained to a 12:12 LD for two weeks. Mice were then
subjected to a skeleton photoperiod which consisted of two 30 min light pulses at the
beginning and the end of what would be the light phase of a regular 12:12 LD cycle (i.e.
30 min light pulse followed by 11 h of darkness and another 30 min light pulse before the
lights go off for 12 h). This protocol was used to minimize the masking effect of light.
Indeed, light suppresses locomotor activity in mice, making it difficult to know whether
the observed behavioural rhythm is reflective of an entrained SCN rhythm or simply due
to the presence of light (Aschoff, 1960). While the two light pulses given in the skeleton
photoperiod are sufficient to entrain the animal, they minimize the amount of light
thereby eliminating the masking effect (Jud et al., 2005). Again, the last 10 days were

used to calculate the parameter listed in section 3.1.3.

3.1.5 Measurement of locomotor activity under constant light: After another two week re-
entrainment to 12:12 LD, the mice were subjected to a constant light protocol where they
were exposed to two weeks of dim constant light (20-50 lux) and two weeks of normal

constant light (200 lux). This allowed us to test the responses of these mice to different
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light intensities as well as whether they followed “Aschoff’s rule” whereby the

endogenous period increases with increasing light intensity (Aschoff, 1952).

3.1.6 Statistical analysis: Data are presented as means + SEM and statistical analysis was
done using the STATISTICA software (StatSoft, Tulsa, OK, USA). Since we were
interested in the differences between the two genotypes within each light condition (and
not the effect of genotype across all light conditions), we conducted Student’s unpaired 2-
tailed t-tests for each parameter for each light condition. Differences were considered to

be significant at p < 0.05.

3.2 Results

We found no differences between genotypes in period length, total activity levels,
percentage of activity in the rest phase and phase angle of activity onset in any of the
photoperiods tested. The phase angle of activity offset was significantly different in 12:12
LD (p=0.03 and p=0.01 in two different 12:12 LD photoperiods recorded, unpaired 2-
tailed t-test), with the Usp2 KO mice running until lights off unlike the WT mice which
stop running on average 1 h 40 before lights off (Fig. 2A). A similar trend was seen in the
skeleton photoperiod but the difference did not reach significance (p=0.06). These
differences in the phase angle lead to significant differences in alpha (activity duration) in
both 12:12 LD photoperiods and the skeleton photoperiod (p=0.038, 0.009 and 0.045,
respectively), with the Usp2 KO mice running on average 2 h longer than their WT

counterparts in all three conditions (Fig. 2B).
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Figure 2: Circadian locomotor activity. Phase angle of activity offset (A) and alpha (B) for each of the photoperiods
tested. (*) is a significant difference between Usp2 KO and WT (p<0.05) .(e)is a trend towards a significant difference
between Usp2 KO and WT (p=0.06).

No differences in any of the parameters were observed in 8:16 LD, 16:8 LD or constant
light. However, we suspect that the way in which the constant light protocol was carried
out (12:12 LD to 200 lux constant light then 20 lux constant light) may have prevented us
from obtaining good data, since further research into the subject revealed that constant
light should follow a period of DD and light intensity should be increasing throughout the

protocol (Jud et al., 2005).
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CHAPTER 4: AIM 2: THE EFFECTS OF THE ABSENCE OF USP2 ON THE

MOLECULAR CLOCK OF THE SUPRACHIASMATIC NUCLEUS

The administration of light pulses at different circadian times was found to produce
different phase shifts in the Usp2 KO compared to the WT animals, with the KO animals
showing larger phase shifts in the delaying portion of the night (ZT14, with ZT12
referring to the time of lights off) and smaller phase shifts in the advancing portion of the
night (ZT20), suggesting that USP2 is important for light responses by the molecular

clockwork of the SCN (Yang et al., 2012).

To study the molecular basis of this, we sought to determine whether the absence of
USP2 would affect light responses in the SCN at the molecular level. Furthermore, we
examined the role of USP2 in SCN tissue to see how impaired deubiquitination affects

both rhythms and stimulus responses.

4.1 Experimental methods

4.1.1 Animals: Only male mice 6-16 weeks of age were used for all experiments. Refer
to section 3.1.1 for information on the breeding of Usp2KO mice. For the light pulse
experiments, we first conducted a pilot experiment at ZT14 using 4 Usp2 KO and 4 WT
animals, then re-did this time point with 4 Usp2 KO and 5 WT animals which received a
light pulse and 2 Usp2 KO and 2 WT control animals that did not receive a light pulse.
For the ZT20 time point, we used 4 Usp2 KO and 4 WT mice, and only 1 WT control

mouse.
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To address the role of USP2 in the molecular clockwork and light responses by the SCN,
mPer2"“7%¢ knock-in mice were used (Jackson Laboratory, B6.129S6-Per2™/J).
These mice express an mPER2::LUCIFERASE (PER2::LUC) fusion protein. This fusion
protein allows for the visualization of the dynamics of PER2 expression and, by
extension, of circadian rhythms in live cultured tissues (Yoo et al., 2004).
Bioluminescence (produced by the LUCIFERASE protein) can be monitored with a
Lumicycle (Actimetrics) via photomultiplier tube detector assemblies. A mPer2™ /e
homozygous male was bred with Usp2 homozygous knockout females to generate mice
which all have one copy of PER2::LUC and Usp2. The resulting mice were bred amongst
themselves to create mice containing at least one copy of PER2::LUC and being either
homozygous WT or KO for Usp2. So far, 3 Usp2 KO and 1 WT mice between 6-10

weeks of age have been tested.

Mice were moved from the breeding room to the experimental room and allowed to
habituate to a 12 h light (~200 lux), 12 h dark (12:12 LD) cycle in light-proof ventilated

cabinets for two weeks before any experimental procedures were carried out.
4.1.2 Experimental setup: Refer to section 3.1.2.

4.1.3 Administration of light pulses: In order to be able to compare our data to the phase

response curve made for behavioural phase shifts (Yang et al., 2012), we have chosen the
time points that showed the largest differences in phase shifts between Usp2 KO and WT
animals. We tested mice at ZT 14, the delaying portion of the circadian cycle where larger
phase shifts were observed in KO animals, and ZT20, the advancing portion of the

circadian cycle where KO animals showed reduced phase shifts.
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Mice were entrained to a 12:12 LD cycle for at least two weeks prior to testing. At ZT14
or ZT20, the mice were given a 30 min light pulse (~200 lux). Since we were looking at
the induction of the protein product of the immediate early gene c-fos which is known to
be induced by light and to reach maximal levels about 1 h after the beginning of the light
pulse (Colwell and Foster, 1992), the mice were put back in the dark for another 30 min
before tissue collection. Control mice did not receive a light pulse but were sacrificed at

the same time as experimental animals.

4.1.4 Tissue collection: Mice were anesthetized with 0.1 mL/10 g body weight of mouse
cocktail (ketamine 100 mg/kg, xylazine 10 mg/kg, acepromazine 3 mg/kg). Once
anesthesia was complete, mice were perfused with 0.1 M phosphate buffered saline
(PBS) followed by 4 % paraformaldehyde (PFA). The brains were then collected, stored
in 4% PFA overnight and transferred to 30 % sucrose. The perfused brains were then cut
on the cryostat into floating 20 um coronal sections that include the SCN and sections
were stored in Watson’s cryoprotectant (a solution containing 30% sucrose and 30%

ethylene glycol in 0.1 M PBS).

4.1.5 Immunohistochemistry: DAB staining was done on brain sections to detect cFOS
protein in the SCN. The floating sections were washed in PBS and then quenched in a
1% H,0; solution to remove peroxidases and scavenge remaining oxygen. Slices were
then blocked in a solution containing 0.3%Triton X-100 and 1.5% Normal Goat Serum
(Vector laboratories, Burlingame, CA, USA) in 10 mL of 0.1 M PBS before incubation
with the primary antibody (AbS5 rabbit anti c-Fos, 1:20000 in blocking solution;
Oncogene, Cat. # PC38). The primary incubation was carried out for 48 h at 4°C.

Incubation with the secondary antibody, biotinylated goat anti-rabbit IgG (1:500, Vector
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Laboratories), was done for 1 h, followed by a 1 h incubation with the avidin-biotin-
horseradish peroxidase complex (VECTASTAIN Elite ABC kit, Vector laboratories).
Finally, DAB staining was done with a solution of 1 mL of 5 mg/mL DAB in 15 mL PBS
supplemented with 1 mL of 1% nickel chloride which was allowed to react with
hydrogen peroxide (10 pulLof 3% H,0O,in 10 mL of 0.1 M PBS) until staining was visible
(10-15 min). The reaction was stopped with PBS washes. Stained slices were mounted on

slides and pictures containing both SCNs were taken using a bright field microscope.

4.1.6 Quantification of cFOS staining: The number of cFOS positive cells was estimated
using the “count mask” function in ImageJ, using the same criteria (number of pixels and
circularity) for all the sections. The number of cells was counted for both SCNs on each
section and the sections were added to give a total number of cFOS positive cells for a

given animal.

4.1.7 PER2::LUC SCN sections: In order to minimize the time it took to get the tissue in
culture, thereby minimizing tissue death, mice were taken from the animal facility into
the Lumicycle room where they were sacrificed by cervical dislocation. Brains were
rapidly extracted and sliced at 250 um with a vibratome. Slices containing medial SCN
were selected, the two SCNs were separated and each put in a separate culture dish. They
were then placed in the Lumicycle where bioluminescence was recorded every 5 min.
Slices which survived and remained rhythmic for at least 3 circadian cycles were
analyzed using the LumiCycle analysis software (Actimetrics) to determine period

length.
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We administered glutamate to SCN slices to generate a molecular correlate of the light
pulse phase response curve. Glutamate, the main neurotransmitter in the
retinohypothalamic tract, which is responsible for photic input to the circadian system,
was shown to mimic the phase shifting effects of light on SCN slices (Colwell et al.,
1991; Colwell and Menaker, 1992) and, since we see behavioural differences in light
response in the Usp2 KO mice, looking at how SCN rhythms respond to glutamate
receptor activation can help determine whether the phenotype is caused by differences in
the detection of light in the retina or differences in downstream transduction of light
information. For this experiment, culture media was removed and replaced with media
containing 20 uM glutamate for 30 min at CT14 (circadian time estimated from
bioluminescence traces from previous days, with CT12 defined as peak PER2::LUC
bioluminescence). The glutamate solution was then removed, replaced by regular culture
medium and bioluminescence was recorded over the next 72 h. By recording the phase of
the PER2 rhythm before and after the application of glutamate, we can determine whether
phase shifts have been induced and compare the magnitude of these shifts between Usp?2

KO and WT mice.

4.1.8 Statistical analysis: Following the quantification of cFOS, we calculated the percent
of mean (i.e. number of stained cells for animal x/average number of stained cells for all
animals) to account for differences in staining intensity between experiments. Data are
represented as a scatter plot with the mean. Student’s unpaired 2-tailed t-test was done to
identify differences between genotypes. For the PER2::LUC experiments, individual data
points are shown. Since we only have 1 WT animal to date for this experiment, statistical

analysis could not be done.
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4.2. Results

4.2.1 cFOS induction in response to light pulse administration: The pilot study was
conducted with 4 Usp2 KO and 4 WT mice which all received a light pulse (no control
animals in this experiment). However one of the KO mice had to be excluded because the
SCN sections were lost during staining. A 2-tailed unpaired t-test revealed a significant
difference between Usp2 KO and WT mice (p=0.02), with KO mice showing a larger
cFOS induction after a light pulse administered at ZT14 (Fig. 3A). Given these results,
we decided to continue with these experiments. The ZT14 light pulse experiment was
done again using 4 Usp2 KO and 5 WT mice in the light pulse group and 2 Usp2 KO and
2 WT in the control group (no light pulse). No cFOS positive cells were seen in the mice
that did not receive the light pulse. Variability in the cFOS response was higher in this
group of mice and the 2-tailed unpaired t-test did not find a significant difference
between the two groups (p=0.46), although the response again seemed to be larger in the
Usp2 KO mice than in the WT (Fig. 3B). Since the variability prevented a significant
difference, we wanted to see whether increasing group size would remedy this issue. We
therefore pooled the data from the two ZT14 experiments and a 2-tailed unpaired t-test
found a significant difference between Usp2 KO and WT mice (p=0.03, Fig. 3C),
suggesting that increasing our group sizes will allow to get a significant difference

between genotypes.
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Figure 3: Induction of cFOS in the SCN after a light pulse. Data is shown for the pilot study (A), the experiment (B)
and the pool of both experiments(C) for the ZT14 time point and for the ZT20 experiment (D). (*) is a significant

difference between Usp2 KO and WT (p<0.05).

Next, we did a light pulse at ZT20 with 4 Usp2 KO and 4 WT mice in the light pulse
group and one WT mouse in the control group (no light pulse). Again, no staining was
seen in the control mouse. A 2-tailed unpaired t-test did not find a significant difference
between the two genotypes (p=0.12), although Usp2 KO mice appeared to have lower
cFOS induction than their WT counterparts (Fig. 3D). This experiment will be repeated
on more animals to see if increasing group size will allow seeing a significant difference.

Interestingly, the cFOS response seems to follow the behavioural phase shift data at both
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time points, with Usp2 KO mice responding more than WT at ZT14, and less at ZT20

(Yang et al., 2012).

4.2.2 PER2::LUC bioluminescence: We were able to get rhythmic bioluminescence
traces for 3 Usp2 KO and 1 WT brain (Fig. 4A). In some cases, there was variability
between the two sides of the SCN, a phenomenon which we do not know how to explain.
The period was calculated using 3 circadian cycles for each side of the SCN, and then
averaged for each mouse. Although we were unable to do statistics at this time due to our
small group sizes, preliminary results suggest that the period is longer in the Usp2 KO
mice than in WT mice (Fig. 4B), similarly to what was previously seen at the behavioural
level (Yang et al., 2012). The molecular phase response curve experiments are in

progress.
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Figure 4: Period of PER2::LUCIFERASE bioluminescent rhythms in Usp2 KO and WT SCN slices. An example trace
is shown in (4) and the period of the SCN slices tested so far is shown in (B).
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CHAPTER 5: AIM 3: THE IMPORTANCE OF USP2 IN THE BRAIN

It is known from both human and rodent studies (discussed above) that ubiquitination is
important in a variety of neuropsychiatric and neurodegenerative diseases. It is therefore
reasonable to believe that deubiquitination may be at least as important, although it has
received less attention in so far. While it is known that the two isoforms of Usp2 are
expressed differentially in certain tissues (Gousseva and Baker, 2003), it is unknown
whether a difference exists at the level of brain expression. We are therefore interested in

determining where Usp2a and Usp2b are expressed in the mouse brain.

Additionally, since Usp?2 is expressed in the brain, we expect that KO mice might have a
defect in certain behaviours (Gousseva and Baker, 2003). Since the Usp2 knockout
mouse strain is relatively new and has yet to be tested behaviourally, we were interested
in performing a battery of neurophenotyping tests to determine whether USP2 plays a

role in behaviour.

5.1 Experimental methods

5.1.1 Animals: All mice used in these experiments were male. We used a total of 6 Usp2
WT, and 6 Usp2 KO mice as controls for non-specific labeling, to examine the

expression of the two Usp?2 isoforms in the brains.

Unless otherwise noted, all behavioural tests were done on mice between 8-16 weeks of
age. The first cohort consisted of 11 Usp2 KO and 6 WT mice and was subjected to all

tests except the beam walking assay. The mice which were tested in the running wheels
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(see section 3.1.1) were also tested on the rotarod, elevated plus maze and Thatcher-
Britton test. Finally, another group of 9 Usp2 KO and 5 WT mice was tested on the
rotarod, the beam walking assay, the elevated plus maze and the Thatcher-Britton test.
All behavioural tests were done in the morning, under a light intensity of around 200 lux

in the appropriate rooms of the Douglas neurophenotyping center.

5.1.2 Tissue collection: Mice were entrained to a 12:12 LD cycle for 2 weeks prior to the
experiment and the brains were collected at ZT11, since this is when Usp2 mRNA levels
were found to peak in whole brain tissue in a time series microarray study (Yan et al.,

2008). Mice were euthanized via cervical dislocation and fresh brains were collected and

frozen in cold isopentane. Sagittal sections (20 um thick) were cut on a cryostat, mounted

on slides and stored at -80°C.

5.1.3 In situ hybridization: In order to perform in situ hybridization against the two
isoforms of Usp2, we have generated probes targeting the isoform-specific region of
Usp2 mRNA (Fig. 5). Using the available sequence data, we have designed probes which
cover a portion of the coding sequence of exon 1 (308 base pairs) for Usp2a and of exon
2 (144 base pairs) for Usp2b. The probes were produced via molecular cloning and were
labeled with digoxigenin. Briefly, probes were incubated at 37°C for 2 h with T7 RNA
Polymerase, RNAse inhibitor, transcription buffer (Promega), DTT and Dig-RNA
labeling mix (Roche), then purified using NucAway Spin Columns (Applied

Biosystems).

The slides were thawed in PBS, fixed in 4% paraformaldehyde and treated with an

acetylation solution (4.64 g Triethanolamine, 560 uL 10 N NaOH and 625 pL acetic
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anhydride in 250 mL H,O) to acetylate any positive charges remaining on the brain slices
and reduce background staining (Hayashi et al., 1978). The slides are then pre-hybridized
in hybridization solution (25 mL formamide 100%, 12.5 mL 20X SSC, 12.5 mg E.coli
tRNA (Sigma), 5 mL DEPC water, 5 mL Denhardt’s solution (Sigma) and 2.5 mL
salmon sperm DNA (Sigma)) for 2 h at room temperature. The probe is added to the
hybridization solution (final concentration of 200-400 ng/mL) and denatured at 80°C for
5 min, then quenched on ice prior to being applied to the slide and left to hybridize
overnight at 62°C. The next day, slides are washed in decreasing concentrations of SSC
and then in B1 buffer (10% 1 M Tris pH 7.5 and 3% 5 M NaCl in 1 L H,0) before adding
the blocking solution (10 % fetal bovine serum in B1 solution) for 1 h at room
temperature. DIG-labeling is then detected after a 2 h incubation at room temperature
using anti-DIG-AP (Roche, Cat. # 11 093 274 910) at a final concentration of 1:7500 in
blocking solution. Slides are washed in B1 solution and incubated with B3 solution (10%
1 M Tris pH 9.5, 2% 5 M NaCl and 5% MgCl,in 1 L H,O) for 5 min before exposure
with B4 solution (11.25 uL NBT (Roche, 100 mg/mL), 17.5 uL BCIP (Roche, 50
mg/mL) and 1.2 mg Levamisole in 5 mL B3 solution). Slides have to be monitored at this
last step as the duration of exposure necessary for clear staining can range from 30 min to

overnight (4-8 h with our probes). Slides are rinsed in TE before being cover slipped.

Unlike radioactive in situ hybridization, this technique does not allow us to quantity the
amount of expressed mRNA but it does allow us to visualize cells which express Usp2.
We performed in situ hybridization on sagittal sections to create an atlas of Usp?2
expression. Pictures were taken using a microscope to identify the regions where each of

the two Usp?2 isoforms are expressed. Due to issues discussed below, we also generated a
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probe which specifically targets exons 4, 5 and 6 of the Usp2 gene, which are excised out

in the Usp2 KO mice (Fig. 5, (Bedard et al., 2011).

Core region

I Region excised in KO I

~10kb ~4 kb
E1 _____ l B _m

— — : :
Usp2a Usp2b New probe specific
probe probe for deleted region

Figure 5: In situ hybridization probes. The isoform-specific probes are shown as well as the new probe which

specifically targets the exons which are excised out in the Usp2 KO mice.

5.1.4 Actimetry: The actimetry test assesses spontaneous locomotor activity by placing
individual mice in plexiglass chambers equipped with laser beams for a 30 min
habituation period and a 60 min recording period, during which the number of beam
breaks per 10 min is recorded (Karl et al., 2003). Total horizontal activity/h was

measured.

5.1.5 Accelerating rotarod. The accelerating rotarod test assesses motor coordination and
equilibrium (Jones and Roberts, 1968). Mice are individually placed on rotating cylinders
where they are habituated to increased acceleration and to increasing speed (from 4 to 24
rpm) over 4 training trials. The cylinders are elevated 20 cm over a press-plate which
detects when the mice fall off. Mice are then tested over four trials on the next day, at 25
rpm, and the time spent on the cylinder is recorded for each trial. At least 30 min are
given between each trial for each animal on both days. The four test trials (day 2) are

averaged for each mouse.
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5.1.6 Beam walking: The beam walking assay also assesses motor coordination and
balance in mice (Carter et al., 2001). It is of interest to perform both tests as some studies
suggest that there are differences in the sensitivity of the beam walk and the accelerating
rotarod tests in determining motor coordination deficits (Hamm et al., 1994; Stanley et
al., 2005). Mice are tested on 1 meter beams which are placed 50 cm above a table, on
two poles. A black box is placed at one end of the beam and nesting material from the
home cage of the animal is placed inside the box to motivate it to cross the beam. A lamp
illuminates the start site, creating an aversive stimulus which also motivates the mouse to
cross the beam. The time to cross the beam is measured and each trial is recorded by
video camera to allow subsequent scoring of the number of foot slips. Each test day
consists of 3 trials and mice are tested on 3 beam widths (1 inch, %2 inch and % inch) over

3 days.

5.1.7 Forced swimming test: The forced swimming test is used to measure depression-
like behaviour in mice (Karl et al., 2003). Mice are individually placed in a cylinder filled
with 25°C water for 6 min, during which time they are observed by the experimenter.
While mice swim to attempt to escape, they eventually resign themselves to making
minimal movements to keep themselves afloat. This immobilization behaviour is

measured by the experimenter during the last 4 min of the session.

5.1.8 Elevated plus maze: The elevated plus maze is used to test anxiety-like behaviour
(Lister, 1987). Individual mice are placed in a plus-shaped maze, consisting of two closed
and two open arms, which is elevated 50 cm from the ground. During a 5 min session, the
number of arm entries, the latency to enter an open arm and the time spent in the arms is

measured. Since the test creates a conflict between the anxiogenic effect of open spaces
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and the natural tendency to explore, mice which more readily enter or spend more time in

the open arms are considered less anxious.

5.1.9 Thatcher-Britton: The Thatcher-Britton test also evaluates anxiety-like behaviour
(Rochford et al., 1997). Individual mice are food deprived for 24 h and placed in an open
field apparatus with food pellets in the middle, creating a conflict between the fear of
open spaces and the desire to get the food. Mice are tested for 10 min and the latency to
eat the food, carefully excluding instances where food was only sniffed or manipulated, is

recorded.

5.1.10 Morris water maze: The Morris water maze assesses spatial memory and consists
of a large circular swimming pool filled with opaque water which hides a platform which
mice must swim to in order to be able to rest (Morris et al., 1986). The platform measures
14 cm in diameter and is submerged about 1 cm below the water, which is adjusted to
25°C. Spatial cues are placed on the pool walls to allow the mice to learn the location of
the platform. The learning stage lasts 4 days, with each day consisting of 4 trials starting
at 4 different locations in the pool. The time to reach the platform is recorded at every
trial so as to ensure that learning proceeds normally in all animals. On the 5™ day, the
platform is removed and the time spent in each quadrant of the pool is recorded during a
60 sec trial to test how well the location was learned. A cue trial, where the platform is
placed in a new location along with a visual cue, is also done to verify that the visual
system is intact in the animals. The latency to reach the platform and thigmotaxis time

(time spent circling the edge of the pool) were analyzed.
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5.1.11 Food intake: Since some of the above tests rely on food deprivation, we wanted to
exclude any confounding effects of food consumption or motivation to eat food after a
deprivation. We measured food consumption daily for 9 days and then every 3 days for
the next 6 days. We also weighed the mice every other day during 9 days. We then food
deprived mice for 24 h and measured the latency to eat the food and the amount

consumed 10 min, 1 h and 24 h after food was returned.

5.1.12 Statistical analysis: Data are shown as mean = SEM. Statistical analysis was
performed using the STATISTICA software (StatSoft, Tulsa, OK, USA). Student’s
unpaired 2-tailed t-test was conducted on the data from all neurophenotyping tests except
for the beam walking assay, which was analyzed with a repeated measures ANOVA, and
learning in the Morris water maze, which was analyzed with a 2-way ANOVA (factors:
genotype and trial). Subsequent post-hoc comparisons were done using Tukey’s HSD
test. Food intake and body weight data were analyzed with a 2-way ANOVA (factors:
genotype and day) and food deprivation data were analyzed with Student’s unpaired 2-

tailed t-test. Differences were considered significant at p<0.035.

5.2 Results

5.2.1 Expression of Usp2 in the brain: The isoform-specific probes were generated and
tested on several sections. Staining was detected in a number of specific brain regions. In
the hippocampus, Usp2 expression was detected in the granule cell layer of the dentate
gyrus and the pyramidal cell layer of Ammon’s horn (Fig. 6, 7A). In the cerebellum,
stained cells were seen in the Purkinje and granule cell layers (Fig. 7B). Additionally,

staining was found in the olfactory bulb and certain areas of the cortex, although
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insufficient data precludes the identification of specific sub-regions (data not shown). A
similar pattern of expression was found for the two isoforms (Fig. 6A, B). Surprisingly,
we could see the same staining on Usp2 WT and KO brain sections, making it difficult to

assess the specificity of the labeling (compare Fig. 6A, B and Fig. 6C, D).

Usp2a Usp2b

Figure 6: In situ hybridization with isoform-specific Usp2 probes. No differences were seen between staining for Usp2a
(4) and Usp2b (B). However, identical staining was seen in WT (A, B) and KO (C, D) brain sections, raising questions

about the specificity of the probe.

Looking at the way in which the Usp2 KO mice were generated, we saw that the excision
which renders Usp2 non-functional occurs downstream of the isoform-specific region and
that the first exons continue to be expressed in the KO mice (Fig. 5, (Bedard et al.,
2011)). While this explains why there is staining in the control Usp2 KO brains, it means
that we cannot generate an isoform-specific probe for which the KO control can be used.
We therefore decided to use the sense probe as a control for these in situ hybridization

experiments and to generate another probe that can be used with the appropriate KO
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controls. An in situ hybridization using both the sense and antisense probes revealed no
detectable staining in the brain with the sense probe, and confirmed previous results for
the antisense probe (Fig. 7). The new probe targeting exons 4-6 was generated and is
being tested. By combining the different probes, a comprehensive atlas of the brain

expression of the two Usp2 isoforms will be built.

Hippocampus Cerebellum

Figure 7: In situ hybridization for Usp2a using the sense probe as a control. DIG-labeled cells were found in the
hippocampus and the cerebellum using the antisense Usp2a probe (A and B, respectively). No labeling was seen in
these regions with the sense Usp2a probe (C and D, respectively). Similar results were obtained with the sense and
antisense Usp2b probes. The stronger staining seen in the CA2 region of Ammon’s horn (A) was not seen in other brain
sections and should therefore not be considered significant.

5.2.2 Neurophenotyping: We found no differences in motor coordination, locomotor
activity and depression-like behaviour in the first group of 11 Usp2 KO and 6 WT mice

(Fig. 8). We also found no differences in learning, or in performance in the probe or the

cue trials of the Morris Water Maze (Fig. 9). We found that thigmotaxis time was
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significantly shorter in Usp2 KO mice (p=0.046) in the second cue trial but not in any of
the other trials, making it difficult to draw conclusions about this result. However, we
found that the Usp2 KO mice have decreased anxiety-like behaviour as seen by decreased
latency to eat in the Thatcher-Britton (see Fig. 10A) and decreased latency to enter the

open arms of the elevated plus maze (see Fig. 10B; p=0.004 and p=0.048 on unpaired 2-

tailed t-tests, respectively).

A 12000 - Actimetry Beo ,  Accelerating rotarod
10000 50 -
=
=
2 8000 - 40
2 O
o
S 6000 - gao
8 =
S 4000 - 20
N
5
I 2000 - 10 -
0 - 0 -
C 180 - Forced swimming test
160
140
129 BwWwT
< 100
(]
E 80 KO
-
60
40
20
0 |

Figure 8: Neurophenotyping of Usp2 KO mice. Mice have been tested for locomotor activity on the actimetry test (4),

for motor coordination on the accelerating rotarod (B) and for depression-like behaviour on the forced swim test (C).
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Figure 9: Morris Water maze. No differences were seen in learning over the training days (A4), performance on the

probe trial (B) or performance on the cue trials (C).
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Figure 10: Thatcher-Britton and elevated plus maze. Latency to eat is reduced in the Thatcher-Britton (A) as is the

latency to enter the open arms in the elevated plus maze (B). (*) is a significant difference between Usp2 KO and WT

(0<0.05).
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In order to exclude that the decreased latency to eat observed in Usp2 KO mice was
caused by differences in food consumption, daily food consumption and body weight
were assessed over the course of two weeks (Fig. 11). A 2-way ANOVA revealed no
significant differences between genotypes for either measurement. Additionally, we
performed a 24 h food deprivation and subsequently measured both latency to eat and the
amount of food consumed over 24 h (Fig. 12). No differences were found between

genotypes, suggesting that the observed phenotype relates specifically to anxiety.
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Figure 11: Food consumption and body weight. Food consumption (4) was measured every day for 9 days and then
every 3 days so the quantities plotted for days 10-12 and 13-15 represent averages. Body weight (B) was measured

every other day for 9 days. No significant differences were seen between genotypes.



Stojkovic 48

6&- BE
7
50 -
_ _6
— C)
*g 40 q:, 5
o BWT || ® 4
‘; 30 - o
9 oKO B3
o
2 20 1 w2
- .
0 - T r
10 min 1h 24 h
0- Time after food deprivation

Figure 12: 24 h food deprivation. Latency to eat (4) and amount of food eaten (B) are shown. No differences were

found between genotypes.

In the second group, mice were between 18 and 22 months old. No differences were
found in the Thatcher-Britton. In the elevated plus maze, only a trend towards
significantly reduced time spent by Usp2 KO mice in the closed arms and a trend towards
an increased percentage of time spent in the open arms relative to the total time spent in
any arm was found (p=0.059 and p=0.072 on unpaired 2-tailed t-tests, respectively).
While this does not corroborate our previous findings, it is possible that the differences
are due to the age of the mice (the mice were over a year old when tested compared to 8-
16 weeks old in the other group) or to their experience in the running wheels.
Interestingly, while the young mice showed no difference in motor coordination as tested
on the rotarod (Fig. 13A), these older Usp2 KO mice were able to spend significantly less
time on the rotating cylinder than their WT counterparts (Fig. 13B; p=0.007 on an
unpaired two-tailed t-test). Since these mice showed no differences in overall daily
activity levels in the running wheels, we believe that this difference is specifically due to
an age-related coordination impairment, which may indicate a neurodegeneration-like

phenotype associated with the loss of Usp2 function.
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Figure 13: Rotarod in young and old mice. Motor coordination is not impaired in young Usp2 KO mice (4, same data

as Fig. 8B) but is impaired in older mice (B). (*) is a significant difference between Usp2 KO and WT (p<0.05).
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Figure 14: Elevated plus maze and Thatcher-Britton in the last group of mice tested. The latency to enter the open arm
in the elevated plus maze (A) and latency to eat in the Thatcher-Britton (B) are shown. (*) is a significant difference

between Usp2 KO and WT (p<0.05).

Finally, a group of 9 Usp2 KO and 5 WT mice was tested on the elevated plus maze, the
Thatcher-Britton test and the beam walking assay. In the elevated plus maze, there were
no significant differences for either latency to enter the open arms (Fig. 14A), time spent
in the open arms or the number of open arm entries (p=0.4, 0.95 and 0.28 on an 2-tailed
unpaired t-test, respectively), although the large inter-subject variability in the WT group
and the apparent difference between genotypes suggest that a significant difference could
have been found with larger groups. However, a significant difference was found in the

latency to eat in the Thatcher-Britton test, with the Usp2 KO mice consuming the food
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faster than their WT counterparts, as was seen in the first group (Fig. 14B, p=0.02 on a 2-

tailed unpaired t-test).

While no differences were found in the latency to cross the beam during the beam
walking assay, we were surprised to find a main effect of genotype for the number of foot
slips (p=0.94 and 0.0004 on Tukey’s HSD). Indeed, while no differences in rotarod
performance were seen in mice of the same age, Usp2 KO mice had significantly more
foot slips, indicating that their fine motor coordination was already disrupted in some
ways at 8-16 weeks (Fig. 15). Both these mice and a group of older mice will soon be

tested on the rotarod to further investigate these results.
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Figure 15:Beam walking assay. The time to cross the beam (4) and the number of footslips recorded (B) during the
beam walking assay are shown. No significant differences were seen for the time to cross but a repeated measures

ANOVA revealed a main effect of genotype for the number of foot slips (p<0.05).
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CHAPTER 6: DISCUSSION

The present studies aimed at characterizing the implication of the deubiquitinating
enzyme USP2 in the circadian clock and in the brain, through the study of the Usp2 KO
mouse model. As it was previously shown that USP2 affected circadian locomotor
behaviour and light responses in addition to interacting with the clock protein PER1
(Yang et al., 2012), mice lacking the Usp2 gene were tested to detect any differences in
their ability to entrain to different photoperiods, in their responses to light or in clock
protein rhythms in their SCN. Further, the expression of the Usp2 gene and its isoforms
was tested in the brain and Usp2 KO mice were subjected to neurophenotyping tests in

order to study possible differences in their behaviour.

6.1 Role of USP2 in the circadian clock

6.1.1 USP2 and circadian locomotor behaviour: Previous work in the laboratory has
revealed that the free-running period is longer in Usp2 KO mice than in their WT
littermates (Yang et al., 2012). Additionally, Usp2 KO mice respond differently to 30
min light pulses and show differences in entrainment following a phase shift. Based on
these data, we believed that Usp2 KO mice could display differences in their ability to
entrain to photoperiods with different lengths of light exposure. While Usp2 KO mice
were capable of entraining to all photoperiods, we saw significant differences in the
phase angle of activity offset under two 12:12 LD cycles, with a trend towards

significance under a skeleton photoperiod and, consequently, differences in the duration



Stojkovic 52

of activity (alpha, see Fig. 2). Even though the biological significance of the phase angle
of activity offset is unclear, these data suggest that, even though Usp2 KO mice can

entrain to a light/dark cycle, USP2 is important for the precise timing of activity.

The role of USP2 in entrainment to either short (8:16 LD) or long (16:8 LD) days is of
particular interest as it has been proposed that coding for day length at the level of the
SCN depends on the range of the phases of individual oscillating neurons, with a broader
range coding for a longer day (VanderLeest et al., 2007). This suggests that either
network connectivity is altered or that clocks in individual cells behave differently,
raising the possibility that the regulation of protein degradation could be involved in this
process. However, we found no differences between genotypes in entrainment or other
activity parameters under 8:16 and 16:8 LD cycles (section 3.2, Fig. 2), suggesting that
USP2 is not involved in the encoding of day length despite its role in light responses by
the clock. This apparent discrepancy might be reconciled by the fact that two distinct
populations of light responding cells exist in the SCN, with one population being
sensitive to acute light exposure while the other is sensitive to tonic light exposure (Yan

and Silver, 2008).

6.1.2 USP2 and light responses by the clock: Induction of cFOS, the protein product of
an immediate early gene known to respond to light in the SCN, was found to be
significantly larger in Usp2 KO mice in the delaying portion of the circadian cycle and
may be (although small numbers of animals and large variability prevent us from
reaching statistical significance) smaller in the advancing portion of the cycle. If this is
confirmed in new larger groups of mice, this cFOS response would correlate with the

behavioural phase shifting data previously obtained in our lab (Yang et al., 2012),
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suggesting that the differences in phase shifting in Usp2 KO mice originate at the level of
the SCN. The opposite effects observed on both behavioural phase shifting and cFOS
induction in the delaying and advancing portions of the cycle further lend credence to this
belief, as it is known that the clock in the SCN responds differently to light at these two
times. Indeed, it has been shown that Per/ and Per2 mRNA and protein increase in
response to light perceived in the delaying portion of the phase response curve, while
only Per] mRNA and protein increase in the advancing portion (Yan and Silver, 2004).
Accordingly, it was found that Per/ mutant mice could not phase advance and Per2
mutant mice could not phase delay in response to light pulse administered at specific
times (Albrecht et al., 2001). Phase response curves involving the administration of light
pulses throughout the circadian cycle have revealed that, while Per KO mice retain their
ability to phase shift, the timing and amplitude of phase shifts is different between Perl
and Per2 KO mice (Pendergast et al., 2010). Together, these data reinforce the
differential roles of Perl and Per2 mRNA and protein in light responses by the clock.
Without testing the pupillary light reflex in Usp2 KO mice, however, we cannot exclude

that differences at the level of light perception in the retina may be involved.

6.1.3 USP2 and PER?2 protein rhythms: To further investigate the origin of the
differences in light responses by the clock of Usp2 KO mice, a molecular correlate of the
behavioural phase response curve is being produced via the addition of glutamate to SCN
slices in vitro. If the magnitude of phase shifts induced by glutamate resembles the
behavioural phase response curve (Yang et al., 2012), it would further reinforce the idea
that the differences in phase shifting in Usp2 KO mice originate in the SCN. The

experiments pertaining to PER2 protein rhythms in the SCN are still in the preliminary
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phase and are therefore difficult to interpret. From the few data points obtained so far, it
appears that PER2 rhythms may be longer in the SCN of Usp2 KO mice, corroborating
previous data obtained in our lab regarding a longer free-running period in KO animals

(Yang et al., 2012).

6.2 Role of USP2 in the brain

6.2.1 USP2 and brain expression: We were able to find Usp2 mRNA expression in the
hippocampus, cerebellum, olfactory bulb and cortex. So far, we have no evidence for
differential expression between the two isoforms of Usp2, suggesting that, although they
are known to have certain tissue-specific functions, Usp2a and Usp2b do not have
different roles in the brain. It is important to note, however, that we cannot conclusively
say that the staining is specific until the in sifu hybridization is repeated with the new
probe designed to specifically target the region which is excised out in Usp2 KO mice

(see section 5.2.1 and Fig. 5).

6.2.2 USP2 and behaviour: To examine the role of USP2 in behaviour, several groups of
mice were tested on a battery of neurophenotyping tests. While no differences were
observed in the forced swimming test, the Morris water maze and actimetry, we found

differences in anxiety-like behaviour and, in certain cases, motor coordination.

The first group of Usp2 KO mice showed a reduced latency to enter the open arms of the
elevated plus maze (see section 5.2.2) and a reduced latency to eat in the Thatcher-Britton
test but data from a second group of mice of similar age failed to replicate the elevated

plus maze results. These differences in the elevated plus maze can be attributed to the
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large variability seen in the second group of mice (particularly the WT) which may have
prevented us from getting statistically significant results, despite the fact that the mean
latency appeared to be reduced in Usp2 KO mice. Further, the lack of differences
observed in these two tests in 18-22 month old mice can be attributed to their age and to
their previous experience in the running wheels. The latter point is of particular interest
given that anxiety tests, especially the elevated plus maze, are known to be very sensitive
to handling and previous experience (Crawley, 2008; Holmes and Rodgers, 2003; Karl et
al., 2003). On the other hand, replication of the Thatcher-Britton data in two cohorts of
mice, in addition to the absence of any differences in food consumption, body weight and
latency to eat after a food deprivation, suggests that Usp2 KO mice present decreased

anxiety-like behaviour compared to their WT counterparts.

We found that motor coordination deficits in Usp2 KO mice were test- and age-specific
(see Figs. 12 and 14). While young mice displayed no differences in the accelerating
rotarod test, older Usp2 KO mice spent significantly less time on the cylinder than WT
counterparts. Given these data, we were surprised to see that young Usp2 KO mice had
significantly more footslips in the beam walking assay. While both tests should be
repeated to confirm the results, these differences can be attributed to the sensitivity of
each test to specific causes of motor impairment (Hamm et al., 1994; Stanley et al.,
2005). Interestingly, the accelerating rotarod data suggests that the aging process may

affect Usp2 KO animals differently than WT.
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6.3 Possible crosstalk between the circadian system and anxiety behaviour

As it is well known that psychiatric disorders and sleep and circadian rhythm disruptions
are often comorbid in humans (Jagannath et al., 2013), it is reasonable to believe that
there is crosstalk between the circadian system and neuropsychiatric disorders. Indeed,
patients suffering from anxiety disorders are known to experience sleep disturbances and
reduced REM sleep (Lamont et al., 2007). This begs the question: is USP2 affecting
anxiety-like behaviour through its involvement in the circadian clock or are these two
distinct roles of the enzyme? While it is hard to draw conclusions based on the data
presented here in the absence of experiments directly aimed at answering this question,

there are some interesting hints in the literature.

First, other mice with altered circadian rhythms have also been found to have differences
in anxiety-like behaviour. Indeed, both the ClockAl9 and the Fbx13*™ mutants have been
found to be less anxious than their WT counterparts (Keers et al., 2012; Roybal et al.,
2007). While it is not impossible that both CLOCK and FBXL3 have roles outside of the
circadian system that lead to changes in anxiety-like behaviour, these data suggest that

disruptions of the circadian clock in general play an important role.

Second, it was found that knocking down both Per/ and Per2 in the nucleus accumbens
using RNA interference leads to increased anxiety-like behaviour in WT mice, suggesting
that the Period genes are involved in the regulation of anxiety (Spencer et al., 2013).
Interestingly, one study also showed that Per/ levels were reduced in the mouse
cerebellum following the administration of antianxiety medications (Akiyama et al.,

1999). Again, these data suggest that key genes of the circadian clock also play a role in
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the modulation of anxiety behaviour. Furthermore, the involvement of Per/ in the
nucleus accumbens raises the possibility that USP2 could affect anxiety through its

effects on the PER1 protein.

Third, it has been shown that exposing mice to abnormal light cycles can induce changes
in behaviour. WT mice subjected to constant darkness for 4 weeks develop depression-
like behaviour, as evidenced by increased immobilization in the forced swimming test,
suggesting that the absence of light can cause behavioural abnormalities (Monje et al.,
2011). Alternatively, depression-like behaviour can also be induced by exposure to very
short days (T7, i.e. 3.5 h light, 3.5 h dark), which also cause impairments in hippocampal
learning (LeGates et al., 2012). Similarly, exposure to a T20 photoperiod (i.e. 10 h light,
10 h dark) leads to changes in cognition and altered responses to novel environments
(Karatsoreos et al., 2011). As both the T7 and T20 photoperiods are outside the range of
entrainment (i.e. the endogenous circadian clock cannot entrain to these environmental
conditions and free-runs instead), these results suggest that it is the exposure to light at

aberrant times throughout the circadian cycles that results in these behavioural deficits.

Finally, the presence of Usp2 in the hippocampus, detected in our in situ hybridization
experiment, also raises the possibility that this enzyme exerts its effects via the ventral
hippocampus, a region known to be involved in anxiety (Bannerman et al., 2004). In that
case, it is hard to say whether USP2 would modulate the clock in the cells of the ventral

hippocampus or would be involved in some other way.



Stojkovic 58

6.4 Limitations of the study

6.4.1 Duration of wheel running experiments: It should be noted that the characterization
of circadian locomotor activity in the running wheels was done over quite a long period
of time. Mice were 14 months old by the time all the experiments were finished.
Therefore, if Usp2 KO mice do indeed age differently from WT mice (as suggested
above), the outcome of the tests might be affected. Importantly, overall daily wheel
running activity was not different between Usp2 KO and WT mice at any time during the
experiments, suggesting that at least wheel running itself was not differentially affected

by age.

6.4.2 Other roles of USP2: In addition to its role in the circadian clock, USP2 has been
involved in skeletal muscle atrophy, inflammation, cancer and metabolism, amongst
other things (Kim et al., 2012; Molusky et al., 2012; Tong et al., 2012; Wing, 2013).
While it is unclear whether any of these other effects of USP2 are mediated through its
involvement in the circadian system, it is possible that some of the behavioural deficits

observed in our study could be in part due to its other roles.

6.4.3 Compensation mechanisms: As mentioned in the introduction, it is possible that
there is redundancy at the level of the ubiquitin pathway in the circadian clock. This
raises the possibility that other deubiquitinating enzymes could assume some of the roles
of USP2 in the KO mice, thereby reducing the magnitude of the effects observed in our
study. However, DUBs are believed to be highly regulated in order to achieve target
specificity, which may reduce the likelihood of such compensation occurring (Komander

et al., 2009).
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6.5 Future directions

6.5.1 Circadian characterization: It would be interesting to continue characterizing the
circadian behaviour of Usp2 KO mice. Using a similar experimental group in the same
setup outlined above, mice could be subjected to a 23 hday (11.5:11.5 LD)anda25h
day (12.5:12.5 LD). By imposing T cycles outside of the natural 24 h day, one would be
testing the ability of the circadian pacemaker to consistently phase-shift to entrain to a
cycle that is different from its endogenous period (Pittendrigh and Daan, 1976). This is of
particular interest because previous work in the laboratory and results discussed here
have identified alterations in the phase shifting ability of Usp2 KO mice. Additionally, it
would be interesting to repeat the constant light experiment using the right protocol (DD
followed by LL with increasing light intensity), as this would allow us to study network
connectivity in Usp2 KO mice since constant light induces desynchrony between the

neurons in the SCN (Ohta et al., 2005).

6.5.2 Light responses by the clock: For previously discussed reasons, we will repeat both
the ZT14 and ZT20 light pulse experiments. Since Per/ and its protein product increase
in response to light (Albrecht et al., 1997), it may also be of interest to look at their
induction following the same experimental procedure used in the cFOS
immunohistochemistry experiment. This is of particular interest given the known
interaction between PER1 and USP2 (Yang et al., 2012), as it raises the possibility that
the absence of USP2 deubiquitinating activity in Usp2 KO mice could lead to differences
in the stability and function of the PER proteins, thereby directly affecting light responses

in the SCN. We are also continuing to record bioluminescence traces, in addition to
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giving glutamate pulses at CT14 and CT20 using more mice in order to be able to run

statistical analyses on these data.

6.5.3 Behaviour: The in situ hybridization experiments need to be completed.
Additionally, since we have seen a difference in rotarod performance between older and
younger mice, it would be of interest to repeat the rotarod test in these two groups
(experiment in progress) and to observe performance on the balance beam assay in older
mice (data already acquired). In order to address the question of crosstalk between the
circadian clock and anxiety behaviour, it would be of interest to test behaviour in Usp2
KO mice at different phases of the light/dark cycle and under different photoperiods. For
example, constant light has been found to increase depressive-like behaviour and
decrease anxiety-like behaviour in one strain of mice (Fonken et al., 2009) and to
increase both behaviours in rats (Tapia-Osorio et al., 2013), suggesting that it could be
interesting to investigate the responses of Usp2 KO mice compared to their WT
counterparts under this light condition. Further, the data discussed in section 6.3 suggest
that it may also be of interest to study behaviour of Usp2 KO mice under different T

cycles.
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CONCLUSION

The involvement of deubiquitination in circadian rhythms and, more broadly, in the brain
has been relatively poorly studied to date. The objective of this study was to further
characterize the role of the deubiquitinating enzyme USP2, an enzyme known to be
involved in the circadian clock (Yang et al., 2012), in circadian rhythms and to
investigate, for the first time, its role in behaviour and brain function. We have found that
deubiquitination by the USP2 protein is important for the regulation of entrainment to
light/dark cycles and light responses by the clock, as well as in the control of anxiety-like
behaviour and, in certain cases, motor coordination. Given the coexistence of circadian
disruptions and neuropsychiatric disorders in humans (Lamont et al., 2007), the data
obtained so far could implicate that USP2 is at the interface of light responses, circadian

rhythms and affective disorders.
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