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ABSTRACT

Cryptochrome 2 (Cry2) is a core clock gene important for circadian regulation. It has also been associated
with anxiety and depressive-like behaviors in mice, but the previous findings have been conflicting in terms
of the direction of the effect. To begin to elucidate the molecular mechanisms of this association, we
carried out behavioral testing, PET imaging, and gene expression analysis of Cry2” and Cry2** mice.
Compared to Cry2** mice, we found that Cry2”- mice spent less time immobile in the forced swim test,
suggesting reduced despair-like behavior. Moreover, Cry2”- mice had lower saccharin preference, indicative
of increased anhedonia. In contrast, we observed no group differences in anxiety-like behavior. The
behavioral changes were accompanied by lower metabolic activity of the ventro-medial hypothalamus,
suprachiasmatic nuclei, ventral tegmental area, anterior and medial striatum, substantia nigra, and
habenula after cold stress as measured by PET imaging with a glucose analog. Although the expression of
many depression-associated and metabolic genes was upregulated or downregulated by cold stress, we
observed no differences between Cry2”- and Cry2** mice. These findings are consistent with other studies
showing that Cry2 is required for normal emotional behavior. Our findings confirm previous roles of Cry2 in
behavior and extend them by showing that the effects on behavior may be mediated by changes in brain

metabolism.

INTRODUCTION

Circadian clocks are endogenous pacemakers that evolve their properties, when subjected to selection, but
have remained conserved during evolution . They not only generate the oscillation in physiological
functions and behaviors that demonstrate daily and seasonal fluctuations 2, but also maintain these
oscillations in their adaptive response to the time-giving signals which they receive from the habitat 4.
Circadian clock genes that encode repressors of transcription, or “the breaks” of the transcription-to-
translation feedback loops, such as the cryptochrome genes (Cryl and Cry2) >°, are essential to the normal
function of circadian clocks !, Cryptochromes are necessary for the development of intercellular

networks in the suprachiasmatic nucleus *2 that produces synchronizing signals throughout the organism 3.



Cryptochromes seem to regulate various behavioral traits, but the underlying mechanisms remain largely
unknown. A specific mouse line selectively bred for high anxiety-like and co-segregating depression-like
behaviors has fragmented ultradian rhythms of locomotor activity both under light-entrained conditions
and under constant darkness, and reduced hippocampal Cry2 expression 2. On the other hand, earlier
studies on the behavior of cryptochrome knockout mice have yielded contradictory findings on anxiety-like
and depression-like behaviors. De Bundel et al. * found that Cry1”, Cry2”- and Cry1”Cry2” double
knockout mice have increased anxiety-like behavior in the elevated plus maze test and no differences in
despair behavior in the forced swim test compared to controls. Similarly, Savalli et al. *> demonstrated
increased anxiety-like behavior of Cry2”- mice in the novelty suppressed feeding test, but no differences in
the open field, elevated plus maze or light-dark box tests compared to Cry2** mice. Furthermore, they
showed increased anhedonia in the sucrose preference test and no differences to Cry2** mice in the forced
swim or tail suspension tests for despair behavior. Hilhne et al. 6 observed that Cry17Cry2” double
knockout mice have limited ability to habituate to new environments compared to wild type mice, but no
differences in anxiety parameters of the open field or light dark box test, or in the tail suspension, learned
helplessness or sucrose preference tests. When the Cry17-Cry2”- double knockout mice were exposed to an
anxiogenic stressor, they had a larger number of c-Fos positive cells in the amygdala, suggesting increased
neural activation compared to wild type mice. Schnell et al. ', however, found reduced anxiety-like
behavior of Cry2”- mice compared to wild type mice in the elevated zero maze test and no anhedonia in the
sucrose preference test. Cry1”-mice had increased despair behavior in the forced swim test compared to
wild type mice. Some of these differences may be due to genetic differences between the strains. De
Bundel et al. **, Hilhne et al. ¢, and Schnell et al. ¥ used a knockout line originally created by van der Horst
et al. '8 while Savalli et al. ** used a line created by Thresher et al. *° These lines were either backcrossed to
C57BL/6J 1516 or “a Charles River C57BL/6 strain” 4, or it was unclear whether the line was backcrossed *’.
Another difference between the studies was how knockout animals were generated, by either breeding
heterozygous mice or by breeding the single knockouts with each other, in case of studies using double

knockout mice. Knockout and heterozygous dams may provide different maternal care, thereby influencing



the pup behavior. Thus, additional behavioral studies are needed to understand what the reasons for the

differing results on anxiety and depressive-like behavior may be.

Under constant lighting conditions, with no light-dark transition, the knockout of both cryptochromes
deletes the circadian rest-activity rhythm and makes the animals arrhythmic not only in their locomotor
behavior #2021 put also in their body temperature and heat production ?2. Normal effective
thermoregulation requires precise internal synchronization of the circadian clocks within the body %, with
cryptochromes resisting against internal desynchronization in peripheral organs 2*. Brown adipose tissue
(BAT) produces heat by uncoupling the mitochondrial respiratory chain with the tissue-specific uncoupling
protein 1 (UCP1) %, and this non-shivering thermogenesis can be activated by cold exposure ¢, and in
hamsters and mice also by melatonin 2. The activity of BAT follows a shorter than circadian (i.e., ultradian)
period 2 and precedes eating activity 2. Further, it drives and guides the approximate 24-hour circadian
rhythm of the core body temperature 3% that is the anchor for all other circadian rhythms in the body and
regulated against mild environmental cold exposures throughout the 24-hour day %. In mice, BAT expresses

Cry1 and Cry2 with a circadian rhythm 32,

Thus, the CRY2 protein seems to modulate both circadian and emotional responses and metabolism.
However, the cellular and molecular mechanisms connecting CRY2 function to these behaviors remain
unknown. We therefore set to test anxiety and depression-related behaviors in Cry2”- mice. Due to the
central role of Cry2 in the metabolism, and the known associations between depression and metabolism 32,
we also investigated the metabolic activation of these mice in various tissues, including the brain and the
BAT. After finding significant differences in the glucose uptake in specific brain regions of Cry2”- mice, we
further examined the expression levels of key metabolic and depression-associated genes within the brain

and BAT. We found that Cry2 is required for normal emotional behavior and brain metabolism.

MATERIALS AND METHODS

Cry2”- mice



Cry2”- mice (B6.129P2-Cry2'™Asn/]) were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). This
strain was created by replacing flavine adenine dinucleotide (FAD) binding domain by a neomycin
resistance cassette 1°. 129P2/0laHsd-derived E14TG2a embryonic stem (ES) cells were used to create the
mutation, which was subsequently backcrossed to the C57BL/6J strain. The strain was maintained at the
University of Helsinki in mouse colony rooms under 12 h light/dark cycle (lights on at 6:00 am) in the Mouse
IVC Green Line System (Tecniplast, West Chester, PA, USA) with a constant room temperature and
humidity. Mice for all experiments were bred using Cry2*- breeding pairs. We tested Cry2”-mice and their

Cry2** littermates as controls.

Behavioral testing

All animal experiments were approved by the National Animal Experiment Board in Finland (ELLA) and the
Regional State Administrative Agency for Southern Finland (ESAVI) and conducted in accordance with the
European Union Directive. Adequate measures were taken to minimize pain or discomfort of the animals.
Mice were housed in groups of 3-5 animals. Prior to any behavioral procedures, mice were transported
from the mouse colony room to the experimental room and allowed to habituate for 30 min. Testing was
carried out during the light phase, between 8 am and 12 pm. If not specified, food and water were available
ad libitum. Mice were 9-10 weeks old at the beginning of behavioral testing. We tested both male and
female mice. The order of the tests and inter-test intervals were: the open-field test, 2 days later the light-
dark box test, 4-5 days later the novelty-suppressed feeding test, and 12 days later the forced swim test
(FST). The home cage activity test was carried out in three 7-day batches, the first one starting 2 days after
the FST with equal number of Cry2”- and Cry2** mice in each batch. We carried out the saccharin

preference test during the activity monitoring.

Open-field test. We released the mice in the corner of a novel open arena (30 x 30 cm, Med Associates Inc.,
St. Albans, VT, USA) under indirect diffused light (~150 Ix). Horizontal and vertical activity was recorded

with infrared light sensors for 5 min. Peripheral zone was defined as a 6 cm wide zone along the wall.



Distance travelled, number of rearing events, and time spent in the two zones (center and periphery) were

recorder by the Activity Monitor software (Med Associates Inc., St. Albans, VT, USA).

Light-dark box test was carried out in the open-field arena (30 x 30 cm, Med Associate Inc., St. Albans, VT,
USA), equipped with a dark insert (nontransparent for visible light) that covered 50% of the arena. It was
completely closed, except for a small opening (5.5 x 7 cm) that allowed the animal to move freely from one
compartment to another. lllumination in the center of the light compartment was ~550 Ix. We placed mice
in the dark compartment and allowed them to explore the arena for 6 min. The measures recorded by the
Activity Monitor software were latency to enter the light compartment and the total time spent in the dark
and light compartments. In addition, we measured the number of transitions between the compartments

and the total distance travelled during the test.

Novelty-suppressed feeding test. The latency to start feeding in novel environment was measured by the
EthoVisionXT10 software (Noldus Information Technology, Wageningen, Netherlands). Animals were
deprived of food overnight before the experiment with water available ad libitum. For the measurement,
we put small plastic cup containing chopped food pellets to the center of the floor in a white acrylic box (30
x 30 cm, illumination ~150 Ix). Mouse was placed at the corner of the box for 5 min or until the moment it
started to eat the food. We then removed the mouse to the home cage and allowed it to eat the chopped
food for the next 5 min. The weight of food consumed for the 5 min in the home cage, as well as animals’
body weight before and after the food deprivation were used as additional parameters in data analysis.
Forced swim test. Mouse was placed in a glass cylinder (@ 18 cm, height 25 cm) filled with room
temperature water to the height of 15 cm for 6 min. The time of immobility (passive floating, when the
animal was motionless or doing only slight movements with tail or one hind limb), and active movement
(struggling, climbing or swimming using all four paws) was collected by EthoVisionXT10 software (Noldus,

Information Technology, Wageningen, Netherlands), and analyzed in 2 min time bins.

Home cage activity. Mice were housed individually. An infrared InfraMot (TSE Systems, Chesterfield, MO,

USA) sensor was mounted above each cage to register animal movement. Ambient light changes as well as



room temperature were recorded. Activity was registered for 7 consecutive days. Home cage activity was
calculated as an average over 1 h observation. Days 1 and 2 of the experiment were treated as the

habituation period and were not included in the statistical analysis.

Saccharin preference. Saccharin preference test was performed on the 1st-3rd night of the measurement of
the home cage activity. On the night 1 we habituated the mice to drink water from two plastic 15-ml falcon
tubes with cut tips. On nights 2 and 3 mice had a free choice between tube with water and tube with 0.1%
or 0.2% saccharin, respectively. The percentage of saccharin preference for each saccharin concentration
was calculated from the weight of saccharin divided by the total weight of liquid (saccharin plus water)

consumed by animal overnight.

Statistical analysis of the behavioral data. Open-field, light-dark box, novelty-suppressed feeding, and
forced swim tests: We first examined any putative sex-effects with 2-way analysis of variance (ANOVA). Due
to the lack of significant sex effects, the data from males and females were analyzed jointly with t-test or
Mann-Whitney test (non-normally distributed data, normality tested by the Shapiro-Wilk test) in GraphPad
(San Diego, CA, USA) Prism software. Saccharin preference: Three Cry2*”* mice from the 0.1% group and
one Cry2”- mouse from the 0.2% group were removed from the analysis as outliers (saccharin preference
>3 st.dev. from the mean), and thus it was not possible to analyze the data with 2-way ANOVA. We
analyzed the two concentrations separately, comparing the genotypes using a t-test in GraphPad (San
Diego, CA, USA) Prism software. Home cage activity was analyzed using IBM (Armonk, NY, USA) SPSS with 3-
way repeated measured ANOVA taking into account the activity level at each 1-h time bin, genotype, and

Sex.

Cold exposure

Mice were transferred to 4°C for 4 h, with water and bedding but without food. Their body weight was
measured before and after cold exposure. For the positron emission tomography/computed tomography
(PET/CT) imaging, mice were individually transferred to smaller cages before putting them to 4°C to avoid

them warming each other. For the RT-gPCR experiment, mice were singly housed for one week before the



experiment to avoid the effect of social hierarchy on gene expression. For the RT-qPCR experiment control
mice were housed in a room temperature incubator (Scantainer; Scanbur, Karlslunde, Denmark) during the

same period.

Body composition analysis

Before the first room temperature and cold PET imaging, body composition was measured by quantitative
nuclear magnetic resolution whole-body compaosition analyzer (EchoMRI-700, Echo Medical Systems,
Houston, TX, USA). Mice were fasted for 4 h before measurement with ad libitum access to water. Awake
mouse was restrained to a transparent cylinder tube and 2-3 measurements per animal were performed.
The average fat tissue and lean tissue in grams was calculated. Mice were weighed before the

measurement of body composition.

PET/CT studies

In vivo [*8F]FDG PET/CT. Before PET imaging, mice were fasted for 4 h with ad libitum access to water. The
PET/CT imaging was performed at room temperature with or without a preceding 4-h cold exposure at 4 °C.
Mice were anesthetized with isoflurane, tail vein cannulated, and CT was performed for anatomical
reference and for attenuation correction. Then, mice were intravenously injected with glucose analog 2-
deoxy-2-[*®F]fluoro-D-glucose ([*F]FDG, 5.1 + 0.27 MBq) or long-chain fatty acid analogue 14(R,S)-
[*8F]fluoro-6-thia-heptadecanoic acid ([*3F]FTHA, 5.3 + 0.29 MBq) via tail vein. A 30-min dynamic PET
imaging (Inveon Multimodality PET/CT scanner, Siemens Medical Solutions, Knoxville, TN, USA) started at
the time of injection. Blood glucose levels were measured with a glucometer (Bayer Contour, Bayer AG,
Leverkusen, Germany) before the [*®F]FDG injection and after the [*®F]FDG PET/CT imaging. In addition,
blood samples were taken before [*8F]FTHA injection to determine free fatty acid (FFA) levels in plasma.
The PET data acquired in a list mode were iteratively reconstructed with the ordered subsets expectation
maximization 2D algorithm. CT images were automatically fused with the PET images. Based on CT as the
anatomical reference, quantitative PET analysis was performed by defining regions of interest (ROIs) in

interscapular BAT and left, right, front and back brain, and to main organs using Carimas 2.6 software



(Turku PET Centre, Turku, Finland). The average radioactivity concentration (kBg/mL) within the ROl was
used for further analyses. The uptake of [*®F]FDG is reported as standardized uptake values (SUV), which
were calculated as the radioactivity concentration of the ROl normalized with the injected radioactivity
dose, animal weight and blood glucose levels. Since reliable [*3F]FTHA data was only observed from a few
animals, only results from [*8F]FDG imaging are presented. Group differences were analyzed with 3-way

ANOVA for genotype, tissue, and temperature in IBM (Armonk, NY, USA) SPSS.

Density of brown adipose tissue. CT acquisition consisted of 120 projections with the exposure time of 120
ms, x-ray voltage of 80 kV, and anode current of 210 pA for 220° rotation. CT images were reconstructed
using filtered back-projection algorithm. Quantitative analysis was performed by defining ROl in BAT using
Inveon Research Workplace 4.1 software (Siemens Medical Solutions, Malvern, PA, USA). CT Hounsfield

units (HUs) were transformed to density as milligram per cubic centimeters (mg/cmd).

Ex vivo digital brain autoradiography. We sacrificed the animals directly after PET imaging, i.e. 30 min after
the [*8F]FDG injection. The brains were rapidly removed, weighed, measured for radioactivity using a
gamma counter (Triathler 3”, Hidex, Turku, Finland) and frozen in isopentane chilled with dry ice. Serial
coronal brain sections (20 um) were obtained using a cryomicrotome at -15°C. Brain sections were thaw-
mounted onto microscope slides, air dried and apposed to an imaging plate (Fuji Imaging Plate BAS-TR2025,
Fuji Photo Film Co., Ltd., Japan) for autoradiography. After an exposure time of 4 h, the imaging plates were

scanned with Fuji Analyzer BAS-5000 (Fuji Photo Film Co., Ltd., Tokyo, Japan; internal resolution of 25 um).

The digital autoradiography images were analyzed for count densities (photostimulated luminescence per
unit area, PSL/mm?) using Aida software (Raytest Isotopenmessgerate GmbH, Straubenhardt, Germany).
ROIs were drawn over the studied brain regions and the count densities of background areas were

subtracted from the image data.

Pieces from the cerebellar cortex of each brain were dissected, measured for 8F-radioactivity and weighed.
These data, expressed as the percentage of injected radioactivity dose per gram of tissue (%ID/g), were

used for converting the PSL/mm?-values into %ID/g-values and then into SUVs. For each individual brain



region a mean uptake was calculated and expressed at a precision of one standard deviation (mean + SD).
Group differences were analyzed with 2-way ANOVA for genotype and brain region in IBM (Armonk, NY,
USA) SPSS. Post hoc test was carried out with multiple t tests option in GraphPad (San Diego, CA, USA)

Prism.

RNA extraction and quantitative real-time PCR

Mice were killed by cervical dislocation. The brain was removed quickly and medial prefrontal cortex,
hippocampus and hypothalamus were dissected on a Petri dish filled with ice, frozen immediately on dry
ice, and stored at -80°C for later analysis. Interscapular BAT was collected from the same animals. We
extracted the total RNA using TRI reagent (Molecular Research Center, Inc., Cincinnati, OH, USA). cDNA was
synthesized from 250 ng of RNA with BioRad iScript™ Select cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer’s protocols. 2-4 ul of 1:10 dilution of the cDNA was
amplified with 250 nM primers in CFX384 Real-Time PCR cycler using IQ SYBR Green supermix (Bio-Rad
Laboratories, Hercules, CA, USA) in a total volume of 10 ul. Each reaction was run in triplicate and relative
expression level was calculated with CFX Manager (Bio-Rad Laboratories, Hercules, CA, USA) using a
standard curve (7.15, 10.0, 5.0, 2.0, 1.0, 0.5, and 0.25 ng of cDNA) present on each assay plate. Expression
levels were normalized to the levels of the endogenous control gene Cyclophilin A. The primer sequences
are available from the authors on request. The significance of the observed gene expression differences
was evaluated with 3-way ANOVA taking into account genotype, sex, and temperature. Post hoc analysis

was carried out using Fisher’s LSD test using IBM (Armonk, NY, USA) SPSS.

RESULTS

Delayed activity during dark phase and altered depression-like behavior in Cry2”-mice

To establish whether Cry2 regulates depression or anxiety-like behaviors we carried out extensive
behavioral testing of littermate Cry2”- and Cry2** mice. We did not observe any differences between these

groups in anxiety-like behavior as measured by the time spent in the center zone of the open field test, the
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latency to the light side or the time spent in the light zone of the light-dark box test, or the latency to
consume food in the novelty suppressed feeding test (Figure 1). Cry2/ mice spent less time immobile in the
forced swim test compared to Cry2** mice, suggesting reduced despair-like behavior (Figure 2A). However,
they had 2.2% and 1.2% lower saccharin preference (of 0.1% and 0.2% saccharin, respectively) compared to
Cry2** mice indicative of slightly increased anhedonia (Figure 2B). We also monitored home cage activity of
Cry2”-and Cry2** mice (Figure 3). While the total activity between these groups did not differ (main effect
for genotype F1,43=0.00, p=0.99), the activity*genotype interaction was significant (F23,989=7.69,
p=2.50E-23), suggesting that Cry2”- and Cry2** mice had different circadian activity patterns. Graphs in
Figures 3B and C show that this difference was due to Cry2”- mice having about 2 h delayed onset of the
first dark period activity peak compared to Cry2** mice. The activity*sex interaction was also highly
significant F23,989=3.28, p=3.53E-7, indicating that the activity of males and females differed from each

other.

Lower brain metabolic activation in specific brain regions of Cry2”- mice

To establish whether there are differences in the metabolic activity between Cry2”- and Cry2** mice, we
carried out PET imaging with a glucose analog ([*®F]JFDG) and a fatty acid ([*F]JFTHA) analog in room
temperature and after 2-hour cold exposure, which activates the BAT. Due to the large number of failed
[*8F]FTHA measurements, we only present data using the [*F]FDG analog. We first verified that the cold
exposure indeed influenced the BAT glucose consumption (SUVqy; see Supplemental Figure 1 for plasma
glucose levels of Cry27 and Cry2** mice). In the Cry2** mice, the BAT SUVg, was 17.3% higher after cold
exposure compared to room temperature, indicating successful activation of BAT due to the cold exposure.
We observed no difference in the BAT SUV¢, between Cry2”- and Cry2*/* mice (2-way repeated measures
ANOVA for genotype and temperature: genotype effect F1,15=0.97, p=0.34, temperature effect

F1,15=14.68, p=0.002, temperature*genotype interaction F1,15=4.26, p=0.057).

We next proceeded to examine SUVgy in all studied brain regions and both temperatures in Cry2”- and

Cry2** mice. 3-way ANOVA of SUVy, for genotype, tissue, and temperature showed a highly significant
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main effect of the tissue (F8,27=267.82, p=1.20E-123), indicating different SUVyy in different tissues (Figure
4). Temperature (main effect F1,270=0.37, p=0.55) or genotype (main effect F1,270=3.74, p=0.054) did not
affect SUVy, overall. Only the tissue*temperature interaction was significant (F8,270=2.67, p=0.008)
indicating that cold stress increased SUVyy in some, while decreased it in other tissues (genotype*tissue
interaction: F8,270=0.56, p=0.81; genotype*temperature F1,270=1.21, p=0.27);

genotype*tissue*temperature F8,270=0.441, p=0.90).

The resolution of autoradiography is significantly better than that of in vivo PET. Due to the lower SUVgyin
Cry2”- mice, which reached trend-level significance (p=0.054), we carried out ex vivo autoradiography after
the last PET imaging to investigate if glucose analog [‘®F]FDG SUV differ after cold stress in specific brain
regions of the Cry2”- mice (Figure 5). 2-way ANOVA taking into account the 25 studied brain regions of
interest revealed significant main effects for the genotype (F1,199=60.87, p=3.37E-13) and brain region
(F24,199=10.49, p=3.76E-24). The interaction was not significant (genotype*brain region F24,199=0.39,
p=0.996), because Cry2” mice had lower SUV than Cry2** mice in all studied brain regions. The SUV of
glucose analog [*®F]FDG was lower in Cry2” compared to Cry2** mice in the ventro-medial hypothalamus
[t(199)=2.59, p=0.010], suprachiasmatic nuclei [t(199)=2.25, p=0.026], ventral tegmental area [t(199)=3.44,
p=0.0007], anterior [t(199)=2.04, p=0.042] and medial striatum [t(199)=2.04, p=0.042], substantia nigra
[t(199)=2.06, p=0.041], and habenula [t(199)=2.25, p=0.025] as shown by post hoc t-tests (Figure 5). None
of these findings survive multiple testing correction for 25 tests (p<0.002 for Bonferroni correction), and

therefore, we report nominal p-values in Figure 5.

We next investigated whether the metabolic differences measured as brain glucose uptake were reflected
on the gene expression levels of metabolic (Dio2, Pgcla) or depression-related (Bdnf, Duspl, Gsk3b) genes
in the brain and BAT of Cry27 and Cry2** mice at room temperature and after cold stress (Figure 6 and
Supplemental Figure 2). In addition, we investigated the expression levels of Cry2 ortholog Cryl. In female
Cry2’and Cry2** mice, total Bdnf and Bdnf exon 4 expression levels were lower after cold stress than at

room temperature in the hippocampus. In males, similar effect of lower expression after cold stress vs.
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room temperature was seen for total Bdnf expression in the Cry2*/* mice, and for Bdnf exon 4 in Cry2”
mice. Dio2 was strongly upregulated by cold stress in both Cry2”- and Cry2** mice. Furthermore, Pgcla was
expressed at higher levels in female Cry2”- compared to Cry2** mice after cold stress. Interestingly, Cry1
was expressed at higher levels in male Cry2”- compared to Cry2*/* mice after cold stress in the hippocampus
and cortex, and at room temperature in the cortex. In females, Cry1 was expressed at higher levels in Cry2”
compared to Cry2** mice after cold stress. None of the findings survived Bonferroni multiple testing

correction (significance threshold p<0.0003) and therefore, we report nominal p-values in Figure 6.

DISCUSSION

We used multiple approaches to investigate the role of Cry2 in anxiety and depression-like behaviors in
mice. We carried out a comprehensive battery of behavioral tests in Cry2/ and Cry2** mice and
investigated their brain glucose uptake both at room temperature and after cold stress. Furthermore, we
investigated gene expression levels of key depression-associated and metabolic genes in both brain and

BAT.

We demonstrated that Cry2”- mice had delayed onset of the first dark period activity by about two hours
and slightly diminished saccharin preference, a measure of anhedonia, compared to Cry2*/* mice. Both of
these findings are indicative of greater depressive-like behavior, although small reductions of saccharin
preference (1.2-2.2% observed here) may not have biological significance. In contrast, Cry2”- mice had
shorter immobility time in the forced swim test, which speaks against depressive-like behavior. However,
the result from the forced swim test reflects psychomotor activity, and anhedonia together with despair
(longer immobility times) or reactivity (shorter immobility times) agrees with data from clinical practice.
Patients with depressive disorder may have either melancholic or atypical features, respectively, or a
mixture of them. Cry2 deficient mice have been considered as models for the human behavioral trait of
preference to the daily activities in the evening hours ?* that is known to associate with a range of health
hazards including heightened odds for depressive disorders 3. Furthermore, dysfunction of the circadian

clocks has been associated with mood disorders *#*. It is not known, however, whether they have a causal
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effect on the etiology or whether this dysfunction reflects reactive changes later during the pathogenesis *°.
In humans, genetic variants of CRY2, however, are associated with mood disorders at large, including
depressive disorders with the seasonal pattern or seasonal affective disorder ', chronic depressive disorder
or dysthymia %, bipolar disorders with rapid cycling *, and chronicity of depressive symptoms in patients
with major depressive or bipolar disorders “°. A mathematical modeling for one of the key depression-
associated genetic variants of CRY2 suggests that it results in increased transcription of CRY2, leading to a
decrease in winter amplitude of circadian gene expression by at least 30% from summer amplitude, thus
indicative of winter seasonal affective disorder which is characterized by atypical features during its
recurrent depressive episodes 1. Thus, Cry2 may influence mood through several mechanisms that may be

connected or independent from each other.

After cold exposure, Cry2”- mice had a trend for lower glucose uptake in the posterior brain in general
compared with Cry2** mice, and subsequent autoradiography analysis with higher spatial resolution
indicated that this finding was due to lower glucose uptake specifically in the suprachiasmatic nucleus,
ventral tegmental area, ventro-medial hypothalamus, and habenula. These brain regions have previously
been associated with depressive-like behavior and circadian regulation. Of specific interest is the
suprachiasmatic nucleus which harbors the central clock. The involvement of the ventral tegmental area
and the mesolimbic dopamine pathways in mood regulation is well documented #2. For example,
depressive-like behavior has been associated with long-term constant darkness in rats, which increases
immobility in the forced swim test and results in larger number of apoptotic ventral tegmental area
dopaminergic neurons **. Dysfunction of the mesolimbic dopamine system has also been associated with
specific clock genes, e.g., depressive-like behavior in Per2 mutant mice #* and with manic-like symptoms in
the Rev-erbo mutant mice #°. Also, the role of the habenula and its circuits in depression have recently
become evident “°. It may be that under a physiological challenge, such as exposure to cold or to constant
lighting conditions, a genetic predisposition (here, Cry2 deficiency) results in smaller glucose uptakes in
these brain regions, and leads to more severe and perhaps atypical depressive-like behavior, but this

hypothesis needs to be specifically tested.
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At the gene expression level, we observed more significant cold stress effects than genotype effects. In the
brain, Dio2 was expressed at higher levels after cold stress than at room temperature in all studied brain
regions, in both genotypes, and in females and males. It catalyzes the conversion of prohormone thyroxine
to the active thyroid hormone. Also Bdnf was expressed at lower levels after cold stress than at room
temperature, especially in the hippocampus. Low levels of BDNF have been consistently observed in the
brain and serum of patients with depression #’. The most significant differences both after the exposure to
cold and at room temperature between Cry2” and Cry2** mice were the higher expression levels of Cry1 in
the Cry2”- compared to Cry2** mice in the hippocampus and cortex, but not in the hypothalamus. Cry1 is a
paralog of Cry2 and this upregulation may represent a compensatory effect. Consequently, some of the
behavioral, metabolic or gene expression effects may be due to increased effect of Cryl expression in the
hippocampus or cortex, rather than knockout of Cry2. Overall, the brain gene expression experiment
suggested no differences in the expression levels of selected metabolic or depression-associated marker
genes between Cry2”- and Cry2** mice. However, differences in the expression levels of other genes would

likely be identified using transcriptome-wide methods.

In mice, the knockout effect of Cry2 on the activity of BAT has not been tested earlier. We did not observe
differences in the BAT glucose uptake between Cry27 and Cry2** mice using [*®F]JFDG PET. Although the
classical BAT activation markers, such as the Ucpl and Glut4, were significantly upregulated by cold
exposure, there were only few differences in BAT gene expression levels of studied genes between Cry2”
and Cry2** mice. The exceptions were lower cold-induced upregulation of Dio2 expression in Cry2”- males
compared to Cry2** males, and lower cold-induced upregulation of Pgcla expression in Cry2/ females
compared to Cry2** females. Interestingly, the Cry1 expression levels were significantly higher in cold-
exposed males compared to the room temperature controls, in both Cry27 and Cry2** mice. This
upregulation seems to be specific to BAT because we did not observe similar temperature effects in the
hypothalamus, hippocampus, or cortex. Overall, our results suggest that Cry2”- mice have largely normal
cold-induced BAT activation. The functional consequences and the effect on temperature regulation of the

Cryl1 upregulation by cold stress remains to be determined.
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Our study has limitations, and it left open questions to be addressed in future work. One limitation of our
mouse model is that it is a total knockout. Future studies of cell or tissue-specific models could help
understand which aspects of CRY2 function regulate depression-like behavior. Also, we only studied gene
expression at one time point and an analysis of several timepoints at different circadian times would allow
assessing whether the differences are due to up- or downregulation or shifts in rhythms of expression.
Especially the autoradiography and gene expression studies involved several measurements. None of the
results survived Bonferroni correction for multiple testing (p-value thresholds 0.002 and 0.0003,
respectively), and therefore, we report nominal p-values. This is a common issue in these kinds of studies,
and to validate the results, they should be replicated in independent experiments. Finally, we have not
been able to causally associate the brain metabolic differences between the Cry2”- and Cry2** mice with

the behavioral data, and this remains to be attempted in future studies.

In conclusion, we replicated the earlier finding *° that Cry2”- mice have delayed first activity peak after dark
onset. We did not observe any anxiety-like phenotypes in Cry2”- mice using tests that measure approach-
avoidance conflict. These mice had an atypical depressive-like phenotype with slightly increased anhedonia
and reduced despair behavior. In the future, it would be important to characterize this phenotype in more
detail, investigating other depression-related symptoms, like sexual and social behaviors, sleep, and
anhedonia with intracranial self-stimulation “¢, Our study extends previous work by showing with PET
imaging and subsequent autoradiography, that glucose uptake is lower in specific depression-associated
brain regions after cold stress, suggesting an association between reduced brain metabolic response to
stress and behavior. Thus, our results concur with earlier findings that Cry2 is required for normal
emotional behavior and we propose that this effect may be mediated by its influence on the brain

metabolism.
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FIGURE LEGENDS

Figure 1. No difference in anxiety-like behavior or exploratory activity in Cry2”-and Cry2** mice. We
tested Cry2” (ko, n=24) and Cry2*/* (wt, n=27) mice in several tests that measure anxiety-like behavior and
locomotor activity. (A) Percent time spent in the center zone of the open field. (B) Distance traveled in the
open field. (C) Percent time spent in the light zone in the light-dark box test. (D) Latency to the first entry to
light compartment in the light-dark box test. (E) Total distance travelled during the light-dark box test. (F)
Latency to feeding in the novelty suppressed feeding test. (G) Weight of food eaten during 5 min in home
cage. Due to no significant sex differences, male and female mice were pooled. Bar graphs show mean + 1

S.e.

Figure 2. Cry2”- mice differ from Cry2** mice in tests measuring depression-like behavior. (A) Cry2’ mice
(ko, n=24) spent less time immobile during the last 4 minutes in the forced swim test than Cry2** mice (wt,
n=27), suggesting decreased despair-like behavior. (B) Cry2” mice (n=22) had significantly decreased
preference to both 0.1% and 0.2% saccharin compared to Cry2** mice (n=24), indicating increased
anhedonia. Due to no significant sex differences, male and female mice were pooled. Bar graphs show

mean t1s.e.

Figure 3. Cry2”- mice have shifted circadian activity without changes in total activity. (A) No difference in
home cage locomotor activity between Cry2” (ko, n= 10 females and 12 males) and Cry2*/* (wt, n=12
females and 13 males) mice. Both male (B) and female (C) Cry2”-mice had delayed night activity period with
the peak activity two hours later than in Cry2*/* mice. Bar and line graphs show mean averaged over 5 days

+1s.e.

Figure 4. Positron emission tomography with glucose analog [*®F]FDG in Cry2”- and Cry2*/* mice. To assess
brain metabolic activation, we carried out positron emission tomography on female Cry2”- (n=10) and
Cry2** (n=7) mice with glucose analog [*®F]FDG. (A) Glucose consumption (SUVgy) at room temperature,

and (B) after 4-hour cold exposure. Bar graphs show mean £ 1 s.e.
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Figure 5. Cry2”- mice have lower glucose consumption than Cry2*/* mice in specific brain regions after
cold stress. We carried out autoradiography directly after PET imaging and calculated standardized uptake
value (SUV) of glucose analog [*®F]FDG from brain regions of interest in Cry2”- (n=5) and Cry2*/* (n=5) mice.

Bar graphs show mean + 1s.e.

Figure 6. Gene expression levels of metabolic and depression-associated genes in Cry2”- and Cry2** mice
at room temperature (RT) and after 4-hour cold stress. Relative gene expression levels, determined by
guantitative real-time PCR, in the hippocampus (HPC), hypothalamus (HT), and cortex (CX). Bar graphs

show mean t1s.e.
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Supplemental figure 1. Plasma glucose levels, body composition and BAT weight and density of Cry2”
and Cry2** mice. A) Plasma glucose levels measured before "8F-FDG PET carried out in room temperature
(RT) or after 4 h cold exposure at 4°C. Knockout (ko) N=10, wild type (wt) N=7. B) Body composition measured
by quantitative nuclear magnetic resolution whole-body composition analyzer. Ko male N=6, wt male N=2, ko
female N=10, wt female N=7. C) Brown adipose tissue (BAT) weight normalized by total body weight. Ko male
N=4, wt male N=2, ko female N=9, wt female N=6. D) BAT density normalized by tibia density measured by
computed tomography. Ko male N=4-5, wt male N=2, ko female N=10, wt female N=7. * p<0.05 in 2-way
ANOVA followed by Fisher’s LSD post hoc test.
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Supplemental figure 2. Gene expression levels of metabolic genes in Cry2” and Cry2** mice at room

temperature (RT) and after 4 h cold stress. Relative gene expression levels, determined by quantitative real-

time PCR, in the brown adipose tissue (BAT). Bar graphs show mean +/-1 s.e. Nominal P-values <0.05 from 3-

way ANOVA followed by Fisher’s LSD post hoc test. * p<0.05, ** p<0.01, *** p<0.001. Each group N

=7.



