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Abstract

The nucleus accumbens (NAc), a central component of the midbrain dopamine reward circuit,
exhibits disturbed circadian rhythms in the postmortem brains of depressed patients. We
hypothesized that normal mood regulation requires proper circadian timing in the NAc, and that
mood disorders are associated with dysfunctions of the NAc cellular circadian clock. In mice
exhibiting stress-induced depression-like behavior (helplessness), we found altered circadian
clock function and high night-time expression of the core circadian clock component
CRYPTOCHROME (CRY) in the NAc. In the NAc of helpless mice, we found that higher
expression of CRY is associated with decreased activation of dopamine 1 receptor-expressing
medium spiny neurons (D1R-MSNSs). Furthermore, D1R-MSN-specific CRY-knockdown in the
NAc reduced susceptibility to stress-induced helplessness and increased NAc neuronal activation
at night. Finally, we show that CRY inhibits D1R-induced G protein activation, likely by interacting
with the Gs protein. Altered circadian rhythms and CRY expression were also observed in human
fibroblasts from MDD patients. Our data reveal a causal role for CRY in regulating the midbrain
dopamine reward system, and provide a mechanistic link between the NAc circadian clock and
vulnerability to depression.

Significance Statement

Depression is one of the most common, disabling, and expensive of all neuropsychiatric
disorders. Emerging evidence implicates circadian rhythm abnormalities in the pathophysiology of
depression. In particular, the nucleus accumbens (NAc), a central component of the midbrain
dopamine reward circuit, exhibits disturbed circadian rhythms in postmortem brains of depressed
patients, as well as in stressed mice exhibiting depression-like (helpless) behavior. Here we
provide evidence for a molecular mechanism by which higher levels of the core circadian clock
protein CRYPTOCHROME in the NAc may block D1 dopamine receptor activation during the
nocturnal active phase of mice, thereby compromising normal daily activation of NAc neurons and
leading to helpless behavior. This mechanism suggests a promising target for future
antidepressant drugs.

Main Text

Introduction

A role for circadian clocks in mood disorders has been suggested for decades on the basis of
clinical observations. First, circadian rhythm dysregulation is a prominent clinical feature of mood
disorders (1, 2). Changes in daily patterns of sleep/wake, energy levels, and appetite are
important symptoms of both bipolar disorder and major depressive disorder (MDD). Furthermore,
manipulations of light exposure or sleep that affect the circadian clock are now known to affect
mood as well (3, 4). Bright light, the primary resetting stimulus for the clock, is an effective
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antidepressant in both MDD and seasonal affective disorder (SAD) (5, 6), and sleep deprivation
or shifting sleep onset to an earlier time temporarily alleviates depression (7, 8).

A molecular circadian clock has been well characterized in mammalian cells, based on
delayed negative feedback in a core transcriptional-translational feedback loop (TTFL) (9).
CLOCK/BMAL1 dimers act at E-box elements on DNA to promote transcription of Period (Per1,
Per2, Per3) and Cryptochrome (Cryl, Cry2) genes, leading to increases in PER and CRY levels.
After delays associated with transcription, translation, dimerization, and nuclear entry, PER/CRY
complexes inhibit transcription of their own genes. This leads to declines in PER and CRY levels,
thus relieving the inhibition and permitting a new cycle to begin. Aside from their roles in
maintaining a functional clock, circadian clock genes also directly or indirectly regulate the
expression of many clock-controlled genes critical for neuron physiology and metabolism (10, 11).

Recent studies have directly implicated the molecular circadian clock in the pathogenesis of
depression. In post-mortem brains from MDD patients, compared to normal control subjects, Li et
al. found remarkably weaker daily rhythms of clock gene expression in multiple brain areas,
including the dorsolateral prefrontal cortex, anterior cingulate, hippocampus, amygdala, and
nucleus accumbens (12). Studies in rodent models of depression also implicate circadian rhythm
abnormalities in a subset of mood-regulating brain areas, particularly the nucleus accumbens
(NAc) (13, 14). Some of these animal studies, through genetic manipulation of clock gene
expression in specific brain areas, have even provided evidence that circadian clocks play a
causal role in mood regulation (15-21).

A potential brain mechanism is suggested by the circadian regulation of dopamine signaling in
the midbrain reward circuit. Several studies have reported circadian transcriptional regulation of
tyrosine hydroxylase (TH) (22—-25) and monoamine oxidase (MAO) (26), which are enzymes
crucial for dopamine synthesis and deactivation, respectively. In addition, dopamine release is
also modulated by the circadian clock through the dopamine transporter (DAT), which regulates
the diurnal variation of dopamine in the synaptic cleft (27).

Although circadian clock proteins have pervasive effects on gene transcription in the cell
nucleus, this is not the only mechanism by which the clock impacts mammalian physiology. In
particular, Zhang et al. discovered a novel cytoplasmic action of the circadian clock component
CRYPTOCHROME (CRY), in which CRY inhibits both Ca* and cAMP signaling by directly
binding to and inhibiting the G proteins Gq and Gs, respectively, in the plasma membrane (28,
29). In the liver, for example, CRY rhythmically inhibits glucagon-mediated gluconeogenesis near
dawn by interacting with Gsss coupled to glucagon receptors (29), and it is likely that CRY acts
similarly on other Gs protein-coupled receptors expressed in the brain, such as the Dopamine 1
receptor (D1R). This suggests that the molecular circadian clock might regulate dopamine
signaling in the brain’s reward circuit by directly modulating dopamine receptor activation in the
NAc.

The NAc is known to play a crucial role in regulating motivation and reward functions (30-33).
The major projecting NAc neurons that regulate these behaviors are inhibitory, gamma-
aminobutyric acid (GABA)-containing neurons, also called medium spiny neurons (MSNs) (34,
35). The MSNs are classified by their dopamine receptor expression (expressing either dopamine
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1 [D1R] or dopamine 2 receptors [D2R]) and their projections (36—39). Balanced activity of these
two neuronal populations facilitates normal behavioral output, while imbalances are implicated in
psychiatric and neurological disease (40—-43). Previous studies in humans and rodents have
shown that activation of the D1R-MSN pathway induces positive reward, whereas activation of
the D2R-MSN pathway induces aversion (44). Inhibition of these pathways induces the opposite
motivational states (45-48). Also, Fos transcription factors (c-Fos, FosB, AFosB) show differential
induction patterns in D1R-MSNs vs. D2R-MSNs (49-52), and D1, but not D2, receptor activation
is sufficient for such Fos activation (53-55). These data highlight the important role of D1R-MSN
activation in mediating resilience to depression and antidepressant action, whereas D2R-MSN
activation may mediate susceptibility to depression.

Previously, we found that NAc brain slices from mice susceptible to stress-induced helpless
behavior show less circadian rhythmicity and dephased single-cell rhythms compared to those
from resilient mice (56). We therefore hypothesized that normal reward circuit function and mood
regulation require proper circadian timing in the NAc, and that helpless behavior may be caused
by a mistimed increase of the circadian clock component CRY during the nocturnal active phase,
thereby inhibiting the normal nightly activation of D1IR-MSNs. Here we induce helpless state in
mice by stressful inescapable tail shock training, and find circadian clock alterations in the NAc of
these mice. Helpless mice show higher night-time CRY expression and reduced D1R-MSN
activation compared to resilient and naive mice. Similar clock dysfunction and changes in CRY
expression were observed in cells from male MDD patients. Furthermore, in mice, knocking down
CRY specifically in NAc D1R-MSNs reduces susceptibility to stress-induced helplessness and
increases NAc neuronal activation at night. Finally, we show that CRY inhibits D1R-induced G
protein activation, likely by interacting directly with the Gs protein. Our data reveal a causal role
for CRY in the reward system, mediating vulnerability to stress-induced helplessness, and
suggest a mechanism involving the action of CRY on the Gs protein in D1R-MSNs of the NAc.

Results

Helpless behavior is associated with abnormal PER2::LUC rhythms in mouse SCN and
NAc

To study circadian clock dysfunction in a mouse model of depression, we first induced
‘learned helplessness” (LH) in mice harboring the circadian PER2::.LUC reporter. This was
achieved by subjecting female and male mice to two daily 1 hour sessions of inescapable tail
shocks (ITS) (57). One day after the second ITS session, mice underwent the tail suspension test
and subsequently the LH paradigm. These are both tests that have been validated extensively as
measures of depression-like states in rodents (57, 58). Mice subjected to ITS were classified as
resilient by the LH test when they had escape latencies and failures within 2 standard deviations
of those of naive mice. All mice with greater latency and escape failure values were defined as
helpless (Fig. 1 A-B, SI Appendix, Fig. S1 A-B-D-E). Naive mice were not subjected to ITS. The
tail suspension test revealed changes in immobility of the animals after the ITS session.
Compared to naive and resilient mice, helpless mice showed significant differences in their total
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immobility time (SI Appendix, Fig. S1 C-F). Fifteen hours after the LH test, animals were
sacrificed, and PER2:LUC rhythms were measured in brain slices containing the
suprachiasmatic nucleus (SCN) or the nucleus accumbens (NAc).

For the SCN, the brain’s primary circadian pacemaker controlling rhythmic locomotor activity,
the proportion of brain slices showing significant circadian rhythmicity was not affected by LH
status (helpless vs. resilient) in either female or male mice (SI Appendix, Fig. S2 A-E), in
accordance with our previous results (56). Further analyzing rhythmicity separately in males and
females, we found that SCN slices from helpless and resilient female mice showed a shorter
PER2 rhythm period compared to naive female mice (SI Appendix, Fig. S2 B, F). In females,
there were no differences in SCN rhythm amplitude or acrophase (time of second PER2 peak; Sl
Appendix, Fig. S2 G-H). In helpless male mice, SCN rhythm amplitude was significantly
increased compared to naive and resilient mice (Sl Appendix, Fig. S2C). Resilient males also
showed a significantly earlier SCN PER2 rhythm acrophase compared to helpless and naive
males, but no differences in period (S| Appendix, Fig. S2 B, D).

For the NAc, a large majority of brain explants from resilient male mice showed rhythmic
oscillations (~80%), whereas significantly fewer NAc explants from helpless male mice (~50%)
were rhythmic (Fig. 1 C, E), confirming our previous results (56). Further analyzing NAc rhythms
separately in males and females, we found a shorter PER2 rhythm period in helpless females
compared to naive and resilient females (Fig. 1), while no such difference was observed in male
mice (Fig.1F). No differences in PER2 rhythm amplitude were observed for either female or male
mice (S| Appendix, Fig. 3A-B). Interestingly, in both female and male helpless mice, compared to
naive and/or resilient mice, the acrophase was significantly earlier (Fig. 1 G, J). Overall, these
data suggest sex-specific associations between helplessness and circadian rhythm dysfunction in
both the SCN and NAc, including reduced rhythmicity and earlier phase of NAc rhythms in
helpless mice.

Helpless mice show increased CRYPTOCHROME (CRY) expression in the NAc at night

We next examined whether such altered rhythms in NAc neurons of helpless mice were
associated with changes in day vs. night expression patterns of the core circadian clock
components CRYPTOCHROME 1 (CRY1) and CRYPTOCHROME 2 (CRY2). Levels of CRY1
and CRY2 were measured by western blot in the NAc of naive, resilient, and helpless mice. One
day after the LH test, mice were sacrificed at two different time points: zeitgeber time 5 (ZT5,
daytime, 5 h after lights on) and ZT14 (nighttime, 2 h after lights off). A schematic experimental
design is shown in Fig. 2A. Female and male mice showed similar patterns (SI Appendix, Table
S1), so CRY expression data for female and male mice are plotted together. We found that naive
and helpless mice showed significant diurnal expression patterns of CRY1 and CRY2, with the
highest expression occurring during the night phase, whereas no diurnal variation was detected in
resilient mice (Fig. 2 B-C). In addition, helpless mice showed a significant increase in CRY2
expression at ZT14 compared to naive and resilient mice. Thus, resilient mice showed an altered
diurnal pattern of CRY expression in the NAc, with lower expression at the beginning of the active
phase.
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The NAc contains two functionally distinct neuronal cell types that control reward and
motivational states: D1R-MSNs and D2R-MSNs (36, 37); therefore, we tested whether CRY is
differentially expressed in these specific NAc neuronal populations. Because CRY2 expression
was significantly higher in helpless mice at ZT14 in the western blot experiments, Cryl and Cry2
MRNA expression in NAc D1R-MSNs (Fig. 2D) and D2R-MSNs (S| Appendix, Fig. S5A) was
tested using the RNAscope assay in naive, resilient, and helpless mice sacrificed at ZT14. We
first designed and validated Cryl and Cry2 in situ hybridization probes using Cryl-knockout
(Cryl”') and Cry2-knockout (Cry2"') mice. As shown in S| Appendix, Fig. S4 A-B, no fluorescent
signal was detected for Cryl in Cryl”' mice, nor for Cry2 in Cry2"' mice, compared to wild type
(WT) mice, confirming the specificity of these probes. Quantification of Cryl and Cry2 expression
in D1R- and D2R-MSNs showed that helpless mice, compared to resilient and naive mice (Cry2
only), displayed a significant increase in Cryl and Cry2 expression in both neuronal populations
in the NAc (Fig. 2E-F). Female and male mice showed similar patterns as shown in SI Appendix
Table S2. Given previously observed effects of cytoplasmic CRY on G-protein coupled receptors
(GPCRs) (21, 53), the increase in CRY expression we observed in the NAc at ZT14 could alter
the functionality of D1 and/or D2 receptors, and neuronal activation in the NAc reward circuit at
the beginning of the active phase.

Helpless mice show altered c-Fos expression in NAc D1R-MSNs and D2R-MSNs at night

Previous studies have shown prominent diurnal variation of extracellular dopamine (DA)
levels in the NAc core peaking at ZT13, affecting D1 and D2 receptor activation (27). To test
whether the increased CRY expression we observed in helpless mice at ZT14 correlates with
changes in D1R- and D2R-MSN neuronal activation in the NAc, we monitored the expression of
the immediate early gene c-Fos, a neuronal activity indicator. Naive, resilient, and helpless mice
were sacrificed at ZT14, and brains were then processed for RNAscope assay to quantify c-Fos
expression in a cell-specific manner (Fig. 2D and Sl Appendix, Fig. S5A). We found that helpless
mice showed greater activation of D2R-MSNs as well as reduced activation of D1R-MSNs
compared to resilient and naive mice (Fig. 2G). Female and male mice showed similar patterns
as shown in S| Appendix Table S2. Thus, altered daily CRY expression in the NAc of helpless
mice is associated with an abnormal pattern of activation of D1R- and D2R-MSNs at the
beginning of the dark phase. Higher expression of CRY at ZT14 might also affect other
downstream signaling pathways of D1 and D2 receptors, such as CREB activation (59). Using the
western blot assay, we found that naive and helpless mice showed similar daily expression
patterns of phospho-CREB (P-CREB), with higher expression at night (ZT14; S| Appendix, Fig.
S5B). However, in resilient mice P-CREB expression is higher during the day (ZT5; SI Appendix,
Fig. S5B), indicating an altered diurnal pattern of dopamine signaling in the NAc.

Knockdown of Bmall in the NAc reduces Cry expression, increases neuronal activation,
and reduces susceptibility to helpless behavior

In the molecular circadian clock, complexes of BMAL1 and CLOCK promote the transcription

of Cry and Per genes. In our previous study we found that Bmall knockdown in the SCN

lengthens circadian period and reduces rhythm amplitude (60). We hypothesized that Bmall
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knockdown in the NAc would alter CRY expression at night, affecting vulnerability to helpless
behavior. Mice were injected with either Bmall-shRNA (Bmall-KD) or scrambled shRNA
(Scrambled) in the NAc. Three weeks after the injection, mice were evaluated using the talil
suspension test, followed by ITS training. Prior to stressful ITS training, no differences were
observed between knockdown and control mice in depression-like behavior, as reflected by
immobility time in the tail suspension test (Fig. 3A), suggesting that Bmall knockdown in the NAc
alone does not induce behavioral despair [unlike in the SCN (21)]. Mice were then subjected to
two days of ITS and then tested for LH. Interestingly, mice injected with Bmall-shRNA showed a
more resilient phenotype, defined by decreased latency and number of failures to escape (Fig. 3
B-C), compared to control mice injected with scrambled shRNA. Immunofluorescence
experiments confirmed that Bmall-shRNA in the NAc reduced BMALL protein levels by 60% (Sl
Appendix, S6 A-B). We then tested whether Bmall-knockdown alters Cry expression at ZT14 in
the NAc using RNAscope. We found significantly lower Cryl and Cry2 mRNA expression at ZT14
in the NAc of mice that received Bmall shRNA, compared to mice injected with the control virus
(Fig. 3D), indicating that Bmall downregulation reduces Cry expression in the dark phase.
Because helpless mice showed decreased NAc neuronal activation at ZT14 (Fig. 2F), we
examined c-Fos protein expression in mice injected with Bmall shRNA and control mice at this
time (Fig. 3E). As expected, NAc neurons infected with Bmall shRNA showed not only
decreased Cry expression but also increased c-Fos expression compared to control (Fig. 3F).
These data suggest that Bmall knockdown in the NAc may reduce susceptibility to helpless
behavior by reducing CRY-mediated inhibition of neuronal activation.

Knockdown of Cry in NAc D1R-MSNs increases neuronal activation and reduces
susceptibility to helpless behavior

To test the role of CRY in mediating helpless states in mice more directly, we knocked down
both Cryl and Cry2 in either D1IR-MSNs or D2R-MSNs selectively. We achieved this by
generating Cre-dependent AAV vectors encoding shRNA to downregulate Cryl and Cry2
expression in a cell-specific manner, and by injecting a cocktail of both Cry1- and Cry2-specific
shRNAs into the NAc of either D1r-Cre or D2r-Cre mice (Fig. 4A). Immunofluorescence staining
confirmed down-regulation of CRY2 protein in the NAc of both Cre lines, with significant
decreases of CRY2 expression at the injection sites (Fig. 4 B, F). (Unfortunately, there is no
available antibody to detect CRY1 protein reliably in immunofluorescence experiments.) Three
weeks after the AAV injections, mice underwent tests of depression-like behavior. In the tail
suspension test, prior to stressful ITS training, no significant difference was observed in
immobility time for D1r-Cre or D2r-Cre mice injected with Cryl and Cry2 shRNA, compared to
mice injected with control virus (Scrambled) (Fig. 4C). One day after the tail suspension test, mice
were subjected to two days of ITS and then tested in the LH paradigm. As shown in Fig. 4D and
4E, mice with Cry shRNA targeted to D1R-MSNs showed significant decreases in escape
latencies and number of escape failures compared to either mice with Cry shRNA targeted to
D2R-MSNs or control mice receiving scrambled shRNA.
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To test whether CRY downregulation affects NAc neuronal activation at night, c-Fos
expression was evaluated in D1R- and D2R-MSNs at ZT14 in mice receiving Cryl and Cry2
shRNA. We found that mice injected with Cry shRNA targeted to D1R-MSNs showed greater
neuronal activation compared to those injected with Cry shRNA targeted to D2R-MSNs, or to
control mice receiving scrambled shRNA (Fig. 4G and Sl Appendix, Fig. S7A). Cell type-specific
effects on neuronal activation were tested by quantifying co-expression of c-Fos (marking
neuronal activation) and green fluorescent protein (GFP, encoded by Cre-dependent AAV virus,
and therefore marking D1-MSNs or D2-MSNs; S| Appendix, Fig. S7B). This analysis revealed
that targeting Cry shRNA to D1R-MSNs activated mostly D1R-MSNs, whereas targeting Cry
shRNA to D2R-MSNs activated mostly D2-MSNs (Fig. 4H). These data demonstrate that
knocking down Cryl and Cry2 selectively in D1IR-MSNs decreases vulnerability to stress-elicited
helpless behavior without altering baseline performance in the tail suspension test, and also
suggest a causal role for properly phased rhythmic Cry expression in mediating a normal
circadian pattern of DIR-MSN activation in the active phase.

CRYs interact with Gs proteins and inhibit D1 receptor-mediated Gs protein activation

To investigate a possible mechanism by which CRYs alter D1R-MSN activation and
vulnerability to helpless behavior, we used a Bioluminescence Resonance Energy Transfer
(BRET) approach in Chinese hamster ovary (CHO) cells expressing a D1 receptor with its C-
terminal fused to GFP (D1R-GFP) and a Gas subunit fused to Renilla reniformis luciferase (Rluc),
as indicated in Figure 5A. We then used BRET to monitor the interaction between the two
fluorescent fusion proteins (D1R-GFP and Gas-Rluc), in the presence or absence of various CRY
protein constructs. Basal and stimulated BRET signal was recorded in cells either co-expressing
CRY1 and CRY2, co-expressing the cytoplasmically localized mutants CRY1-ACCm and CRY2-
ACCm (61), or in control cells without CRY constructs. As expected, stimulation of the D1
receptor with the full D1 receptor agonist A68930 induced a conformational change of the D1
receptor-G protein complex, leading to a significant decrease in the detected BRET signal (Fig.
5B-C). In the presence of CRY1 and CRY2, or the cytoplasmic CRY variants, this response to D1
receptor stimulation was abolished (Fig. 5B-C). Thus, cytoplasmic CRY blocks D1 agonist-
induced conformational rearrangement between the D1 receptor and its G protein, which may
affect G protein activation.

To more directly test the effect of CRY on Gs protein activation in response to D1 receptor
agonist binding, we monitored the BRET signal induced by the conformational changes between
Gas and Gy, subunits before and after D1 receptor activatio. For these experiments, we used the
same Gas-Rluc, but now co-expressed with Gy, fused to Venus (Fig. 5D) in CHO cells
expressing the D1 receptor, and measured the BRET signal in the presence or absence of CRYs
or cytoplasmic CRY variants. As shown in Fig. 4E and 4F, the BRET signal was dramatically
reduced in the presence of either CRY1 and CRY2, or CRY1-ACCm and CRY2-ACCm, even
before D1 receptor agonist application. Additionally, in the presence of CRY1 and CRY2, or the
cytoplasmic CRY variants, the BRET signal induced by D1 receptor activation was abolished (Fig.
5F). Overall, these data indicate that CRY alters Gs protein conformation, likely by interacting
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directly with the Gas subunit, and that this interaction inhibits Gs protein activation by the D1
receptor agonist. These observations are consistent with previous evidence of CRY inhibiting Gs
protein signaling (29), and reveal that cytoplasmic CRYs inhibit D1 receptor activation by altering
the Gapy complex.

Fibroblasts from male depressed patients show increased Cryl expression

To test for altered circadian rhythmicity or Cry expression in human MDD, we examined
fibroblast cell lines that were available from depressed patients. In fibroblasts from patients
diagnosed with MDD and from healthy controls, we used gPCR to test clock gene expression at
two different time points, circadian time (CT) 16 and 24, after synchronization of circadian
rhythms in culture. As expected, Cry expression was robustly circadian time-dependent in cells
from male and female patients and controls (Fig. 6 A, B, D, E). Bmall expression was also
robustly rhythmic in cells from male and female patients and controls (Fig. 6 C, F). Cells from
male MDD patients showed elevated Cryl expression levels at CT24 compared to controls (Fig.
6A). Cry expression of fibroblasts from female MDD patients did not differ significantly from
controls. We also used the PER2::LUC reporter to test whether PER2 rhythms were altered in
fibroblasts from MDD patients. No differences were observed in PER2 rhythm period (Sl
Appendix, Fig S8 A, B). Interestingly, cells from male MDD patients exhibited an elevated
circadian rhythm amplitude compared to either controls or female MDD patients (S| Appendix,
Fig. S8B). These data show increased Cryl expression and suggest possible circadian rhythm
dysfunction in cells from male MDD patients.

Discussion

In this study we demonstrate how molecular circadian clock dysfunction in the NAc can increase
vulnerability to stress-induced helpless behavior in mice. Previous cellular and molecular studies
of circadian clocks have provided tantalizing indications that clock gene defects may be involved
in mood disorders (2, 13, 62—65). The NAc, a central component of the midbrain dopamine
reward circuit, exhibits disturbed circadian rhythms in the postmortem brains of depressed
patients (12). Furthermore, mice exposed to acute or chronic stress exhibit depression-like
behavior and altered circadian rhythms in neurons of the reward circuit (56, 66). Here we
demonstrate that the core circadian clock component CRYPTOCHROME (CRY) interacts with G
proteins to impair dopamine D1 receptor activation, alters NAc neuronal activation in a cell type-
specific manner predicted to reduce positive reward signaling, and increases vulnerability to
stress-induced helpless behavior.

First, using a PER2::LUC reporter gene, we found a sex-specific pattern of altered circadian
clock function in NAc slices from helpless mice. In male (but not female) helpless mice, fewer
NAc slices were rhythmic compared to resilient mice, confirming our previous finding of less
reliable rhythms (56). We found no NAc rhythm amplitude differences in helpless mice, in contrast
to a previous study that found increased amplitude after unpredictable chronic mild stress (66),
suggesting that acute and chronic stress may affect NAc circadian rhythms differently. We also
found that free-running circadian period is shorter in NAc slices from female (but not male)

9
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helpless mice. Finally, the most consistent finding was that PER2::LUC rhythms are phased
earlier in NAc slices from helpless mice, relative to resilient mice. Overall, these findings indicate
that in helpless mice, NAc circadian rhythms are mistimed and (at least in males) less reliable.

Using the same approach, we found a different sex-specific pattern of altered circadian clock
function in the SCN of helpless mice. In SCN slices from male (but not female) helpless and
naive mice, PER2::LUC rhythms were phased later relative to resilient mice, in contrast to the
earlier phase observed in the NAc of helpless mice. SCN slices from female (but not male)
helpless and resilient mice had shorter circadian periods relative to naive mice, possibly reflecting
the effects of ITS exposure, as opposed to a helpless behavioral state. As in our previous study
(56), the proportion of SCN slices exhibiting circadian rhythms did not differ among naive,
helpless, and resilient mice, but rhythmic SCN slices from helpless mice did show increased
amplitude in the present study. This is in contrast to a recent study finding decreased amplitude in
the SCN of mice subjected to unpredictable chronic stress (66). On the other hand, Koresh et al.
(67) found increased Perl and Per2 expression in the SCN after 8 days of exposure to predator
scent stress in a post-traumatic stress disorder mouse model. Just as for rhythms in the NAc,
these differences among studies may reflect how acute and chronic stress treatments affect SCN
circadian rhythms differently.

The disparity in circadian effects we observed in male vs. female mice, or in NAc vs. SCN,
might be related to sex differences in receptors for the stress hormones corticotropin releasing
factor (CRF) and glucocorticoids (68, 69). For example, in female rats, stress increases CRF
expression in the paraventricular nucleus (70, 71), which receives dense projections from the
SCN (72). Greater CRF expression in the hypothalamus of female vs. male rodents can lead to
greater activation of the hypothalamic-pituitary-adrenal (HPA) axis, and greater glucocorticoid
release (73-75). In addition, stress down-regulates more NAc genes in female mice than in
males, particularly genes regulating nervous system development and function (76). Finally, high
levels of CRF and glucocorticoid receptors have also been reported in the NAc (74), but not in the
SCN (77), and glucocorticoids are known to shift non-SCN circadian clocks (78, 79). Thus, the
increased secretion of glucocorticoids resulting from stressful ITS training could mediate the sex-
specific and tissue-specific pattern of clock dysfunctions observed in our helpless mice. Further
research is needed to determine the underlying mechanism of sex-specific clock alterations
observed in helpless mice.

We also observed dysregulation of CRY expression in the NAc of helpless mice. We found
that helpless behavior is associated with higher NAc CRY2 expression at the beginning of the
nocturnal active phase (ZT14). In addition, both Cryl and Cry2 mRNA expression in the NAc at
ZT14 was higher in helpless mice compared to naive and resilient mice. In resilient mice, NAc
CRY2 expression was significantly lower at ZT14, with no difference between ZT5 and ZT14,
suggesting a difference in NAc circadian rhythm phase between helpless and resilient mice.
Indeed, we observed a phase shift of PER2::LUC rhythms in NAc brain slices from helpless mice.
This suggests that acute stress induced by ITS alters NAc circadian phase, possibly contributing
to susceptibility to helpless behavior.
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To determine whether the altered CRY expression we observed in helpless mice is
associated with changes in neuronal function, we investigated cell type-specific activation of NAc
MSNs by monitoring the neuronal activity marker c-Fos. In the NAc of helpless mice, we found
decreased activation of D1R-MSNs but increased activation of D2R-MSNSs, in accordance with
previous findings of distinct, opposing roles for NAc MSN subtypes in mediating depression-like
behavior in a social defeat stress paradigm (48). Previous studies have shown that stimulation of
D1R-MSNs promotes resilient behavior, whereas stimulation of D2R-MSNs promotes social
avoidance after chronic social defeat stress. In addition, repeated restraint stress produces
anhedonia through selective attenuation of NAc D1R-MSN excitatory synaptic strength (44).
Thus, the important opposing roles of NAc D1R- and D2R-MSNSs in regulating reward and
motivation is well known (80), but we suggest further that normal circadian activation/inhibition of
D1R-MSNs and D2R-MSNs may play a key role in modulating depression phenotypes in mice
and humans. In future studies, it would be valuable to characterize the 24 h pattern of neuronal
activity in the NAc in normal mice or in mouse models of depression using fiber photometry.

Diurnal variation of phasic dopamine (DA) release at post-synaptic terminals of neurons
projecting from the ventral tegmental area (VTA) to the NAc (high at night and low during the day
in nocturnally active rodents) (27) implies a parallel diurnal rhythm in postsynaptic receptor
activation. D1 receptors, because of their relatively low affinity for DA, are activated by higher
levels and phasic release of DA, whereas higher affinity D2 receptors are activated by tonic DA
(81, 82). Using a foot-shock avoidance task, Wenzel et al. (83) found that activation of VTA DA
neurons enhanced active avoidance in rats, and this was blocked by D1 antagonist injection into
the NAc core. Also, knocking down the dopamine transporter (DAT) in the NAc core, which
decreases DA re-uptake and increases synaptic DA levels, reduces anxiety- and depression-like
behaviors (84). As depression is marked by reduced avoidance of aversive stimuli (helplessness),
these data imply that dysregulation of NAc D1 receptor activation could increase vulnerability to
stress-induced helplessness. We propose that mistimed or weaker NAc circadian rhythmicity
leads to excessive levels of CRY in NAc MSNs during the nocturnal active period of mice, and
that this reduces D1 receptor activation, thereby compromising the normal daily activation of
these cells by dopamine released from the VTA, and leading to a helpless state (Fig. 7).

As a test of this hypothesis, we used a viral-mediated approach to manipulate CRY and the
circadian clock in the NAc. First, we showed that knocking down the primary positive circadian
transcription factor BMALL1 in the NAc, which reduces Cry expression at night, decreases
vulnerability to stress-induced helplessness. In contrast, inducing circadian disruption by repeated
6 h phase advances of the light/dark cycle was recently shown to impair active escape learning
(85). Although this may seem paradoxical, a predictable consequence of normal biphasic
circadian regulation of behavioral functions is that circadian manipulations may either impair (85)
or enhance function (present results), depending on the nature of the circadian phase shift or
disruption (86).

Next, we proceeded to test our hypothesis about CRY function in NAc more directly. CRY1
and CRY2 are both known to be important and to have similar biochemical roles in the critical
feedback inhibition of the circadian clock mechanism and in directly modulating G protein
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function. Because CRY1 is a stronger inhibitor than CRY2 (87), the ratio of CRY1/CRY2
determines circadian period (88), so knockdowns (89) of Cryl vs. Cry2 have opposite effects on
period. CRY1 & CRY2 single knockouts are rhythmic, whereas double knockouts are not (87,88).
Therefore, to both reduce CRY activity and weaken the circadian clock, while also avoiding the
confound of opposite period effects observed in single knockdowns, we knocked down both
CRYs. Finally, as previous studies have clearly shown that D1IR-MSN and D2R-MSN cells in the
NAc have distinct or even opposing roles in the dopamine reward pathway (46—48), we knocked
down both CRYs specifically and separately in D1IR-MSN and D2R-MSN cells.

Using this cell type-specific approach targeting both CRYs, we found that downregulation of
CRY in DI1R-MSNs reduces vulnerability to stress-induced helplessness, whereas
downregulation of CRY in D2R-MSNs does not. These data are consistent with a previous study
showing that the Afterhours mutation of FbxI3, which reduces Cryl mRNA [at least in the SCN
(92)], reduces depression-like behavior in mice (16). Mood phenotypes have also been reported
for Cry knockout mice [reviewed in Vadnie & McClung (2017)], but global Cry knockout could
affect brain development and many brain regions other than the NAc, so these studies are not
comparable to our knockdown of CRY specifically in NAc.

Given that helpless mice show higher CRY in NAc and reduced D1R-MSN activation at ZT14,
we predicted that D1R-MSN-specific CRY knockdown would lead to increased D1R-MSN
neuronal activation at this time. Indeed, we observed higher D1R-MSN activation at ZT14 when
we downregulated CRY expression selectively in D1R+ neurons; similarly, we observed higher
D2R-MSN activation at ZT14 when we downregulated CRY expression selectively in D2R+
neurons. Using a similar approach, Parekeh et al. (14) recently reported cell-type-specific actions
of the circadian transcription factor NPAS2 in regulating excitatory synaptic activity in D1IR-MSNs
and cocaine reward-related behavior. These results directly implicate circadian clock components
as important regulators of NAc MSN physiology, thereby affecting mood and reward-related
behavior.

Circadian clock genes directly or indirectly regulate the transcription of many clock-controlled
genes critical for neuron physiology and metabolism (10, 11), but cytoplasmic CRY also interacts
with G proteins to modulate receptor-mediated signal transduction pathways (28, 29).
Biochemical reconstitution studies have shown previously that CRYs interact directly with Gas
subunits, regulating fasting gluconeogenesis in the liver and inhibiting glucagon-mediated
stimulation of cAMP signaling (29). In addition, cytoplasmic CRY has been shown to interact with
Gaq subunits to inhibit Ca®* signaling, whereas no interactions with Gai were detected (61).
These findings suggest a mechanism in which CRY might selectively affects Gs and/or Gq
signaling pathways in the NAc to affect mood. Therefore, we used a BRET approach to test
whether CRYs can interact with Gas to modulate D1 receptor signaling. In CHO cells, we
monitored conformational rearrangements at the interfaces between the D1 receptor and Gas,
and between G protein subunits, before and after D1 receptor agonist application. We found that
cytoplasmic CRY abolishes D1 agonist-induced conformational reorganization of the D1 receptor-
G protein complex. Specifically, we found that CRY stabilizes the heterotrimeric state of the Gs
protein and prevents the rearrangement of Gafy subunits induced by D1 receptor activation.
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Thus, CRY inhibits D1R-induced Gs protein activation, likely by interacting directly with the Gs
protein; future studies should explore the effects of CRY on D1 receptor signaling in neuronal
cells.

Overall, the picture that emerges is that in helpless state, abnormally high levels of CRY in
NAc D1R-MSNs at the beginning of the active phase (ZT14 in mice, early morning in humans)
may block D1R-induced Gs protein activation by dopamine released from pre-synaptic VTA
terminals, thereby compromising neuronal responses to the normal diurnal elevation of dopamine
at this time. Recent studies indicate that novel phosphorylation signaling pathways downstream
of the D1 receptor, such as Rapl or Rho kinase pathways, may play a crucial role in regulating
NAc neuronal excitability and emotional behaviors (93, 94). In addition to dopamine receptors,
D1R-MSNs also express M4 cholinergic receptors, dynorphin, and substance P, whereas D2R-
MSNSs express A2A adenosine receptors, adenosine, enkephalin, and neurotensin. The receptors
for all of these neurotransmitters potentially couple to Gs proteins (95), and could also be
modulated by CRY. Adenosine, in particular, is well known for balancing neuronal excitability as a
neuromodulator (96), so perhaps the increased activation of D2R-MSNs we observed in helpless
mice could be related to an effect of CRY on the adenosine receptor pathway as well. However,
little is known about how the D2 and A2A receptor signal pathways interact. Future studies should
address how CRY modulates different GPCR signal pathways in the NAc and other brain regions.

Our observations of altered circadian rhythm in helpless mice suggest that genetically or
epigenetically determined circadian clock defects might also be present in depressed humans; to
explore this possibility, we measured Per2-Luc circadian rhythms and clock gene expression in
fibroblasts from MDD patients. We found that cells from male MDD patients showed higher
rhythm amplitude and higher CRY1 expression at CT24 (dawn) versus control male subjects,
whereas no such differences were observed in females. However, cells from female MDD
patients had lower amplitude compared to cells from male MDD patients. Possibly, such weaker
circadian rhythmicity may contribute to the well-known higher incidence of depression in women
(97). Previous studies have found that polymorphisms of CRY1 are associated with a diagnosis of
MDD, and variants of CRY2 with bipolar disorder (63, 65). These data suggest the possibility that
circadian rhythms in human fibroblasts might be a useful biomarker of MDD. More faithful
characterization of circadian dysregulation in the brains of MDD patients will require further
studies of mouse models in parallel with stem cell-derived neurons from a larger number of MDD
and control subjects.

Clinical therapies for depression that alter circadian clocks, such as bright light therapy and
sleep deprivation, have proven effective in MDD as well as in seasonal depression (5, 98).
Interestingly, the clinically well-characterized antidepressant fluoxetine induces a phase advance
in firing rate rhythms of SCN neurons (99). Previous findings of circadian abnormalities in
postmortem human brains of depressed patients and in mouse models (100), combined with our
results in the present study, support the hypothesis that circadian rhythm disruptions or phase
abnormalities in specific neuron types and brain regions may play a key role in the
pathophysiology of MDD (2, 75). In a well-validated mouse model of depression, our data reveal
a causal role for CRY, a core component of the circadian clock, in regulating the midbrain
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dopaminergic reward system, which ultimately supports a mechanistic link between the circadian
clock and vulnerability to stress-induced helplessness. Thus, targeting circadian rhythms via
compounds modulating CRY activity or abundance (101) might be a promising strategy for future
antidepressant drugs.

Materials and Methods

Mice. Mouse studies were conducted in accordance with regulations of the Institutional Animal
Care and Use Committee at University of California, San Diego. Experiments involved male and
female adult mice (9-16 weeks old), maintained in 12:12 light/dark cycles (12 hours light, 12
hours dark) with food and water available ad libitum. Complete information are provided in SI
Appendix.

Brain slice culture and PER2::LUC measurements. After all behavioral tests were complete,
PER2::LUC mice were anesthetized with isoflurane and killed by cervical dislocation, and
organotypic NAc or SCN explants were prepared as described previously (56). Complete
information are provided in SI Appendix.

Western blots. Brain slices containing NAc were collected from naive, resilient, and helpless
female and male mice 5h after lights on (ZT5) and 2h after lights off (ZT14) in the mouse colony.
Following collection, brain slices were rinsed briefly in phosphate-buffered saline prior to nuclear
fractionation as described (102). Nuclear lysates were collected and equilibrated prior to western
blot analysis. Total cell lysates (30-50 pg) or nuclear extracts (3-5 ug) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidine difluoride
membranes. Proteins were detected by standard western blotting procedures. CRY antibodies
anti-Cry1-CT and anti-Cry2-CT were specific to CRY1 and CRY2 cytoplasmic tails, as described
(103); Lamin-A antibody (L1293) was purchased from Sigma. Western blot quantification was
performed using the background subtraction method and ImageJ software (National Institutes of
Health).

Immunohistochemistry. Mice for immunocytochemistry experiments were deeply anesthetized
with Xylazine/Ketamine. When no response to a tailtoe pinch was present, mice were
transcardially perfused with 1% phosphate-buffered saline solution first, followed by 4%
paraformaldehyde solution to fix the brain tissue (104). The brain was then removed from the
skull and kept in a 30% sucrose solution until use. Frozen brains were sectioned (30 ym) with a
standard Leica Cryostat (CM1860). Complete methods are described in SI Appendix.

RNAscope. RNAscope in situ hybridization (ACD, Advanced Cell Diagnostics) for Cryl, Cry2, c-
Fos, D1r, and D2r mRNA was performed following manufacturer instructions. Complete
RNAscope methods are described in SI Appendix.
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Virus design. Adeno-associated virus (AAV) with complementary DNA encoding Cryl and Cry2
shRNA were constructed by VectorBuilder. The vector pAAV[Exp]-mU6_ TATA-lox-
CMV>EGFPTATA-lox: shRNA was used to produce Cre-dependent knockdown of Cryl and
Cry2. Target sequences used for Cryl (105) were #13: GCCAAGTGTTTGATAGGAG, and #15:
GCGGTTGCCTGTTTCCTGA. Target sequences for Cry2 (105) were #20:
GGTTCCTACTGCAATCTCT, and #19: GAATTCGCGTCTGTTTGTA. AAV vectors and
sequences for Bmall and scrambled shRNA were described previously (60). Viral injections are
described in supplementary information.

Data analysis

Statistical analysis was carried out with GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). Statistical tests for each study are indicated in the Figure legends. Data were checked for
normal distribution and homogeneous variance. For normally distributed data, a parametric test
was used (one-way ANOVA, two-way ANOVA, or Student’s t-test). If the data were not normally
distributed, a non-parametric test was used (Mann-Whitney).

Data Availability. Protocols and data are made available in the paper and in the SI Appendix.
Additional information on the data presented is available upon request.
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Figure Legends

Figure 1. Helpless mice show altered PER2::LUC circadian rhythms in the NAc. (A-B)
Graphs show escape latency and number of escape failures of resilient mice (yellow circles),
defined as those showing escape latencies shorter than 10 sec and fewer than 4 escape failures;
all other mice were defined as helpless (male: blue circles, female: pink circles). Thresholds are
shown as dashed lines. (C) Representative PER2::LUC rhythms of NAc explants from male
helpless (blue) and resilient (black) mice. (D) Representative PER2::LUC rhythms of NAc
explants from female helpless (pink) and resilient (black) mice. (E-H) Data are shown as
percentages of slices that were significantly rhythmic; **p <0.01, Fisher’s exact test. (F-G) Data
show PER2 period and acrophase in the NAc of male mice. Data are shown as means + SEM,;
*p<0.05, ***p<0.001, one-way ANOVA with Bonferroni post-test. (I-J) Data show PER2 period
and acrophase in the NAc of female mice. For J-K, data are shown as in G-H, *p<0.05, **p <0.01.
Each circle represents one mouse.

Figure 2. Helpless mice show higher CRY expression and an altered pattern of neuronal
activation in the NAc. (A) Timeline of the experimental design: inescapable tail shock (ITS) on
days 1-2 at ZT9, tail suspension test on day 3 at ZT9, learned helplessness test on day 4 at
ZT13, sacrifice on day 5 at ZT5 or ZT14. *Created with BioRender. (B-C) Bar graphs showing
CRY1 (B) or CRY2 (C) protein expression in the NAc of naive, helpless, and resilient mice at ZT5
(light phase, yellow circles) and ZT14 (dark phase, blue squares). Data are shown as means +
SEM. Student t test: **p<0.01, ****p<0.0001; two-way ANOVA with Tukey’s multiple comparison
post-test: * # #p<0.01, ns = not significant. Column Factor: F(1,15)=20.42 ***p<0.001, Time X
Column Factor: F(2,23)=3.53 *p<0.05 (D) Representative confocal micrographs showing Cryl
(red, upper panel) or Cry2 (red, lower panel) and c-Fos (green) mRNA expression detected by
RNAscope in D1R-MSNs (dark blue, D1r+) at ZT14 in the NAc of naive, helpless, and resilient
mice. c-Fos/D1r+ co-expression is shown in light blue. Scale bars for each of the three behavioral
states: top and bottom panels 100 um, insets are shown at higher-magnification 10 um. (E) Bar
graph shows Cryl mRNA expression using semi-quantitative scoring of Cryl dots and clusters
per neuron in D1R-MSNs (D1r+) or D2R-MSNs (D2r+). (F) Bar graph shows Cry2 mRNA
expression using semi-quantitative scoring of Cryl dots and clusters per neuron in D1R-MSNs
(D1r+) or D2R-MSNs (D2r+). (G) Bar graph shows percentage of D1r+ cells or D2r+ cells that
were also c-Fos+. For E-F-G data are shown as means + SEM for the NAc in a 30 um section;
*p<0.05, **p<0.01, ***p<0.001, **p<0.0001 one-way ANOVA with Bonferroni post-test. Each
circle represents one mouse.
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Figure 3. Bmall knockdown in the NAc reduces Cry expression, increases neuronal
activation, and reduces helpless behavior in early night. (A) Bar graph shows immobility time,
(B) escape latency, and (C) number of escape failures of Bmall knockdown in NAc (NAc-Bmall-
KD) green circles, compared to Scrambled sequence control (white circles). (D) Bar graph shows
semiquantitative scoring of Cry mRNA expression in NAc measured at ZT14 by RNAscope.
(Scrambled: males n=7, females n=8; Bmall-KD: male n=7, females n=7). (E) Representative
confocal micrographs of NAc from control mice injected with virus encoding scrambled control
construct (left) and mice injected with virus encoding Bmall-shRNA (right) show transduced cells
marked by GFP (green) and c-Fos protein expression marked by immunolabeling (red). Overlays
(orange) reveal that most Bmall-shRNA transduced cells show increased c-Fos expression.
Scale bars: top 100 um, inset 20 um. (F) Bar graph shows quantification of c-Fos co-expression
in GFP+ cells of NAc measured at ZT14 by immunofluorescence. For B-E and G, data are shown
as means + SEM; Student t test, **p<0.01, ***p<0.001, ****p<0.0001. Each circle represents one
mouse.

Figure 4. Cry knockdown in the NAc increases D1R-MSN neuronal activation and reduces
helpless behavior in early night. (A) AAV expression constructs encoding GFP and an
inhibitory shRNA targeting either Cryl or Cry2 are shown before and after Cre-mediated
recombination. In D1r-Cre and D2r-Cre mice, the NAc was injected with a cocktail of two AAVs
encoding a GFP reporter and either shRNAs for Cry knockdown (Cry-KD, one targeting Cryl and
the other targeting Cry2), or scrambled shRNA sequences as a control. (Scrambled D1r-Cre:
males n=3, females n=4; Cry-KD D1r-Cre: males n=4, females n=5; Scrambled D2r-Cre: males
n=3, females n=4; Cry-KD D2r-Cre: males n=4, females n=4;). (B) Representative confocal
micrographs of NAc from control mice (left) or mice injected with Cry-shRNA (right), showing
transduced cells marked by GFP (green) and CRY2 protein detected by immunolabeling (red).
The overlays show that most cells transduced with Cry-shRNA show reduced CRY2 expression.
Scale bars: 50 um, except bottom right 20 um. (C) Bar graph shows immobility time, (D) escape
latency, and (E) number of escape failures of Cry-KD in D1r-Cre (purple circles) or Cry-KD in D2r-
Cre (orange circles), compared to Scrambled sequence control (white circles). (F) Bar graph
shows quantification of CRY immunofluorescence (arbitrary units), revealing an ~70% reduction
of CRY2 protein levels at ZT14, relative to control mice, in the NAc of D1r-Cre and D2r-Cre mice
injected with Cry-shRNA. (G) Bar graph shows c-Fos expression at ZT14 in the NAc of D1r-Cre
mice, D2r-Cre mice, relative to controls. For C-G, data are shown as means + SEM; **p<0.01,
***n<(0.001, ***p<0.0001, one-way ANOVA with Bonferroni post-tests. Each circle represents one
mouse. (H) Bar graph shows the proportions of c-Fos+ neurons in D1r-Cre or D2r-Cre mice
injected with virus encoding scrambled sequences (Scrambled) or Cry-shRNA (Cry-KD). Each
column represents the number of c-Fos+ neurons counted in the NAc in a 30 um section, and the
colored sections show the number of c-Fos+ neurons identified as D1r-MSNs (D1R+, purple) or
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D2r-MSNs (D2R+, orange) by expression of the GFP reporter. The white sections show the
number of c-Fos+ neurons identified as non-D1r-MSNs (D1R-) or non-D2r-MSNs (D2R-) by
absence of GFP expression. Data are shown as means + SEM, N = 4-6 mice for each condition.
Student t test: c-Fos+D1r+ Scrambled vs. D1rCre Cry-KD ****p<0.0001, c-Fos+D2r+ Scrambled
vs. D2rCre Cry-KD **p<0.01. For F-H, all cells within the NAc in a 30 um section were counted.

Figure 5. Cytoplasmic CRYs prevent D1R-mediated Gs protein activation in CHO cells. (A)
BRET experiments were performed in CHO cells co-expressing Gas-RLuc, D1r-EGFP, and either
CRYs (CRY1 and CRY?2) or their cytoplasm-restricted variants (CRY1-ACCm and CRY2-ACCm).
(B) BRET kinetics measured in the presence or absence (red line and dots) of CRYs (black line
and dots) or cytoplasmic CRY variants (blue line and dots). After 80 seconds of BRET reading,
the D1 dopamine receptor agonist A68930 (10 uM) was applied (red arrow), resulting in a
significantly decreased BRET signal due to conformational rearrangement between D1r-EGFP
and Gas-RLuc. The BRET ratio was calculated as the ratio of light emitted by EGFP (530-570
nm) to light emitted by RLuc (370-470 nm). Results were expressed in mBRET units (change in
BRET ratio x 1000). (C) Bar graph showing BRET signals observed before (white) and after D1
receptor agonist stimulation (red) in the presence of either CRYs or cytoplasmic CRY variants.
Data are presented as means = SEM of 4 experiments. Student t test: *p<0.05, ****p<0.0001;
two-way ANOVA with Tukey’s multiple comparison post-test: “p<0.05, *#p<0.001. (D) BRET
measured in CHO cells co-expressing D1R, Gas-RLuc, Gy2-Venus, and either CRYs (CRY1 and
CRY?2) or their cytoplasm-restricted variants (CRY1-ACCm and CRY2-ACCm). (E) BRET kinetics
measured in the presence or absence of CRYs or cytoplasmic CRY variants. After 80 seconds of
BRET reading, the D1 dopamine receptor agonist A68930 (10 uM) was applied (red arrow),
resulting in a significantly decreased BRET signal due to conformational rearrangement between
Gas-RLuc and Gy2-Venus. BRET ratio was calculated and reported as above. (F) Bar graph
showing BRET signals observed before (white) and after D1 receptor agonist stimulation (red) in
the presence of either CRYs or cytoplasmic CRY variants. Data are presented as means + SEM
of 4 experiments. Student t test: ****p<0.0001; two-way ANOVA with Tukey’s multiple comparison
post-test: p<0.01, **p<0.0001.

Figure 6. Fibroblasts from MDD patients show altered Cryl expression. In fibroblasts from
male or female healthy controls (CTR) or patients diagnosed with major depressive disorder
(MDD), mRNA expression of circadian clock genes was measured by RT-gPCR at two circadian
phases (CT16, CT24). Bar graphs show levels of CRY1 (A, D), CRY2 (B, E) and BMALL (C, F)
gene expression at the indicated times. Data are normalized relative to the non-rhythmic control
gene GAPDH and presented as means + SEM of 4 experiments. Student t test *p<0.05,
**p<0.001, ***p<0.001, ***p<0.0001. For panel A: Two-way ANOVA: Interaction F (1,15) = 4.556,
*p=0.0497; Column Factor F (1, 15) = 33.18, ****p<0.0001. Each circle/square represents one
subject.
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Figure 7. Proposed mechanism for CRY’s effect on susceptibility to stress-induced
depression-like behavior. Our data suggest that stressful inescapable tail shock (ITS) training
can induce circadian clock dysfunction in the NAc, perhaps a phase shift. This clock dysfunction
leads to a change in the 24-hour timing of Cry expression such that CRY protein levels are higher
in the early night, at the beginning of the active phase. Normal dopamine reward circuit function
and mood regulation depend crucially on medium spiny neuron activity in the NAc, regulated by
synaptic input from dopaminergic neurons in the VTA. During the nocturnal active period of mice,
higher levels of CRY may act on G proteins [potentially through inhibition of the adenylate cyclase
pathway (29)] in D1R-MSNs of the NAc to block daily activation of D1 receptors, thereby
compromising dopamine reward signaling and leading to depression-like behavior. Individual
differences in depression-like behavior may be due, at least in part, to individual differences in
prior history of stressful experience during development. *Created with BioRender. Adenylate
cyclase, AC; cyclic adenosine monophosphate, cAMP; DA, dopamine; VTA, ventral tegmental
area.
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CRY1 expression
normalized to GAPDH.
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