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Abstract
Elucidating the molecular mechanism underlying the hyperactivity of the hypothalamic–pituitary–
adrenal axis during chronic stress is critical for understanding depression and treating depression. The
secretion of corticotropin-releasing hormone (CRH) from neurons in the paraventricular nucleus (PVN) of
the hypothalamus is controlled by salt-inducible kinases (SIKs) and CREB-regulated transcription co-
activators (CRTCs). We hypothesized that the SIK-CRTC system in the PVN might contribute to the
pathogenesis of depression. Thus, the present study employed chronic social defeat stress (CSDS) and
chronic unpredictable mild stress (CUMS) models of depression, various behavioral tests, virus-mediated
gene transfer, enzyme linked immunosorbent assay, western blotting, co-immunoprecipitation,
quantitative real-time reverse transcription polymerase chain reaction, and immunofluorescence to
investigate this connection. Our results revealed that both CSDS and CUMS induced significant changes
in SIK1-CRTC1 signaling in PVN neurons. Both genetic knockdown of SIK1 and genetic overexpression of
CRTC1 in the PVN simulated chronic stress, producing a depression-like phenotype in naïve mice, and the
CRTC1-CREB-CRH pathway mediates the pro-depressant actions induced by SIK1 knockdown in the PVN.
In contrast, both genetic overexpression of SIK1 and genetic knockdown of CRTC1 in the PVN protected
against CSDS and CUMS, leading to antidepressant-like effects in mice. Moreover, stereotactic infusion of
TAT-SIK1 into the PVN also produced beneficial effects against chronic stress. Furthermore, the SIK1-
CRTC1 system in the PVN played a role in the antidepressant actions of fluoxetine, paroxetine,
venlafaxine, and duloxetine. Collectively, SIK1 and CRTC1 in PVN neurons are closely involved in
depression neurobiology, and they could be viable targets for novel antidepressants.

Introduction
As one of the leading public health problems in the 21st century, major depressive disorder (MDD) afflicts
approximately 17% of the population and imposes a heavy economic burden on both families and
societies (Kessler et al., 2003). Correspondingly, antidepressants (selective serotonin reuptake inhibitors
(SSRIs), serotonin and norepinephrine reuptake inhibitors (SNRIs), etc.) are now among the most
commonly prescribed medications but have notable limitations. For example, weeks or even months of
administration are required for SSRIs and SNRIs to produce a therapeutic response, and fewer than half
of MDD patients respond to their first medication prescribed (Trivedi et al., 2006). Therefore, it is now
necessary and popular to explore novel pharmacological targets beyond the monoaminergic system.
Much evidence indicates that MDD is mainly precipitated by stressful life events, interacting with genetic
and other predisposing factors (Caspi et al., 2003; Fava and Kendler, 2000). The hypothalamic–pituitary–
adrenal (HPA) axis has been well documented to be the major component of the neuroendocrine network
responding to both acute and chronic stress (Leistner and Menke, 2020). For this axis, corticotropin-
releasing hormone (CRH) secreted from neurons in the paraventricular nucleus (PVN) of the
hypothalamus stimulates the synthesis and release of adrenocorticotropic hormone (ACTH) from the
anterior pituitary, and ACTH further stimulates the synthesis and release of glucocorticoids (cortisol in
humans, corticosterone in rodents) from the adrenal cortex. HPA is necessary for the maintenance of
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mental and physical health, while its dysfunction leads to several mental and physical disorders,
including depression (Leistner and Menke, 2020). The neuroendocrine hypothesis of depression proposes
that chronic stress induces hypercortisolaemia (sustained elevation of glucocorticoid levels), which
produces damage in neurons in several important brain regions (hippocampus, medial prefrontal cortex
(mPFC), etc.) and then contributes to various behavioural and biological symptoms in depression.
Nonetheless, as to how chronic stress leads to a hyperactive HPA axis, the precise underlying mechanism
remains incompletely understood. 

CRH is the main activator of the HPA axis during stress. The majority of CRH neurons are located in the
PVN, and their activity shows different patterns under resting and stress conditions (Aguilera and Liu,
2012). Recently it has been demonstrated that the activation of CRH transcription depends not only on
phosphorylation of cAMP response element-binding protein (CREB) but also on interaction between CREB
and a co-activator, CREB-regulated transcription co-activators (CRTCs, comprising CRTC1, 2 and 3)
(Aguilera and Liu, 2012; Jurek et al., 2015; Liu et al., 2010; Liu et al., 2011; Liu et al., 2012; Martín et al.,
2012). CRTCs potentiate CREB-mediated gene transcription by binding to its leucine-zipper domain
(Conkright et al., 2003; Takemori et al., 2007). Under basic conditions, CRTCs are localized in the
cytoplasm in a phosphorylated state, and their phosphorylation is mainly mediated by members of the
AMP-activated protein kinase (AMPK) family, such as salt-inducible kinases (SIKs, comprising SIK1, SIK2
and SIK3) (Katoh et al., 2006; Takemori et al., 2007; Takemori and Okamoto, 2008). Dephosphorylation of
CRTCs in response to different stimuli (Ca2+ signaling, cAMP signaling, etc.) causes them to be
translocated to the nucleus, where they can freely interact with CREB (Saura and Cardinaux, 2017). The
phosphorylation sites of CRTC1 and CRTC2 are Ser151 and Ser171, respectively, but that of CRTC3
remains undetermined (Jiang et al., 2019). SIKs were originally identified from the adrenal glands of rats
treated with a high-salt diet; these proteins perform important functions in glucose homeostasis by
inhibiting CRTCs (Wang et al., 1999; Choi et al., 2011). To date, several studies have reported a role of the
SIKs-CRTCs system in regulating CRH transcription. For example, Liu et al. in 2011 reported that 30 min
of restraint stress (acute stress) markedly increased the transcription of CRH and nuclear translocation of
CRTC2 in the PVN (Liu et al., 2011). In 2012, Liu et al. further reported that SIK2 mediates inactivation of
CRH neurons under basal conditions, whereas induction of SIK1 limits CRH transcription (Liu et al., 2012).
Moreover, Martín et al. found that HPA hyperactivity induced by morphine withdrawal is accompanied by
enhanced CREB phosphorylation and decreased CRTC1 phosphorylation in the PVN (Martín et al., 2012).
Jurek et al. showed that oxytocin regulates acute restraint stress–induced CRH transcription through
CRTC3 (Jurek et al., 2015). Importantly, however, none of these studies involved chronic stress and
depression. 

Therefore, in this study, we aimed to explore whether SIKs and CRTCs in PVN neurons mediate the effects
of chronic stress on the HPA, playing a role in the pathogenesis of depression. As there are currently no
acknowledged in vitro cellular models of depression, a multidisciplinary approach including in vivo rodent
models of depression was used to explore our assumption. 
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Methods And Materials
Ethical Statements

All experimental procedures involving mice and their care were carried out in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015), and approved by the Animal Welfare
Committee of Nantong University. All efforts were made to minimize the suffering of the mice. 

Animals

SLAC Laboratory Animal Co., Ltd. (Shanghai, China) provided the adult male C57BL/6J mice (8 weeks
old, 22–24g) that served as the experimental subjects in this study. Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) provided the retired CD1 breeders (12 months old, 30–35g) that
serves as aggressors in the chronic social defeat stress (CSDS) paradigm. Before use, all C57BL/6J mice
were subjected to stratified randomization according to body weight and maintained under standard
conditions that have been fully described in our previous studies (Guan et al., 2021; Jiang et al., 2019; Liu
et al., 2021; Song et al., 2018; Xu et al., 2018) for 1 week with water and food available ad libitum. All
behavioural tests were carried out between 8: 00 am and 5: 00 pm, and afterwards, C57BL/6J subjects
were randomly selected and sacrificed (anaesthetized by carbon dioxide first and then killed by cervical
dislocation) at 9: 00 am for all in vitro studies. The sample sizes (in vivo, n = 10; in vitro, n = 5) were
determined by power analysis and according to our previous studies (Guan et al., 2021; Jiang et al., 2019;
Liu et al., 2021; Song et al., 2018; Xu et al., 2018). 

Drugs

Fluoxetine, venlafaxine, paroxetine, and duloxetine were purchased from Target Mol (T0450L, T0472,
T1636, T1471; Boston, USA), and 5-bromo-2-deoxyuridine (BrdU) was purchased from Sigma–Aldrich
(B5002; St. Louis, USA). Fluoxetine, venlafaxine and BrdU were dissolved in 0.9% saline, whereas
paroxetine and duloxetine were dissolved in 5% dextrose (pH 7.0) with 2.5% DMSO and 10% Cremophor
EL. The doses of fluoxetine (20 mg/kg), venlafaxine (10 mg/kg), paroxetine (20 mg/kg), duloxetine (10
mg/kg) and BrdU (75 mg/kg) were determined according to previous reports (Jiang et al.,
2019; Meejuru et al., 2021; Song et al., 2018; Xu et al., 2018). All these substances were injected
intraperitoneally (i.p.) at a volume of 10 ml/kg.

Chronic Social Defeat Stress (CSDS)

The protocol for CSDS has been described in several of our previous studies (Guan et al., 2021; Jiang et
al., 2019; Liu et al., 2021; Song et al., 2018; Xu et al., 2018). Before CSDS, a sufficient number of male CD1
aggressors were chosen. As intruders, male C57BL/6J mice were individually exposed to an unfamiliar
CD1 aggressor for 7-10 min each day for a period of 10 days (d). Each day, the defeat session was
stopped when the intruders showed signs of stress and subordination (immobility, crouching, trembling,
fleeing and upright posture), and perforated Plexiglas dividers were immediately put in place to separate
the intruders and aggressors, providing further stressful sensory cues without physical contact for the
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remainder of the next 24 h. C57BL/6J mice in the non-stressed groups were housed in pairs under the
same conditions as their experimental counterparts and handled daily. All groups of C57BL/6J mice were
subjected to behavioural tests including the forced swim test (FST), tail suspension test (TST), sucrose
preference test and social interaction test

Chronic Unpredictable Mild Stress (CUMS)

The protocol for CUMS has been described in several of our previous studies (Gao et al., 2020; Jiang et
al., 2019; Liu et al., 2021; Tang et al., 2022; Xu et al., 2018; R24). Male C57BL/6J mice were singly caged
and subjected to a stress protocol that lasted for a period of 8 weeks and consisted of a randomly
arranged application of 8 different stressors. These stressors included food or water deprivation (23 h),
damp sawdust (12 h), restraint (2 h), cage rotation (30 min), inversion of light/dark cycle, 45 °C cage
tilting in empty cage (12 h) and cold (4 °C for 1 h). C57BL/6J mice in the non-stressed groups were left
undisturbed and handled daily. All groups of C57BL/6J mice were subjected to behavioural tests
including the forced swim test (FST), tail suspension test (TST) and sucrose preference test.

Statistical Analysis

All data are presented as the means ± standard errors of the means (S.E.M.). For statistical analysis,
SPSS 26.0 software (SPSS Inc., Chicago, USA) was used to perform t tests, one-way analysis of variance
(ANOVA) with Tukey’s test, two-way ANONA with Bonferroni’s test, and three-way ANONA
with Bonferroni’s test. A value of P< 0.05 (two-tailed) was considered statistically significant.

Additional Methods and Materials

See the Supplemental Methods and Materials for description of the forced swim test (FST), tail
suspension test (TST), sucrose preference test, social interaction test, open field test (OFT), adeno-
associated virus (AAV)-mediated gene transfer, western blotting, co-immunoprecipitation (Co-
IP),quantitative real-time reverse transcription PCR (qRT-PCR), immunofluorescence and other details.

Results
Exposure to chronic stress led to significant changes in SIK1-CRTC1 signalling in PVN neurons

Since CSDS and CUMS are two well-validated and widely-used rodent models of depression (Antoniuk et
al., 2019; Wang et al., 2021), they were applied together in this study. As shown in Figure 1A and 1B,
exposure to CSDS and CUMS induced significant depression-like behaviours in C57BL/6J mice, as
revealed by the FST, TST, sucrose preference test, and social interaction test. Meanwhile, exposure to
CSDS and CUMS robustly enhanced the plasma levels of corticosterone and ACTH in mice (Figure 1A and
1B), representing a hyperactive HPA axis in response to chronic stress. Subsequently, western blotting
was performed to detect the expression of SIK1-SIK3 in the total protein homogenates of PVN neurons. It
was found that CSDS exposure downregulated SIK1 expression in the PVN by 55.4% ± 7.2%, whereas
it had no influence on SIK2 or SIK3 in the PVN (Figure 1C). Similarly, CUMS exposure decreased SIK1
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expression in the PVN by 58.9% ± 5.4% but induced no effects on SIK2 or SIK3 in the PVN (Figure 1D).
The effects of chronic stress on the protein expression of CRTC1-CRTC3 in the PVN were also evaluated.
As shown in Figure 1E and 1F, both CSDS and CUMS fully enhanced the level of nuclear CRTC1 in the
PVN, but the levels of nuclear CRTC2 or CRTC3 were not affected. In contrast, chronic stress notably
decreased the level of cytoplasmic phosphorylated CRTC1 (pCRTC1) in the PVN, while that of pCRTC2
was unchanged (Figure 1E and 1F). Interestingly, the total protein level of CRTC1 in the PVN in stressed
mice was also significantly higher than that of control mice, whereas the levels of total CRTC2 and total
CRTC3 did not increase (Figure 1E and 1F). As such, we focused on SIK1 and CRTC1 in the following
studies. 

  Then, qRT‒PCR was performed to assay the mRNA levels of SIK1 and CRTC1 in PVN neurons. Figure
S1A shows that CSDS and CUMS downregulated the SIK1 mRNA in the PVN by 55.8% ± 4.7% and 62.4%
± 8.6%, respectively. Figure S1A also reveals that CSDS and CUMS upregulated the CRTC1 mRNA in the
PVN by 140.9% ± 9.5% and 166.3% ± 12.3%, respectively. Next, we examined the binding level of nuclear
CRTC1 and CREB by Co-IP. It was found that chronic stress strongly promoted binding between nuclear
CRTC1 and CREB in the PVN (Figure S2A and S2B), in accordance with the western blotting results of
nuclear CRTC1 in Figure 1E and 1F. Moreover, we examined the neuronal distribution of CRTC1 in the PVN
by immunofluorescence, with NeuN and DAPI as the nuclear markers. As shown in Figure 3A and 3B,
compared with the control group, both CSDS and CUMS significantly increased CRTC1 single staining,
CRTC1/NeuN double staining and CRTC1/NeuN/DAPI triple staining in PVN neurons, representing notable
nuclear translocation and enhanced biosynthesis of CRTC1 under the effects of chronic stress. Taken
together, these findings suggest that SIK1-CRTC1 signalling in PVN neurons is implicated in the
pathophysiology of depression. 

Both genetic knockdown of SIK1 and genetic overexpression of CRTC1 in the PVN induced a depression-
like phenotype in naïve mice

Since chronic stress downregulated SIK1 expression in the PVN, we then studied whether genetic
knockdown of SIK1 in the PVN of naïve mice would simulate chronic stress, inducing depression-like
behaviours. To achieve this purpose, an enhanced green fluorescent protein (EGFP)-containing AAV vector
that expresses specific short hairpin RNAs (shRNAs) against SIK1 (AAV-SIK1-shRNA-EGFP) was
generated. SIK1-shRNA or Control-shRNA was stereotactically and bilaterally infused into the PVN of
naïve C57BL/6J mice, and after 14 d, numerous EGFP-positive neurons and notably decreased SIK1
expression were both observed in this region (Figure 2A). In behavioural tests, it was found that
knockdown of SIK1 in the PVN largely enhanced the immobility of mice in both the FST and TST
compared with that of the control group (Figure 2B), representing a behaviour of desperation and
helplessness. To exclude the possible effects of SIK1 knockdown on mouse locomotor activity which
may have led to a false-positive conclusion, the OFT was conducted. There was no significant difference
in the number of squares the animals crossed in either the peripheral area or central area among all
groups (Figure 2B). It was also found that mice with SIK1 knockdown in the PVN showed significantly
less sucrose preference and social interaction than control mice (Figure 2B), representing behaviours of
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anhedonia and social avoidance. Meanwhile, the mice infused with SIK1-shRNA had remarkably higher
levels of plasma corticosterone and ACTH than those of control mice (Figure 2B), representing a
hyperactive HPA axis in response to SIK1 knockdown in the PVN. In contrast, the usage of Control-shRNA
induced no effects on these evaluation indices. 

  Furthermore, knockdown of SIK1 in the PVN not only significantly increased the expression of nuclear
CRTC1 (Figure 2C and 3C), total CRTC1 (Figure 2C and 3C), and CRTC1-CREB binding (Figure S2C) but
also notably decreased the expression of cytoplasmic pCRTC1 (Figure 2C) in this region. More
importantly, SIK1 knockdown remarkably enhanced the expression of CRH in the PVN (Figure 2C),
consistent with the corticosterone and ACTH results in Figure 2B. Depression is accompanied by some
critical pathological phenomena that can be attributed to the excessive release of glucocorticoids, such
as decreased hippocampal neurogenesis and a downregulated brain-derived neurotrophic factor (BDNF)
signalling cascade in the hippocampus and mPFC (Jiang et al., 2021; Liu et al., 2020; Masi and
Brovedani, 2011; Mahar et al., 2014; Snyder et al., 2011). Interestingly, Figure 2D shows that the mice
infused with SIK1-shRNA had significantly lower protein levels of BDNF, phosphorylated tyrosine receptor
kinase B (pTrkB), and phosphorylated CREB (pCREB) in the hippocampus and mPFC than those of
control mice, whereas the expression of total β-actin, TrkB, and CREB among all groups remained
unchanged. Similarly, Figure 2E reveals that the mice infused with SIK1-shRNA had notably fewer cells
labelled with doublecortin (DCX) and fewer cells co-labelled with NeuN and BrdU in the dentate gyrus
(DG) than those of control mice, representing a decrease in hippocampal neurogenesis due to SIK1
knockdown in the PVN. In contrast, infusion of Control-shRNA produced no influence on any of these
biological indices. Taken together, these findings suggest that downregulated SIK1 expression in the PVN
contributes to the pathogenesis of depression. 

In addition, AAV-mediated selective overexpression of CRTC1 in the PVN was also adopted in this study,
and the efficacy of AAV-CRTC1-EGFP is shown in Figure S3A. AAV-CRTC1 or AAV-Control was infused into
the PVN of naïve C57BL/6J mice. After 14 d, it was found that compared with mice in the control group,
the mice infused with AAV-CRTC1 but not AAV-Control exhibited evidently more immobility in the FST and
TST as well as notably less sucrose preference and social interaction (Figure S3B). Meanwhile, CRTC1
overexpression in the PVN did not affect the locomotor activity of mice, as revealed by the OFT results
(Figure S3B). Moreover, treatment with AAV-CRTC1 but not AAV-Control robustly promoted the plasma
levels of corticosterone and ACTH in mice (Figure S3B). All these findings are consistent with the above
SIK1-shRNA results. Therefore, enhanced CRTC1 expression in the PVN also contributes to depression.

The CRTC1-CREB-CRH pathway mediates the pro-depressant actions induced by SIK1 knockdown in the
PVN 

To understand whether the pro-depressant actions induced by SIK1 knockdown in the PVN required
CRTC1, AAV-CRTC1-shRNA-EGFP was generated, and its efficacy was confirmed, as shown in Figure S4A.
CRTC1-shRNA was infused into the PVN of naïve C57BL/6J mice, and after 14 d, SIK1-shRNA was also
infused. After another 14 d, behavioural tests were performed. As shown in Figure S4B, compared with
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the control group, knockdown of CRTC1 in the PVN alone did not influence mouse behaviours in the FST,
TST, sucrose preference test or social interaction test. However, CRTC1-shRNA pre-infusion significantly
attenuated not only the tendency of SIK1-shRNA infusion to promote immobility in mice in the FST and
TST but also the tendency of SIK1-shRNA infusion to reduce sucrose preference and social interaction in
mice (Figure S4B). Moreover, CRTC1-shRNA pre-infusion notably prevented the enhancing effects of SIK1-
shRNA infusion on the levels of plasma corticosterone and ACTH in mice (Figure S4B). The usage of
Control-shRNA had no influence on these indices. In addition, Figure S4C reveals that the silencing effects
of SIK1-shRNA and CRTC1-shRNA did not interfere with each other. 

Then, to investigate whether the pro-depressant actions induced by SIK1 knockdown in the PVN required
CREB, AAV-CREB-shRNA-EGFP was adopted, and its efficacy was confirmed, as shown in Figure S5A. By
using an experimental procedure the same as described above, naïve C57BL/6J mice received infusions
of CREB-shRNA (first) and SIK1-shRNA (second) into the PVN, followed by behavioral tests. The
behavioural results are summarized in Figure S5B. Compared with the control group, knockdown of CREB
in the PVN alone did not influence mouse behaviours. However, CREB-shRNA pre-infusion significantly
prevented the pro-depressant effects of SIK1-shRNA infusion on mouse behaviours in the FST, TST,
sucrose preference test and social interaction test. Moreover, CREB-shRNA pre-infusion fully abolished the
promoting actions of SIK1-shRNA infusion on HPA activity, as revealed by the ELISA results involving
plasma corticosterone and ACTH (Figure S5B). In addition, Figure S5C shows that the silencing effects of
SIK1-shRNA and CREB-shRNA did not interfere with each other.

Furthermore, to explore whether the pro-depressant actions induced by SIK1 knockdown in the PVN
required CRH, AAV-CRH-shRNA-EGFP was used, and its efficacy was confirmed, as shown in Figure S6A.
As described above, CRH-shRNA (first) and SIK1-shRNA (second) were infused into the PVN of
naïve C57BL/6J mice. The usage of CRH-shRNA significantly prevented the depression-like behaviours
induced by SIK1-shRNA infusion, as revealed by the FST, TST, sucrose preference test and social
interaction test (Figure S6B). Our ELISA results show that the usage of CRH-shRNA also notably blocked
the promoting actions of SIK1-shRNA infusion on HPA activity (Figure S6B). Knockdown of CRH in the
PVN alone had no influence. Figure S6C indicates that the silencing effects of SIK1-shRNA and CRH-
shRNA did not interfere with each other.

Collectively, these findings suggest that the pro-depressant actions induced by SIK1 knockdown in the
PVN require the CRTC1-CREB-CRH pathway.

Both genetic overexpression of SIK1 and genetic knockdown of CRTC1 in the PVN produced
antidepressant-like effects in mice

We were interested in testing whether averting chronic stress–induced SIK1 downregulation in the PVN
prevents depression. To achieve this purpose, AAV-mediated selective overexpression of SIK1 in the PVN
was adopted, and the efficacy of AAV-SIK1-EGFP is demonstrated in Figure 4A. The CSDS-exposed mice
were subjected to PVN infusion of AAV-SIK1 or AAV-Control, and after 14 d, behavioural tests were
performed. As shown in Figure 4B, the CSDS-exposed mice treated with AAV-SIK1 displayed significantly
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decreased immobility in the FST and TST, increased sucrose preference and social interaction, and lower
levels of plasma corticosterone and ACTH than the CSDS-exposed mice and the CSDS-exposed mice
treated with AAV-Control. In parallel, the CUMS-exposed mice received PVN infusion of AAV-SIK1 or AAV-
Control, followed by behavioural tests. As shown in Figure 4C, the CUMS-exposed mice treated with AAV-
SIK1 also exhibited evidently less immobility in the FST and TST, higher sucrose preference, and reduced
levels of plasma corticosterone and ACTH than the CUMS-exposed mice and the CUMS-exposed mice
treated with AAV-Control. Treatment with AAV-Control did not influence these indices.

  Then, changes in SIK1-CRTC1 signalling in PVN neurons between all groups were detected by western
blotting, Co-IP, and immunofluorescence. AAV-SIK1 treatment not only fully reversed the CSDS-induced
decrease in SIK1 (Figure 5A) and cytoplasmic pCRTC1 (Figure 5A) expression but also significantly
prevented the CSDS-induced increase in the levels of total CRTC1 (Figure 5A and 6), nuclear CRTC1
(Figure 5A and 6), and CRTC1-CREB binding (Figure S13A). More importantly, AAV-SIK1 treatment notably
antagonized the promoting effects of CSDS on CRH expression in PVN neurons (Figure 5A), consistent
with the corticosterone and ACTH results in Figure 4B. Similarly, AAV-SIK1 treatment also fully reversed
the CUMS-induced effects on SIK1 (Figure 5B), CRH (Figure 5B), nuclear CRTC1 (Figure 5B and 7),
cytoplasmic pCRTC1 (Figure 5B), total CRTC1 (Figure 5B and 7), and CRTC1-CREB binding (Figure S13B)
in PVN neurons. In addition, AAV-SIK1 treatment enhanced the expression of cytoplasmic pCRTC1 (Figure
5A and 5B) and downregulated the levels of total CRTC1 (Figure 5A, 5B, 6, and 7), nuclear CRTC1 (Figure
5A, 5B, 6, and 7), and CRTC1-CREB binding (Figure S13A and S13B) in the PVN of naïve control mice.
Treatment with AAV-Control did not affect SIK1-CRTC1 signalling. 

  Next, the levels of the BDNF signalling cascade and neurogenesis among all groups were examined.
AAV-SIK1 treatment evidently blocked both the CSDS-induced and CUMS-induced decreases in the
expression of BDNF (Figure 5C and 5D), pTrkB (Figure 5C and 5D), and pCREB (Figure 5C and 5D) in the
hippocampus and mPFC, whereas the expression of total β-actin, TrkB, and CREB in the two regions did
not change. Similarly, AAV-SIK1 treatment markedly abolished both the CSDS-induced and CUMS-induced
decrease in hippocampal neurogenesis, as revealed by Figure 8A and 8B. In addition, AAV-SIK1 treatment
did not affect the levels of BDNF, pTrkB, pCREB, or neurogenesis in naïve control mice (Figure 5C, 5D, 8A,
and 8B). Treatment with AAV-Control also produced no effects. 

  Furthermore, AAV-CRTC1-shRNA-EGFP was applied again. The CSDS-exposed mice were subjected to
PVN infusion of CRTC1-shRNA or Control-shRNA, and after 14 d, behavioural tests were performed. As
shown in Figure S7A, the CSDS-exposed mice treated with CRTC1-shRNA displayed significantly
decreased immobility in the FST and TST, increased sucrose preference and social interaction, and lower
levels of plasma corticosterone and ACTH than the CSDS-exposed mice and the CSDS-exposed mice
treated with Control-shRNA. In parallel, the CUMS-exposed mice received PVN infusion of CRTC1-
shRNA or Control-shRNA, followed by behavioural tests. As shown in Figure S7B, the CUMS-exposed mice
treated with CRTC1-shRNA also exhibited evidently less immobility in the FST and TST, higher sucrose
preference, and reduced levels of plasma corticosterone and ACTH than the CUMS-exposed mice and the
CUMS-exposed mice treated with Control-shRNA. The usage of Control-shRNA had no influence.
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  Collectively, both genetic overexpression of SIK1 and genetic knockdown of CRTC1 in PVN neurons
produced beneficial effects against chronic stress.

Stereotactic infusion of TAT-SIK1 into the PVN produced antidepressant-like effects in mice

Beyond genetic manipulation, we employed the TAT-SIK1 fusion protein (TAT-SIK1), a cell permeable
peptide that can be efficiently introduced into neurons to increase the biological function of SIK1. The
efficacy of TAT-SIK1 is demonstrated in Figure S8A. The CSDS-exposed mice were subjected to daily PVN
infusion of TAT-SIK1 or TAT-Control (nonactive TAT-SIK1) for 14 d, followed by behavioural tests. As
shown in Figure S8B, the CSDS-exposed mice treated with TAT-SIK1 displayed significantly decreased
immobility in the FST and TST, increased sucrose preference and social interaction, and lower levels of
plasma corticosterone and ACTH than the CSDS-exposed mice and the CSDS-exposed mice treated with
TAT-Control. In parallel, the CUMS-exposed mice received daily PVN infusion of TAT-SIK1 or TAT-Control
during the last 2 weeks, followed by behavioural tests. As shown in Figure S8C, the CUMS-exposed mice
treated with TAT-SIK1 also exhibited evidently less immobility in the FST and TST, higher sucrose
preference, and reduced levels of plasma corticosterone and ACTH than the CUMS-exposed mice and the
CUMS-exposed mice treated with TAT-Control. Treatment with TAT-Control did not influence these indices.

Subsequently, changes in SIK1-CRTC1 signalling in PVN neurons among all groups were examined by
western blotting, Co-IP, and immunofluorescence. TAT-SIK1 treatment not only fully reversed the CSDS-
induced decrease in SIK1 (Figure S9A) and cytoplasmic pCRTC1 (Figure S9A) expression but also
significantly prevented the CSDS-induced increase in the levels of total CRTC1 (Figure S9A and S11),
nuclear CRTC1 (Figure S9A and S11), and CRTC1-CREB binding (Figure S13C). More importantly, TAT-
SIK1 treatment notably antagonized the promoting effects of CSDS on CRH expression in PVN neurons
(Figure S9A), consistent with the corticosterone and ACTH results in Figure S8B. Similarly, TAT-SIK1
treatment also fully reversed the CUMS-induced effects on SIK1 (Figure S10A), CRH (Figure S10A),
nuclear CRTC1 (Figure S10A and S12), cytoplasmic pCRTC1 (Figure S10A), total CRTC1 (Figure S10A and
S12), and CRTC1-CREB binding (Figure S13D) in PVN neurons. In addition, TAT-SIK1 treatment enhanced
the expression of cytoplasmic pCRTC1 (Figure S9A and S10A) and downregulated the levels of total
CRTC1 (Figure S9A, S10A, S11, and S12), nuclear CRTC1 (Figure S9A, S10A, S11, and S12), and CRTC1-
CREB binding (Figure S13C and S13D) in the PVN of naïve control mice, further confirming the biological
actions of TAT-SIK1. Treatment with TAT-Control did not affect SIK1-CRTC1 signalling.

Afterwards, the levels of the BDNF signalling cascade and neurogenesis in each group were assayed.
TAT-SIK1 treatment evidently blocked both the CSDS-induced and CUMS-induced decreases in the
expression of BDNF (Figure S9B and S10B), pTrkB (Figure S9B and S10B), and pCREB (Figure S9B and
S10B) in the hippocampus and mPFC, whereas the expression of total β-actin, TrkB, and CREB in the two
regions did not change. Similarly, TAT-SIK1 treatment markedly abolished both the CSDS-induced and
CUMS-induced decreases in hippocampal neurogenesis, as revealed by Figure S14A and S14B. In
addition, TAT-SIK1 treatment did not affect the levels of BDNF, pTrkB, pCREB, or neurogenesis in naïve
control mice (Figure S9B, S10B, S14A, and S14B). Treatment with TAT-Control also produced no effects.



Page 12/36

Combined with the above results involving AAV-SIK1, it can be concluded that SIK1 in the PVN is a
feasible and novel antidepressant target. 

Fluoxetine, paroxetine, venlafaxine, and duloxetine can modulate SIK1-CRTC1 signalling in PVN neurons

Currently, SSRIs and SNRIs are the most commonly used antidepressants in clinical practice. Fluoxetine
and paroxetine are representative drugs of SSRIs. Venlafaxine and duloxetine are
representative SNRI drugs. Here, we studied whether the antidepressant actions of fluoxetine, paroxetine,
venlafaxine, and duloxetine involve the SIK1-CRTC1 system in the PVN.

  The CSDS-exposed mice received a daily injection of fluoxetine, paroxetine, venlafaxine, or duloxetine for
14 d, and behavioural tests were performed thereafter. As shown in Figures 9A and S15A, repeated
treatment with the four drugs not only significantly reversed the CSDS-induced depression-like behaviours
in mice but also entirely prevented CSDS from increasing the levels of plasma corticosterone and ACTH
in mice. Then, it was found that all these drugs thoroughly reversed the CSDS-induced downregulation of
SIK1 and upregulation of CRH in the PVN of mice (Figure 9C and S15B). Moreover, administration of the
four drugs notably blocked not only the tendency of CSDS to promote nuclear CRTC1 (Figure 9C, 10,
S15B, and S17), total CRTC1 (Figure 9C, 10, S15B, and S17), and CRTC1-CREB binding (Figure S19A and
S19C) but also the inhibitory effects of CSDS on cytoplasmic pCRTC1 in the PVN (Figure 9C and S15B)
of mice. Furthermore, administration of the four drugs evidently increased the SIK1 mRNA level and
decreased the CRTC1 mRNA level in the PVN of the CSDS-exposed mice (Figure S1B and S1C). In
addition, none of these drugs affected the SIK1-CRTC1 system in the PVN of naïve control mice (Figure
S1B, S1C, 9C, 10, S15B, and S17). 

The CUMS-exposed mice were subjected to daily injection of fluoxetine, paroxetine, venlafaxine, or
duloxetine during the last 2 weeks, and then, behavioural tests were performed. Figures 9B and S16A
show that the four drugs also demonstrated notable antidepressant actions in the CUMS model. More
importantly, in parallel with the CSDS results, the CUMS-induced effects on the expression of SIK1 (Figure
9D and S16B), CRH (Figure 9D and S16B), nuclear CRTC1 (Figure 9D, 11, S16B, and S18), total CRTC1
(Figure 9D, 11, S16B, and S18), cytoplasmic pCRTC1 (Figure 9D and S16B), and CRTC1-CREB binding
(Figure S19B and S19D) in the PVN of mice were all thoroughly reversed by administration of these
drugs, as revealed by western blotting, Co-IP, and immunofluorescence. In addition, treatment with these
drugs all significantly prevented the effects of CUMS on SIK1 mRNA and CRTC1 mRNA in the PVN of
mice (Figure S1B and S1C).

In summary, fluoxetine, paroxetine, venlafaxine, and duloxetine can modulate SIK1-CRTC1 signalling in
PVN neurons. 

The SIK1-CRTC1 system in the PVN is necessary for the antidepressant actions of fluoxetine, paroxetine,
venlafaxine, and duloxetine 
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AAV-SIK1-shRNA-EGFP was further used to determine whether SIK1-CRTC1 signalling in PVN neurons
participates in the antidepressant mechanisms of fluoxetine, paroxetine, venlafaxine, and duloxetine.

C57BL/6J mice pre-infused with SIK1-shRNA were subjected to 10 d of CSDS and then daily injection of
fluoxetine, paroxetine, venlafaxine, or duloxetine for 14 d, followed by behavioural tests. As shown in
Figures 12A and S20A, knockdown of SIK1 in the PVN significantly attenuated the reducing effects of all
these drugs on the immobility duration of the CSDS-exposed mice in the FST and TST. Additionally,
knockdown of SIK1 in the PVN also abolished the promoting effects of the four drugs on the sucrose
preference and social interaction of the CSDS-exposed mice. Moreover, C57BL/6J mice pre-treated with
SIK1-shRNA were exposed to 8 weeks of CUMS and daily treatment with fluoxetine, paroxetine,
venlafaxine, or duloxetine during the last 2 weeks, and behavioural tests were then performed. Pre-
treatment with SIK1-shRNA notably antagonized the antidepressant effects of all these drugs against
CUMS in the FST, TST and sucrose preference test (Figure 12B and S20B). In contrast, the usage of
Control-shRNA produced no effects on the behavioural results of mice (Figure 12A, 12B, S20A, and S20B).
Combined with the above results, the SIK1-CRTC1 system in the PVN is required for the therapeutic
actions of the four antidepressants used in clinical practice.

Discussion
Here, we found that chronic stress induced not only depression-like behaviours but also significant
changes in SIK1-CRTC1 signalling in PVN neurons. Both genetic knockdown of SIK1 and genetic
overexpression of CRTC1 in the PVN mimicked chronic stress that induced depression-like phenotypes in
naïve mice, and this was mediated by promoting CRH biosynthesis and enhancing HPA activity. In
contrast, both genetic overexpression of SIK1 and genetic knockdown of CRTC1 in the PVN produced
antidepressant-like effects in mice exposed to chronic stress. Furthermore, pharmacological
overexpression of SIK1 in the PVN by stereotactic infusion of TAT-SIK1 also protected against chronic
stress in mice. In addition, the antidepressant actions of fluoxetine, paroxetine, venlafaxine, and
duloxetine, four clinically used SSRIs/SNRIs, all involve the SIK1-CRTC1 system in the PVN (Figure 13).

Maintenance of body homeostasis requires continuous adaptation to internal and external stressors, and
one of the most important adaptive responses is activation of the HPA axis by CRH, resulting in a rapid
increase in circulating ACTH and subsequent rise in glucocorticoids (Aguilera and Liu, 2012). However,
excessive release of glucocorticoids induced by chronic stress can lead to many negative changes,
including psychiatric disorders such as depression. Thus, elucidating the molecular mechanism
underlying CRH modulation during chronic stress is essential for understanding the pathogenesis and
treatment of depression. Many previous studies have demonstrated that activation of the cAMP/protein
kinase A (PKA) signalling pathway, which leads to pCREB recruitment to the cAMP response element
(CRE) in the CRH promoter, is required for CRH transcription (Adler et al., 1990; Cheng et al.,
2000; Guardiola-Diaz et al., 1994; Seasholtz et al., 1988). Recently, it has become evident that pCREB is
necessary but not sufficient for the stimulation of CRH biosynthesis, and the presence of CRTCs is also
critical (Liu et al., 2008; Liu et al., 2010; Liu et al., 2011). Moreover, it is well established that SIKs regulate
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the activity of CRTCs by controlling their trafficking from the cytoplasm to the nucleus (Conkright et al.,
2003; Takemori et al., 2007; Takemori and Okamoto, 2008). Therefore, it is of great significance to
investigate whether SIKs and CRTCs mediate the ability of chronic stress to promote CRH biosynthesis.

In 2019, we published a report in Biological Psychiatry investigating the role of hippocampal SIK2 in the
pathophysiology of depression (Jiang et al., 2019). In this report, in addition to hippocampal SIK2, we
also found that chronic stress moderately downregulated SIK1 expression in the hypothalamus (Jiang et
al., 2019). However, and importantly, the greatest shortcoming of that study is that we studied only the
whole hypothalamus and not specifically the PVN, whereas CRH neurons are mainly located in the
hypothalamic PVN. In the present study, as expected, our results showed that both CSDS and CUMS
greatly downregulated SIK1 expression in the PVN, and the magnitude of the decrease was much greater
than observed for the whole hypothalamus in our previous report (Jiang et al., 2019). Interestingly, Liu et
al. in 2012 indicated that the mRNA level of SIK1 but not SIK2 in the PVN of rats was significantly
enhanced after acute restraint stress as part of the negative feedback mechanisms controlling HPA
activity by inactivating CRTCs (Liu et al., 2012). Here, our results suggested that under depressive
conditions, the SIK1-mediated negative feedback mechanism disappeared as its expression changed
from upregulation to downregulation. Our results further revealed that the effects of chronic stress on
SIKs in the PVN were biologically selective, as both SIK2 and SIK3 in the PVN were unaffected by CSDS
and CUMS. The differences between SIK1-SIK3 in our findings are interesting, suggesting the complexity
of depression neurobiology.

Regarding how chronic stress affects the expression of SIK1 in the PVN, given that chronic stress
significantly decreased its mRNA level, the effects likely occurred at the transcriptional level. It is possible
that chronic stress induced excessive release of glucocorticoids that bound to intracellular glucocorticoid
receptors in PVN neurons, resulting in protein complex translocation into the nucleus to exert biological
effects on SIK1 at the genomic level. This possibility could be further verified by studying whether the
DNA sequence of the SIK1 gene in PVN neurons possesses a specific negative glucocorticoid response
element (nGRE) using bioinformatics and whether glucocorticoid receptors interact with SIK1-DNA in the
PVN using chromatin immunoprecipitation. Alternatively, the effects may also occur at the protein level.
For example, stabilization of SIK1 may contribute to its protein decrease. From previous studies we have
learned that SIKs are liable proteins, and their stability is controlled by Thr182 phosphorylation
(Hashimoto et al., 2008). The upstream kinase responsible for Thr182 phosphorylation of SIKs is liver
kinase B1 (LKB1), and disruption of this phosphorylation by mutagenesis results in rapid protein
degradation of SIKs (Darling and Cohen, 2021; Katoh et al., 2006). Therefore, in addition to genetic
downregulation, it is also possible that chronic stress reduced LKB1 function and promoted SIK1
degradation in PVN neurons, which needs further investigation. Moreover, in addition to pCREB
enhancement, cAMP/PKA signalling is known to inactivate SIK1 by Ser577 phosphorylation and thus
prevent CRTC phosphorylation, leading to increased activity of CRTCs (Darling and Cohen,
2021; Takemori et al., 2002; Takemori et al., 2003). It has been demonstrated that CRH neurons in the
PVN receive not only positive autoregulatory input from CRH but also an additional stimulating effect of
pituitary adenylate cyclase activating polypeptide (PACAP) during stress (Aguilera and Liu, 2012; Jiang et
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al., 2016; Luo et al., 1994; Lehmann et al., 2013; Mustafa, 2013; Rivest et al., 1995). Both CRH and PACAP
are stimulants acting upon receptors (CRHR1 and PAC1) coupled to adenylate cyclase, providing a source
of cAMP (Aguilera and Liu, 2012). According to all this information, we consider that the inhibitory effects
of chronic stress on SIK1 in the PVN are dual, involving not only its biological synthesis but also its
kinase activity. 

Previous studies have demonstrated that all three subtypes of CRTC are distributed in the PVN (Watts et
al., 2011). In our study, it was found that both CSDS and CUMS affected only CRTC1 and not CRTC2 or
CRTC3 in the PVN, which is interesting and further suggests the complexity of the neurobiology
underlying depression. We have noticed some previous studies involving CRTCs and CRH transcription.
For example, Liu et al. in 2011 showed that acute restraint stress induced parallel changes in CRH
transcription and nuclear translocation of CRTC2 in PVN neurons of Sprague–Dawley rats (Liu et al.,
2011). Martín et al. found that morphine withdrawal in Sprague–Dawley rats caused not only HPA
hyperactivity but also increased pCREB expression and decreased pCRTC1 expression in the PVN (Martín
et al., 2012). Jurek et al. reported that the attenuating effects of oxytocin on enhanced CRH transcription
in both Wistar rats and C57BL/6J mice in response to acute restraint stress were mediated through
modulation of CRTC3 but not CRTC2 in the PVN (Jurek et al., 2015). Thus, our findings are consistent
with those of Martín et al. but not with those of Liu et al. or Jurek et al. Currently, we have no persuasive
explanation for these discrepancies, and it may be attributed to individual differences, species
differences, or different types of external stressors. It is known that the PVN can be divided into three
subdivisions: (a) The dorsomedial parvocellular division containing CRH neurons (co-expressing small
amounts of vasopressin (VP)), which are responsible for the stimulation of ACTH release. (b) The
dorsolateral magnocellular division, which contains VP neurons and oxytocin neurons (co-expressing
small amounts of CRH). (c) Autonomic parvocellular division containing CRH neurons, which are involved
in regulating the sympathoadrenal system (Aguilera and Liu, 2012; Swanson and Kuypers, 1980). Here,
our immunofluorescence results involving CRTC1 in the PVN revealed that under normal conditions, the
CRTC1-immunopositive neurons were mainly located in the (b) and (c) regions, while under depressive
conditions, newborn CRTC1-immunopositive neurons were mainly located in the (a) region. This finding is
highly consistent with the established point that CRH neurons in the dorsolateral magnocellular division
of the PVN are the major regulator of HPA activity during stress (Bale and Vale, 2004; Herman et al.,
2016; Leistner and Menke, 2020). 

For CRTC1, another interesting finding is the stress-induced changes in nuclear CRTC1, cytoplasmic
pCRTC1, and total CRTC1 in the PVN. Both CSDS and CUMS promoted nuclear translocation of CRTC1 in
PVN neurons, leading to increased nuclear CRTC1 expression and decreased cytoplasmic pCRTC1
expression, while total CRTC1 expression did not remain constant but was upregulated. We speculate
that, under normal conditions, the biosynthesis and biodegradation of CRTC1 in the cytoplasm (pCRTC1)
maintain a finely tuned balance. However, under depressive conditions, the enhanced nuclear CRTC1
translocation in the PVN not only significantly decreases the pCRTC1 level in the cytoplasm but also
markedly promotes CRTC1 biosynthesis. When the balance between CRTC1 biosynthesis (strengthened)
and biodegradation (constant) is lost, the level of pCRTC1 in the cytoplasm increases, but it is still lower
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than that under normal conditions. Consequently, the total level of CRTC1 in the PVN also increases. This
supposition was partially supported by our qRT‒PCR results, which revealed that chronic stress
significantly enhanced the mRNA level of CRTC1 in the PVN. Moreover, the main neurotransmitters
released in the PVN during stress are glutamate (Glu) and norepinephrine (NA) (Evanson and Herman,
2015; Flak et al., 2009; Herman et al., 1996; Palkovits et al., 1999). Although Glu and NA do not stimulate
the production of cAMP, they can increase cytoplasm calcium by acting on NMDA, GluR5, and α-
adrenergic receptors located in CRH neurons (Aguilera and Liu, 2012). It is known that increases
in cytoplasmic calcium can contribute to CRTC activation by activating calcineurin (Liu et al., 2010).
Thus, in our findings, CRTC1 activation in response to chronic stress may involve a Glu/NA-calcium-
calcineurin-dependent mechanism in addition to SIK1 modulation, which needs further elucidation in the
future. 

  Positive and negative manipulation of SIK1 and CRTC1 in the PVN via AAV-mediated overexpression
and knockdown together support the possibility that they are feasible and novel antidepressant targets.
The related results are highly consistent across two rodent models of depression (CSDS and CUMS),
various behavioural measures, ELISA, western blotting, Co-IP, and immunofluorescence. To confirm the
generality of our findings, some other rodent models of depression, such as chronic restraint stress, will
be employed in further studies. We initially planned to perform more studies involving pharmacological
inhibition of SIK1 in the PVN of naïve mice to supplement the results involving SIK1-shRNA; however,
there are no selective SIK1 antagonists. Previous studies have indicated that SIKs regulate the
cytoplasmic localization and biologic activity of not only CRTCs but also class IIa histone deacetylases
(HDAC4, 5, 7, and 9), which can prevent MEF2-dependent gene transcription and activate forkhead family
transcription factors (Berdeaux et al., 2007; Finsterwald et al., 2013; Haberland et al., 2009; Mihaylova et
al., 2011; van der Linden et al., 2007; Wein et al., 2018). Moreover, SIK1 and SIK3 have been found to
inhibit the toll-like receptor 4 (TLR4)-mediated signalling cascade, and CRTCs have been reported to
associate with some transcription factors other than CREB, such as the homeobox protein MEIS1A (Goh
et al., 2009; Yong Kim et al., 2013). Together, these studies suggest that the depression-like behaviours
and enhanced HPA activity induced by SIK1 knockdown in the PVN of naïve mice may be due to
modulation of HDACs, TLR4, or MEIS1A, and this possibility has been ruled out by the combined usage of
CRTC1-shRNA, CREB-shRNA, and CRH-shRNA. These studies also indicate that it may be necessary to
determine whether the antidepressant-like effects induced by SIK1 overexpression in the PVN were
mediated by downstream CRTC1. To achieve this purpose, CRTC1-Ser151 mutant mice in which SIK1 is
unable to phosphorylate CRTC1 can be constructed and used together with AAV-SIK1, CSDS, and CUMS
in further studies. 

  To date, there are no selective SIK1 agonists. Instead, stereotactic infusion of TAT-SIK1 was used to
pharmacologically activate SIK1-CRTC1 signalling in PVN neurons, and the related results further
confirmed the effectiveness of SIK1 as an antidepressant target. To determine whether the
antidepressant-like actions induced by TAT-SIK1 infusion were achieved by modulating the downstream
CRTC1, a modified TAT-SIK1 peptide with its biological kinase domain (AA27-278) removed (unable to
phosphorylate CRTC1) will be constructed and tested in rodent models of depression in the next study.
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Moreover, according to the bZIP domain (AA285-339) of CREB which is responsible for its binding with
CRTC1 (Altarejos and Montminy, 2011; Böer, et al., 2007), we plan to design a small cell-permeable
peptide that can effectively disrupt the CRTC1-CREB interaction in the future and examine whether
infusion of this peptide into the PVN of mice prevents chronic stress. In addition, the present study is
limited in that we used only male C57BL/6J mice, while female subjects were not included.
Another limitation of this study is the exclusive use of rodent models of depression; our conclusion could
be greatly strengthened if human samples were involved.

   Although SSRIs and SNRIs rapidly increase the levels of synaptic 5-HT and NA, weeks of treatment are
always required for these medications to produce therapeutic efficacy (Boku et al., 2018; Dale et al., 2015;
Massart et al., 2012). Therefore, something downstream of or beyond 5-HT/NA-mediated signalling may
be critical. It is very interesting to observe that fluoxetine, paroxetine, venlafaxine, and duloxetine all
regulated the SIK1-CRTC1 system in the PVN at the transcriptional level. Regarding the molecular
mechanism underlying this interesting phenomenon, one candidate is 5-HT, since the four drugs all act on
this neurotransmitter, and moreover, 5-HT neurons of the raphe nuclei send projections to both the PVN
proper and its surroundings (Herman et al., 2016). However, there is evidence showing that the release of
5-HT enhances HPA activity by stimulating multiple receptor subtypes (Goel et al., 2014; Jensen et al.,
1999; Jongsma et al., 2005), which does not support the above assumption. Another possibility is that
the four drugs all indirectly affected SIK1 expression in PVN neurons by recovering the chronic stress-
damaged negative feedback mechanism arising from the hippocampus and prefrontal cortex. It is well
known that the hippocampus and prefrontal cortex send glutamatergic projections to GABAergic PVN-
projecting neurons in regions such as the bed nucleus of the stria terminalis (BNST) (Aguilera and Liu,
2012; Herman et al., 2003; Herman et al., 2016; Ulrich-Lai and Herman, 2009), and we will perform more
in-depth molecular studies involving the BNST region in the future. The usage of SIK1-shRNA further
supports the conclusion that the SIK1-CRTC1 system in the PVN participates in the antidepressant
mechanism of the four drugs, extending the knowledge of their pharmacological actions. In addition
to SSRIs and SNRIs, there are some other excellent and well-known antidepressants in clinical practice,
such as vortioxetine (a multimodal-acting antidepressant) and mirtazapine (a noradrenergic and specific
serotonergic antidepressant). Exploring the relationship between these antidepressants and the SIK1-
CRTC1 system in the PVN would be of considerable interest and will be part of our next study. 

  In conclusion, our findings suggest that SIK1 and CRTC1 in PVN neurons are closely involved in the
pathophysiology of depression by regulating HPA activity, and they can be candidates for novel
antidepressant targets. The present study contributes to the neuroendocrine hypothesis of depression,
provides support for the potential adoption of SIK1 promotion strategies against chronic stress-related
neuropsychiatric disorders, and further extends the knowledge of the role of SIK1 and CRTC1 in the brain. 

Declarations
Author Contributions



Page 18/36

Conceptualization: Bo Jiang

Methodology: Yuan Wang, Ling Liu, Jiang-Hong Gu, Cheng-Niu Wang, Wei Guan, Yue Liu, Wen-Qian Tang,
Chun-Hui Ji, Yan-Mei Chen, and Jie Huang

Investigation: Yuan Wang, Ling Liu, Jiang-Hong Gu, Yue Liu, Wen-Qian Tang, Chun-Hui Ji, Yan-Mei Chen,
Jie Huang, Wei-Yu Li, Tian-Shun Shi, Wei-Jia Chen, and Bao-Lun Zhu

Formal analysis: Bo Jiang

Resources: Bo Jiang, Cheng-Niu Wang, and Wei Guan

Writing - Original Draft: Bo Jiang

Writing - Review & Editing: Bo Jiang 

Visualization: Bo Jiang

Supervision: Bo Jiang

Project administration: Bo Jiang

Funding acquisition: Bo Jiang, Cheng-Niu Wang, and Wei Guan

Acknowledgments 

This work was supported by four grants from the National Natural Science Foundation of China (No.
82071519, 81873795, 81900551, and 82001606). 

Conflict of Interests

The authors declare no conflicts of interest for this study.

Supplemental Information

Twenty supplemental figures, additional Methods and Materials, and statistics of all results are included.

Data Availability Statement

The authors declare that all data supporting the findings of this study are available within the paper and
its supplemental information files.

References
1. Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, et al. The epidemiology of major

depressive disorder: results from the National Comorbidity Survey Replication (NCS-R). JAMA. 2003;



Page 19/36

289:3095–3105.

2. Trivedi MH, Rush AJ, Wisniewski SR, Nierenberg AA, Warden D, Ritz L, et al. Evaluation of outcomes
with citalopram for depression using measurement-based care in STAR*D: implications for clinical
practice. Am J Psychiatry. 2006; 163:28–40.

3. Fava M, Kendler KS. Major depressive disorder. Neuron. 2000; 28:335–341.

4. Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H, et al. Influence of life stress on
depression: moderation by a polymorphism in the 5-HTT gene. Science. 2003; 301:386–389.

5. Leistner C, Menke A. Hypothalamic-pituitary-adrenal axis and stress. Handb Clin Neurol. 2020;
175:55–64.

6. Aguilera G, Liu Y. The molecular physiology of CRH neurons. Front Neuroendocrinol. 2012; 33:67–84.

7. Jurek B, Slattery DA, Hiraoka Y, Liu Y, Nishimori K, Aguilera G, et al. Oxytocin Regulates Stress-
Induced Crf Gene Transcription through CREB-Regulated Transcription Coactivator 3. J Neurosci.
2015; 35:12248–12260.

8. Liu Y, Coello AG, Grinevich V, Aguilera G. Involvement of transducer of regulated cAMP response
element-binding protein activity on corticotropin releasing hormone transcription. Endocrinology.
2010; 151:1109–1118.

9. Liu Y, Knobloch HS, Grinevich V, Aguilera G. Stress induces parallel changes in corticotropin releasing
hormone (CRH) Transcription and nuclear translocation of transducer of regulated cAMP response
element-binding activity 2 in hypothalamic CRH neurons. J Neuroendocrinol. 2011; 23:216–223.

10. Liu Y, Poon V, Sanchez-Watts G, Watts AG, Takemori H, Aguilera G. Salt-inducible kinase is involved in
the regulation of corticotropin-releasing hormone transcription in hypothalamic neurons in rats.
Endocrinology. 2012; 153:223–233.

11. Martín F, Núñez C, Marín MT, Laorden ML, Kovács KJ, Milanés MV. Involvement of noradrenergic
transmission in the PVN on CREB activation, TORC1 levels, and pituitary-adrenal axis activity during
morphine withdrawal. PLoS One. 2012; 7:e31119.

12. Conkright MD, Canettieri G, Screaton R, Guzman E, Miraglia L, Hogenesch JB, et al. TORCs:
transducers of regulated CREB activity. Mol Cell. 2003; 12:413–423.

13. Takemori H, Kajimura J, Okamoto M. TORC-SIK cascade regulates CREB activity through the basic
leucine zipper domain. FEBS J. 2007; 274:3202–3209.

14. Katoh Y, Takemori H, Lin XZ, Tamura M, Muraoka M, Satoh T, et al. Silencing the constitutive active
transcription factor CREB by the LKB1-SIK signaling cascade. FEBS J. 2006; 273:2730–2748.

15. Takemori H, Okamoto M. Regulation of CREB-mediated gene expression by salt inducible kinase. J
Steroid Biochem Mol Biol. 2008; 108:287–291.

16. Saura CA, Cardinaux JR. Emerging Roles of CREB-Regulated Transcription Coactivators in Brain
Physiology and Pathology. Trends Neurosci. 2017; 40:720–733.

17. Jiang B, Wang H, Wang JL, Wang YJ, Zhu Q, Wang CN, et al. Hippocampal Salt-Inducible Kinase 2
Plays a Role in Depression via the CREB-Regulated Transcription Coactivator 1-cAMP Response



Page 20/36

Element Binding-Brain-Derived Neurotrophic Factor Pathway. Biol Psychiatry. 2019; 85:650–666.

18. Wang Z, Takemori H, Halder SK, Nonaka Y, Okamoto M. Cloning of a novel kinase (SIK) of the
SNF1/AMPK family from high salt diet-treated rat adrenal. FEBS Lett. 1999; 453:135–139.

19. Choi S, Kim W, Chung J. Drosophila salt-inducible kinase (SIK) regulates starvation resistance
through cAMP-response element-binding protein (CREB)-regulated transcription coactivator (CRTC). J
Biol Chem. 2011; 286:2658–2664.

20. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG; NC3Rs Reporting Guidelines Working Group.
Animal research: reporting in vivo experiments: the ARRIVE guidelines. Br J Pharmacol. 2010;
160:1577–1579.

21. McGrath JC, Lilley E. Implementing guidelines on reporting research using animals (ARRIVE etc.):
new requirements for publication in BJP. Br J Pharmacol. 2015; 172:3189–3193.

22. Guan W, Xu DW, Ji CH, Wang CN, Liu Y, Tang WQ, et al. Hippocampal miR-206-3p participates in the
pathogenesis of depression via regulating the expression of BDNF. Pharmacol Res. 2021;
174:105932.

23. Liu Y, Tang W, Ji C, Gu J, Chen Y, Huang J, et al. The Selective SIK2 Inhibitor ARN-3236 Produces
Strong Antidepressant-Like Efficacy in Mice via the Hippocampal CRTC1-CREB-BDNF Pathway. Front
Pharmacol. 2021; 11:624429.

24. Song L, Wang H, Wang YJ, Wang JL, Zhu Q, Wu F, et al. Hippocampal PPARα is a novel therapeutic
target for depression and mediates the antidepressant actions of fluoxetine in mice. Br J Pharmacol.
2018; 175:2968–2987.

25. Xu D, Sun Y, Wang C, Wang H, Wang Y, Zhao W, et al. Hippocampal mTOR signaling is required for
the antidepressant effects of paroxetine. Neuropharmacology. 2018; 128:181–195.

26. Meejuru GF, Somavarapu A, Danduga RCSR, Nissankara Roa LS, Kola PK. Protective effects of
duloxetine against chronic immobilisation stress-induced anxiety, depression, cognitive impairment
and neurodegeneration in mice. J Pharm Pharmacol. 2021; 73:522–534.

27. Gao TT, Wang Y, Liu L, Wang JL, Wang YJ, Guan W, et al. LIMK1/2 in the mPFC Plays a Role in
Chronic Stress-Induced Depressive-Like Effects in Mice. Int J Neuropsychopharmacol. 2020; 23:821–
836.

28. Tang WQ, Liu Y, Ji CH, Gu JH, Chen YM, Huang J, et al. Virus-mediated decrease of LKB1 activity in
the mPFC diminishes stress-induced depressive-like behaviors in mice. Biochem Pharmacol. 2022;
197:114885.

29. Antoniuk S, Bijata M, Ponimaskin E, Wlodarczyk J. Chronic unpredictable mild stress for modeling
depression in rodents: Meta-analysis of model reliability. Neurosci Biobehav Rev. 2019; 99:101–116.

30. Wang W, Liu W, Duan D, Bai H, Wang Z, Xing Y. Chronic social defeat stress mouse model: Current
view on its behavioral deficits and modifications. Behav Neurosci. 2021; 135:326–335.

31. Masi G, Brovedani P. The hippocampus, neurotrophic factors and depression: possible implications
for the pharmacotherapy of depression. CNS Drugs. 2011; 25:913–931.



Page 21/36

32. Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. Adult hippocampal neurogenesis buffers
stress responses and depressive behaviour. Nature. 2011; 476:458–461.

33. Mahar I, Bambico FR, Mechawar N, Nobrega JN. Stress, serotonin, and hippocampal neurogenesis in
relation to depression and antidepressant effects. Neurosci Biobehav Rev. 2014; 38:173–192.

34. Liu J, Meng F, Dai J, Wu M, Wang W, Liu C, et al. The BDNF-FoxO1 Axis in the medial prefrontal cortex
modulates depressive-like behaviors induced by chronic unpredictable stress in postpartum female
mice. Mol Brain. 2020; 13:91.

35. Jiang Z, Zhu Z, Zhao M, Wang W, Li H, Liu D, et al. H3K9me2 regulation of BDNF expression in the
hippocampus and medial prefrontal cortex is involved in the depressive-like phenotype induced by
maternal separation in male rats. Psychopharmacology (Berl). 2021; 238:2801–2813.

36. Seasholtz AF, Thompson RC, Douglass JO. Identification of a cyclic adenosine monophosphate-
responsive element in the rat corticotropin-releasing hormone gene. Mol Endocrinol. 1988; 2:1311–
1319.

37. Adler GK, Smas CM, Fiandaca M, Frim DM, Majzoub JA. Regulated expression of the human
corticotropin releasing hormone gene by cyclic AMP. Mol Cell Endocrinol. 1990; 70:165–174.

38. Guardiola-Diaz HM, Boswell C, Seasholtz AF. The cAMP-responsive element in the corticotrophin
releasing hormone gene mediates transcriptional regulation by depolarization. J Biol Chem. 1994;
269:14784–14791.

39. Cheng YH, Nicholson RC, King B, Chan EC, Fitter JT, Smith R. Corticotropin-releasing hormone gene
expression in primary placental cells is modulated by cyclic adenosine 3′,5′-monophosphate. J Clin
Endocrinol Metab. 2000; 85:1239–1244.

40. Liu Y, Kamitakahara A, Kim AJ, Aguilera G. Cyclic adenosine 3′,5′-monophosphate responsive
element binding protein phosphorylation is required but not sufficient for activation of corticotropin-
releasing hormone transcription. Endocrinology. 2008; 149:3512–3520.

41. Hashimoto YK, Satoh T, Okamoto M, Takemori H. Importance of autophosphorylation at Ser186 in
the A-loop of salt inducible kinase 1 for its sustained kinase activity. J Cell Biochem. 2008;
104:1724–1739.

42. Darling NJ, Cohen P. Nuts and bolts of the salt-inducible kinases (SIKs). Biochem J. 2021; 478:1377–
1397.

43. Takemori H, Katoh Y, Horike N, Doi J, Okamoto M. ACTH-induced nucleocytoplasmic translocation of
salt-inducible kinase. Implication in the protein kinase A-activated gene transcription in mouse
adrenocortical tumor cells. J Biol Chem. 2002; 277:42334–42343.

44. Takemori H, Doi J, Horike N, Katoh Y, Min L, Lin XZ, et al. Salt-inducible kinase-mediated regulation of
steroidogenesis at the early stage of ACTH-stimulation. J Steroid Biochem Mol Biol. 2003; 85:397–
400.

45. Luo X, Kiss A, Makara G, Lolait SJ, Aguilera G. Stress-specific regulation of corticotrophin releasing
hormone receptor expression in the paraventricular and supraoptic nuclei of the hypothalamus in the
rat. J Neuroendocrinol. 1994; 6:689–696.



Page 22/36

46. Rivest S, Laflamme N, Nappi RE. Immune challenge and immobilization stress induce transcription
of the gene encoding the CRF receptor in selective nuclei of the rat hypothalamus. J Neurosci. 1995;
15:2680–2695.

47. Lehmann ML, Mustafa T, Eiden AM, Herkenham M, Eiden LE. PACAP-deficient mice show attenuated
corticosterone secretion and fail to develop depressive behavior during chronic social defeat stress.
Psychoneuroendocrinology. 2013; 38:702–715.

48. Mustafa T. Pituitary adenylate cyclase-activating polypeptide (PACAP): a master regulator in central
and peripheral stress responses. Adv Pharmacol. 2013; 68:445–457.

49. Jiang SZ, Eiden LE. Activation of the HPA axis and depression of feeding behavior induced by
restraint stress are separately regulated by PACAPergic neurotransmission in the mouse. Stress.
2016; 19:374–382.

50. Watts AG, Sanchez-Watts G, Liu Y, Aguilera G. The distribution of messenger RNAs encoding the
three isoforms of the transducer of regulated cAMP responsive element binding protein activity in the
rat forebrain. J Neuroendocrinol. 2011; 23:754–766.

51. Swanson LW, Kuypers HG. The paraventricular nucleus of the hypothalamus: cytoarchitectonic
subdivisions and organization of projections to the pituitary, dorsal vagal complex, and spinal cord
as demonstrated by retrograde fluorescence double-labeling methods. J Comp Neurol. 1980;
194:555–570.

52. Bale TL, Vale WW. CRF and CRF receptors: role in stress responsivity and other behaviors. Annu Rev
Pharmacol Toxicol. 2004; 44:525–557.

53. Herman JP, McKlveen JM, Ghosal S, Kopp B, Wulsin A, Makinson R, et al. Regulation of the
Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr Physiol. 2016; 6:603–621.

54. Herman JP, Prewitt CM, Cullinan WE Neuronal circuit regulation of the hypothalamo-pituitary
adrenocortical stress axis. Crit Rev Neurobiol. 1996; 10:371–394.

55. Palkovits M, Baffi JS, Pacak K. The role of ascending neuronal pathways in stress-induced release of
noradrenaline in the hypothalamic paraventricular nucleus of rats. J Neuroendocrinol. 1999; 11:529–
539.

56. Flak JN, Ostrander MM, Tasker JG, Herman JP. Chronic stress-induced neurotransmitter plasticity in
the PVN. J Comp Neurol. 2009; 517:156–165.

57. Evanson NK, Herman JP. Role of Paraventricular Nucleus Glutamate Signaling in Regulation of HPA
Axis Stress Responses. Interdiscip Inf Sci. 2015; 21:253–260.

58. Berdeaux R, Goebel N, Banaszynski L, Takemori H, Wandless T, Shelton GD, et al. SIK1 is a class II
HDAC kinase that promotes survival of skeletal myocytes. Nat Med. 2007; 13:597–603.

59. van der Linden AM, Nolan KM, Sengupta P. KIN-29 SIK regulates chemoreceptor gene expression via
an MEF2 transcription factor and a class II HDAC. EMBO J. 2007; 26:358–370.

60. Haberland M, Montgomery RL, Olson EN. The many roles of histone deacetylases in development
and physiology: implications for disease and therapy. Nat Rev Genet. 2009; 10:32–42.



Page 23/36

61. Mihaylova MM, Vasquez DS, Ravnskjaer K, Denechaud PD, Yu RT, Alvarez JG, et al. Class IIa histone
deacetylases are hormone-activated regulators of FOXO and mammalian glucose homeostasis. Cell.
2011; 145:607–621.

62. Finsterwald C, Carrard A, Martin JL. Role of salt-inducible kinase 1 in the activation of MEF2-
dependent transcription by BDNF. PLoS One. 2013; 8:e54545.

63. Wein MN, Foretz M, Fisher DE, Xavier RJ, Kronenberg HM. Salt Inducible Kinases: Physiology,
Regulation by cAMP, and Therapeutic Potential. Trends Endocrinol Metab. 2018; 29:723–735.

64. Goh SL, Looi Y, Shen H, Fang J, Bodner C, Houle M, et al. Transcriptional activation by MEIS1A in
response to protein kinase A signaling requires the transducers of regulated CREB family of CREB co-
activators. J Biol Chem. 2009; 284:18904–18912.

65. Yong Kim S, Jeong S, Chah KH, Jung E, Baek KH, Kim ST, et al. Salt-inducible kinases 1 and 3
negatively regulate Toll-like receptor 4-mediated signal. Mol Endocrinol. 2013; 27:1958–1968.

66. Böer U, Eglins J, Krause D, Schnell S, Schöfl C, Knepel W. Enhancement by lithium of cAMP-induced
CRE/CREB-directed gene transcription conferred by TORC on the CREB basic leucine zipper domain.
Biochem J. 2007; 408:69–77.

67. Altarejos JY, Montminy M. CREB and the CRTC co-activators: sensors for hormonal and metabolic
signals. Nat Rev Mol Cell Biol. 2011; 12:141–151.

68. Massart R, Mongeau R, Lanfumey L. Beyond the monoaminergic hypothesis: neuroplasticity and
epigenetic changes in a transgenic mouse model of depression. Philos Trans R Soc Lond B Biol Sci.
2012; 367:2485–2494.

69. Dale E, Bang-Andersen B, Sánchez C. Emerging mechanisms and treatments for depression beyond
SSRIs and SNRIs. Biochem Pharmacol. 2015; 95:81–97.

70. Boku S, Nakagawa S, Toda H, Hishimoto A. Neural basis of major depressive disorder: Beyond
monoamine hypothesis. Psychiatry Clin Neurosci. 2018; 72:3–12.

71. Jensen JB, Jessop DS, Harbuz MS, Mørk A, Sánchez C, Mikkelsen JD. Acute and long-term
treatments with the selective serotonin reuptake inhibitor citalopram modulate the HPA axis activity
at different levels in male rats. J Neuroendocrinol. 1999; 11:465–471.

72. Jongsma ME, Bosker FJ, Cremers TI, Westerink BH, den Boer JA. The effect of chronic selective
serotonin reuptake inhibitor treatment on serotonin 1B receptor sensitivity and HPA axis activity. Prog
Neuropsychopharmacol Biol Psychiatry. 2005; 29:738–744.

73. Goel N, Innala L, Viau V. Sex differences in serotonin (5-HT) 1A receptor regulation of HPA axis and
dorsal raphe responses to acute restraint. Psychoneuroendocrinology. 2014; 40:232–241.

74. Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi DC, et al. Central mechanisms
of stress integration: hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical
responsiveness. Front Neuroendocrinol. 2003; 24:151–180.

75. Ulrich-Lai YM, Herman JP. Neural regulation of endocrine and autonomic stress responses. Nat Rev
Neurosci. 2009; 10:397–409.



Page 24/36

Figures

Figure 1

Exposure to chronic stress notably modulated SIK1-CRTC1 signalling in the PVN of mice. (A and B) The
results of the FST, TST, sucrose preference test, social interaction test, and ELISA together reveal that both
CSDS and CUMS induced not only depression-like behaviours but also HPA hyperactivity in C57BL/6J
mice, which manifested as behavioural despair, anhedonia, social avoidance, and enhanced plasma
levels of corticosterone and ACTH (n = 10). (C and D) Representative western blotting images and related
data analyses show the effects of CSDS and CUMS on the protein expression of SIK1-SIK3 in the PVN of
C57BL/6J mice (n = 10). (E and F) Representative western blotting images and related data analyses
show the effects of CSDS and CUMS on the protein expression of nuclear CRTC1-CRTC3, cytoplasmic
pCRTC1 and pCRTC2, and total CRTC1-CRTC3 in the PVN of C57BL/6J mice (n = 10). All results are
represented as the means ± S.E.M. values; **P< 0.01; n.s., no significance. The comparisons were made
using Student’s t test.
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Figure 2

AAV-mediated genetic knockdown of SIK1 in the PVN of naïve mice produced various depression-like
symptoms. (A) Fluorescence images of a fixed brain slice that expressed AAV-SIK1-shRNA-EGFP in the
PVN 14 d after stereotactic infusion. The scale bars for the representative image and enlarged image are
100 µm and 25 µm, respectively. The western blotting (WB) results confirmed the silencing efficacy of
SIK1-shRNA (n = 5). (B) Treatment with SIK1-shRNA induced both depression-like behaviours and HPA
hyperactivity in naïve C57BL/6J mice without affecting their locomotor activity, as revealed by the FST,
TST, OFT, sucrose preference test, social interaction test, and ELISA (n = 10). A schematic timeline of the
experimental procedures is provided. (C) Representative western blotting images and related data
analyses indicate that SIK1-shRNA treatment significantly enhanced the expression of CRH, nuclear
CRTC1, and total CRTC1, whereas it fully downregulated the expression of cytoplasmic pCRTC1 in the
PVN of naïve C57BL/6J mice (n = 5). (D) Representative western blotting images and related data
analyses reveal notable decreasing effects of SIK1-shRNA treatment on the levels of BDNF, pTrkB, and
pCREB in the hippocampus and mPFC of naïve C57BL/6J mice (n = 5). (E) Representative
immunofluorescence (IF) images and related data analyses show an evident reducing effect of SIK1-
shRNA treatment on hippocampal neurogenesis in naïve C57BL/6J mice, as revealed by DCX/DAPI
staining and BrdU/NeuN staining in the DG (n = 5). The scale bars for the representative image and
enlarged image are 150 µm and 75 µm, respectively. A schematic timeline of the experimental procedures
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is also provided. All results are represented as the means ± S.E.M. values; **P< 0.01; n.s., no significance.
The comparisons were made using one-way ANOVA followed by Tukey’s test.

Figure 3

Representative immunofluorescence images showing the effects of CSDS (A), CUMS (B), and SIK1-
shRNA infusion (C) on the neuronal distribution of CRTC1 in the PVN region of C57BL/6J mice, with
NeuN and DAPI as the nuclear markers (n = 5). CSDS, CUMS, and SIK1-shRNA treatment all significantly
promoted the nuclear translocation and biosynthesis of CRTC1 in PVN neurons. The scale bar is 100 µm
for the representative image and 50 µm for the enlarged image. 
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Figure 4

AAV-mediated genetic overexpression of SIK1 in the PVN exerted significant antidepressant-like effects in
mice. (A) Fluorescence images of a fixed brain slice expressing AAV-SIK1-EGFP in the PVN 14 d after
stereotactic infusion. The scale bars for the representative image and enlarged image are 100 µm and 25
µm, respectively. The western blotting (WB) results confirmed the overexpression efficacy of AAV-SIK1 (n
= 5). (B) The results of the FST, TST, sucrose preference test, social interaction test, and ELISA together
show that AAV-SIK1 treatment notably prevented CSDS-induced depression-like behaviours and HPA
hyperactivity in C57BL/6J mice (n = 10). A schematic timeline of the experimental procedures is provided.
(C) Treatment with AAV-SIK1 also fully reversed CUMS-induced depression-like behaviours and HPA
hyperactivity in C57BL/6J mice, as revealed by the FST, TST, sucrose preference test, and ELISA (n = 10).
A schematic timeline of the experimental procedures is also provided. All results are represented as the
means ± S.E.M. values; **P< 0.01; n.s., no significance. For panel (A), the comparisons were made using
one-way ANOVA followed by Tukey’s test. For panels (B) and (C), the comparisons were made using two-
way ANONA followed by Bonferroni’s test.
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Figure 5

AAV-mediated genetic overexpression of SIK1 in the PVN exerted significant protective effects against
chronic stress on the SIK1-CRTC1-CRH pathway in the PVN and the BDNF signaling cascade in the
hippocampus and mPFC. (A and B) Representative western blotting images and related data analyses
indicate that AAV-SIK1 treatment notably abolished both the CSDS-induced and CUMS-induced effects on
the expression of SIK1, CRH, nuclear CRTC1, cytoplasmic pCRTC1, and total CRTC1 in the PVN of
C57BL/6J mice (n = 5). (C and D) Representative western blotting images and related data analyses
reveal that treatment with AAV-SIK1 fully blocked the down-regulatory effects of CSDS and CUMS on the
levels of BDNF, pTrkB, and pCREB in the hippocampus and mPFC of C57BL/6J mice (n = 5). All results
are represented as the means ± S.E.M. values; **P< 0.01; n.s., no significance. The comparisons were
made using two-way ANONA followed by Bonferroni’s test. 
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Figure 6

Representative immunofluorescence images showing the effects of CSDS and AAV-SIK1 infusion on the
neuronal distribution of CRTC1 in the PVN region of C57BL/6J mice, with NeuN and DAPI as the nuclear
markers (n = 5). AAV-SIK1 robustly prevented the promoting effects of CSDS on the nuclear translocation
and biosynthesis of CRTC1 in PVN neurons. The scale bar is 100 µm for the representative image and 50
µm for the enlarged image.
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Figure 8

AAV-mediated genetic overexpression of SIK1 in the PVN fully reversed the inhibitory effects of chronic
stress on hippocampal neurogenesis. (A, B, and C) Representative immunofluorescence (IF) images and
related data analyses display the effects of CSDS and AAV-SIK1 infusion on hippocampal neurogenesis
in C57BL/6J mice, as revealed by DCX/DAPI staining and BrdU/NeuN staining in the DG region (n = 5).
The scale bars for the representative image and enlarged image are 150 µm and 75 µm, respectively. A
schematic timeline of the experimental procedures is provided. (D, E, and F) Representative
immunofluorescence images and related data analyses display the effects of CUMS and AAV-SIK1
infusion on hippocampal neurogenesis in C57BL/6J mice, as revealed by DCX/DAPI staining and
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BrdU/NeuN staining in the DG region (n = 5). The scale bars for the representative image and enlarged
image are 150 µm and 75 µm, respectively. A schematic timeline of the experimental procedures is also
provided. All results are represented as the means ± S.E.M. values; **P< 0.01; n.s., no significance. The
comparisons were made using two-way ANONA followed by Bonferroni’s test.

Figure 9

Repeated administration of fluoxetine and venlafaxine notably reversed the effects of chronic stress on
the SIK1-CRTC1-CRH pathway in the PVN. (A and B) The results of the FST, TST, sucrose preference test,
social interaction test, and ELISA together show that i.p. injection of fluoxetine and venlafaxine for 14 d
produced significant reversal effects on both the CSDS-induced and CUMS-induced depression-like
behaviours and HPA hyperactivity in C57BL/6J mice (n = 10). (C and D) Representative western blotting
images and related data analyses suggest that repeated injection of fluoxetine and venlafaxine fully
abolished the effects of both CSDS and CUMS on the expression of SIK1, CRH, nuclear CRTC1,
cytoplasmic pCRTC1, and total CRTC1 in the PVN of C57BL/6J mice (n = 5). All results are represented as
the means ± S.E.M. values; **P< 0.01; n.s., no significance. The comparisons were made using two-way
ANONA followed by Bonferroni’s test.
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Figure 10

Representative immunofluorescence images showing the effects of CSDS, fluoxetine, and venlafaxine on
the neuronal distribution of CRTC1 in the PVN region of C57BL/6J mice, with NeuN and DAPI as the
nuclear markers (n = 5). Fluoxetine and venlafaxine notably attenuated the action of CSDS in promoting
the nuclear translocation and biosynthesis of CRTC1 in PVN neurons. The scale bar is 100 µm for the
representative image and 50 µm for the enlarged image.
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Figure 11

Representative immunofluorescence images showing the effects of CUMS, fluoxetine, and venlafaxine on
the neuronal distribution of CRTC1 in the PVN region of C57BL/6J mice, with NeuN and DAPI as the
nuclear markers (n = 5). Fluoxetine and venlafaxine significantly ameliorated the enhancing effects of
CUMS on the nuclear translocation and biosynthesis of CRTC1 in PVN neurons. The scale bar is 100 µm
for the representative image and 50 µm for the enlarged image.
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Figure 12

Knockdown of SIK1 in the PVN abrogated the antidepressant-like effects of fluoxetine and venlafaxine in
mouse models of depression. (A) The results of the FST, TST, sucrose preference test, and social
interaction test collectively suggest that the usage of SIK1-shRNA markedly blocked the reversal effects
of fluoxetine and venlafaxine on the CSDS-induced depression-like behaviours in C57BL/6J mice (n =
10). A schematic timeline of the experimental procedures is provided. (B) The usage of SIK1-shRNA also
evidently antagonized the protective effects of fluoxetine and venlafaxine against CUMS-induced
depression-like behaviours in C57BL/6J mice, as shown by the FST, TST, and sucrose preference test (n =
10). A schematic timeline of the experimental procedures is also provided. All results are represented as
the means ± S.E.M. values; **P< 0.01; n.s., no significance. The comparisons were made using three-way
ANONA followed by Bonferroni’s test.
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Figure 13

Schematic representation of a suggested model describing the role of SIK1-CRTC1 signalling in PVN
neurons in chronic stress-induced depression is provided. Chronic stress significantly decreased the
mRNA and protein expression of SIK1 in the PVN, which dephosphorylates cytoplasmic CRTC1 and
promotes its nuclear translocation, leading to increased CRTC1-CREB binding in PVN neurons. Due to the
enhancement in CRTC1-CREB supporting, the levels of CRH biosynthesis in the PVN, ACTH biosynthesis
in the pituitary gland, and glucocorticords biosynthesis in the adrenal gland are greatly up-regulated,
resulting in depression. Blockade of the chronic stress-induced effects on SIK1 and CRTC1 in PVN
neurons produces antidepressant actions.
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