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Chronic stress is known to precipitate and exacerbate neuropsychiatric symptoms, and exposure to stress
is particularly pathological in individuals with certain genetic predispositions. Recent genome wide
association studies have identified single nucleotide polymorphisms (SNPs) in the gene CACNA1C, which
codes for the Cav1.2 subunit of the L-type calcium channel (LTCC), as a common risk variant for multiple
neuropsychiatric conditions. Cav1.2 channels mediate experience-dependent changes in gene expression
and long-term synaptic plasticity through activation of downstream calcium signaling pathways. Pre-
vious studies have found an association between stress and altered Cav1.2 expression in the brain,
however the contribution of Cav1.2 channels to chronic stress-induced behaviors, and the precise Cav1.2
signaling mechanisms activated are currently unknown. Here we report that chronic stress leads to a
delayed increase in Cav1.2 expression selectively within the prefrontal cortex (PFC), but not in other
stress-sensitive brain regions such as the hippocampus or amygdala. Further, we demonstrate that while
Cav1.2 heterozygous (Cav1.2þ/�) mice show chronic stress-induced depressive-like behavior, anxiety-like
behavior, and deficits in working memory 1e2 days following stress, they are resilient to the effects of
chronic stress when tested 5e7 days later. Lastly, molecular studies find a delayed upregulation of the
p25/Cdk5-glucocorticoid receptor (GR) pathway in the PFC when examined 8 days post-stress that is
absent in Cav1.2þ/� mice. Our findings reveal a novel Cav1.2-mediated molecular mechanism associated
with the persistent behavioral effects of chronic stress and provide new insight into potential Cav1.2
channel mechanisms that may contribute to CACNA1C-linked neuropsychiatric phenotypes.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Deficits in the structure and connectivity of the prefrontal cortex
(PFC) are a key feature of a multitude of neuropsychiatric condi-
tions (Negr�on-Oyarzo et al., 2016). As a highly connected structure,
the PFC acts as a key coordinator of various limbic brain regions.
Thus, dysfunction within the PFC can dramatically impact
emotional regulation, attention, and cognition. Chronic stress, a
known risk factor for neuropsychiatric disorders, induces profound
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impairments within the PFC, including dendritic atrophy (Liston
et al., 2006; Izquierdo et al., 2006), changes in gene expression
(Erburu et al., 2015), and impairments in long-term potentiation
(Quan et al., 2011). In rodent models, exposure to prolonged,
chronic stress leads to long-lasting changes in behavior (Elizalde
et al., 2008; Matuszewich et al., 2007; Gourley and Taylor, 2009),
making it an optimal model of stress-relevant neuropsychiatric
disorders (Willner, 2016; Nestler and Hyman, 2010).

Current evidence supports the diathesis-stress model of mental
illness, which postulates that genetic predispositions alter stress
reactivity, leading to the manifestation of mental disorders. While
exposure to stressful life events often precedes the onset of psy-
chiatric symptoms (Fowles, 1992; Hammen and Gitlin, 1997;
Kessler, 1997), the development of neuropsychiatric disorders is
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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likely regulated by an interaction between these stressors and ge-
netic vulnerability (Lazary et al., 2016; Daskalakis and Binder, 2015;
Lovallo et al., 2015).

Several genetic studies have identified the gene CACNA1C, which
encodes the Cav1.2 subunit of L-type calcium channels (LTCCs), as a
common risk gene for multiple neuropsychiatric disorders (Heyes
et al., 2015; Bhat et al., 2012; Casamassima et al., 2010), including
bipolar disorder (Ferreira et al., 2008; Ament et al., 2015), schizo-
phrenia (Nyegaard et al., 2010; Green et al., 2010), and major
depressive disorder (Green et al., 2010; Rao et al., 2016). Never-
theless, how CACNA1C influences such a variety of neuropsychiatric
conditions is not currently understood.

Cav1.2 channels are highly expressed throughout the forebrain
(Hell et al., 1993) and in vitro studies have identified that disease-
associated increases in Ca2þ influx via Cav1.2 channels can alter
gene expression patterns (Paşca et al., 2011; Tian et al., 2014) and
contribute to activity dependent dendritic retraction (Krey et al.,
2013), which has also been observed following chronic stress
(Liston et al., 2006; Izquierdo et al., 2006; Erburu et al., 2015). In
support of this, CACNA1C risk allele carriers show reduced PFC ac-
tivity during working memory tasks, correlating with impaired
performance (Bigos et al., 2010), and altered PFC structure (Wang
et al., 2011) and connectivity (Wang et al., 2011; Paulus et al.,
2014). In animal models, Cav1.2 regulates PFC-dependent behav-
iors such as depressive-like behavior (Dao et al., 2010), anxiety-like
behavior (Lee et al., 2012), and fear learning (Jeon et al., 2010; Bader
et al., 2011). A previous study has reported that chronic stress in-
creases Cav1.2 mRNA in the hippocampus and amygdala (Maigaard
et al., 2012), stress-sensitive brain regions, but the effect of chronic
stress on Cav1.2 levels in the PFC is unknown. Additionally, a direct
link between Cav1.2 and the effects of chronic stress on behavior
has yet to be explored, and the downstream molecular pathways
within stress-sensitive regions including the PFC have not been
characterized.

One potential Cav1.2 mechanism for regulating the stress
response is via glucocorticoid receptors (GRs). GRs mediate effects
of chronic stress on behavior (Barik et al., 2013; Chmielarz et al.,
2013), and site-specific phosphorylation of GRs induces trans-
location to the nucleus, where GRs bind DNA and regulate gene
expression (Galliher-Beckley and Cidlowski, 2009). Pharmacolog-
ical blockade of LTCCs attenuates GR-mediated transcription
following corticosterone treatment in vitro (Basta-Kaim et al.,
2002), but the mechanisms by which LTCCs mediate this process,
and if a similar mechanism exists in vivo, are unknown.

One mechanism for regulation of the GR pathway is Ca2þ-acti-
vated cleavage of the protein p35 to p25. Through activation of
cyclin-dependent kinase 5 (Cdk5), a kinase linked to stress re-
sponses (Plattner et al., 2015; Papadopoulou et al., 2015), p25 in-
creases phosphorylation of GRs at serine 211 (Kino et al., 2007), a
site specifically linked to altered downstream gene expression
(Wang et al., 2007; Rei et al., 2015). p25 is upregulated in the PFC
following chronic stress (Adzic et al., 2009) and induces memory
deficits through regulation of GR-mediated transcription in the
hippocampus (Rei et al., 2015). However, if Cav1.2 channels act as
the calcium source for chronic stress-induced activation of the p25/
Cdk5-GR pathway has yet to be explored.

Herewe report that chronic unpredictable stress (CUS) leads to a
delayed increase in expression of Cav1.2 protein within the PFC, but
not within the hippocampus or amygdala, and that Cav1.2 hetero-
zygous mice are resilient to the persistent effects of chronic stress
on PFC-dependent behavioral tasks. Additionally, we find that CUS
activates the p25/Cdk5-GR pathway specifically within the PFC in a
delayed, Cav1.2-dependent manner, providing a potential mecha-
nism by which Cav1.2 may regulate stress-susceptibility. Charac-
terizing Cav1.2 as a mediator of chronic stress may help explain the
pleiotropic effects of CACNA1C mutations on neuropsychiatric
disorders.

2. Materials and methods

2.1. Animals

Male cacna1c heterozygous mice (Moosmang et al., 2005) and
wild-type littermates were 8e12 weeks old at the start of the ex-
periments. Full brain Cav1.2 knockout mice were generated by
crossing homozygous cacna1c floxed mice (Moosmang et al., 2005)
with mice expressing Cre recombinase under the control of the
nestin promoter (Jackson Laboratory; B6.Cg-Tg (Nes-cre)1Kln/J).
Animals were group housed, maintained on a 12hr light/dark cycle,
and had food and water available ad libitum. All animal procedures
were conducted in accordance with the rules of Weill Cornell
Medicine Institutional Animal Care and Use Committee following
the National Institutes of Health guide for the care and use of
Laboratory animals. Efforts were put forth to minimize animal
suffering and to reduce the number of animals utilized for
experiments.

2.2. Chronic unpredictable stress protocol

A modified version of chronic unpredictable stress (CUS) pro-
tocol was used (Mineur et al., 2006). Mice were exposed to three
variable stressors daily for 28 days. Stressors included: Strobe light
(2 h), restraint stress (1 h), bedding deprivation (3 h), tilted cage
(3 h), cold stress (30min), social isolation (2 h), footshock (5, 0.7mA
shocks), water stress (1 h), wet bedding (2 h), lights on overnight
(12 h), and wet bedding overnight (12 h). The daily and weekly
order of stressors was randomized in order to ensure that the stress
remained unpredictable. Behavior was tested at two time points in
separate cohorts of mice. The first cohort began testing 24 h
following the last CUS session (early) and the second began testing
5 days following the last CUS session (late). A no-stress control
group was used for all experiments. These control animals were
handled daily for the 28-day period and returned to their home
cages.

2.3. Immunoblotting

2.3.1. Tissue collection
Mice were decapitated 24 h following behavioral testing. Brains

were rapidly dissected and sectioned into 1.0 mm coronal sections
using a metal mouse brain slicer matrix (Zivic instruments) placed
on dry ice to maintain freezing conditions. Bilateral tissue punches
of the prefrontal cortex, dorsal hippocampus, ventral hippocampus
and amygdala were obtained on a glass surface placed on dry ice to
maintain frozen sections. Tissue was placed immediately on dry ice
and stored at �80 �C until processed.

2.3.2. Tissue processing
Tissue was homogenized in 100 ml sucrose buffer (0.3M sucrose/

0.01 mM HEPES) containing protease and phosphatase inhibitors,
as previously published by Knackstedt et al. (2010). Homogenates
were spun at 1000 � g for 10 min at 4 �C. Supernatant (cytoplasmic
and membrane S1 fraction) was saved as the total protein lysate
fraction and the pellet (nuclear P1 fraction) was washed in 50 ml
sucrose buffer and spun at 1000 � g for 10 min at 4 �C. The pellet
was sonicated in 1% SDS buffer, including protease and phosphatase
inhibitors, and was spun at max speed for 15 min at 4� C. The su-
pernatant was saved as the nuclear fraction. Protein concentration
was determined using a BCA protein assay kit (Thermo Fischer
Scientific).



C.C. Bavley et al. / Neurobiology of Stress 7 (2017) 27e37 29
2.3.3. Western blot analysis
20-30mg of protein was run on a 10% SDS gel using electropho-

resis (constant 200 V, 50 min) and proteins were transferred to a
PDVF membrane (constant 0.3 mA, 3 h). Transfer efficiency was
confirmed using Ponceau S staining. Membranes were probed with
primary antibodies against Cav1.2 (1:500, Alomone, ACC-003, RRI-
D:AB_2039771), phospho-glucocorticoid receptor serine 211
(1:500, cell signaling #4161, RRID:AB_2155797), glucocorticoid re-
ceptor (1:1,000, cell signaling #3660, RRID:AB_11179215), p35/p25
(1:500, cell signaling #2680s, RRID:AB_1078214), CaMKII pan (cell
signal, #3362S, RRID:AB_10692639), histone H3 (di Methyl K9)
(Abcam, ab1220, RRID:AB_449854), Gapdh (1:20,000, Abcam,
ab22555, RRID:AB_447153) and a peroxidase-labeled anti-rabbit
secondary antibody (1:5,000, Vector Laboratories), peroxidase-
labeled anti-goat secondary antibody (1:5,000, Vector Labora-
tories) or peroxidase-labeled anti-mouse secondary antibody
(1:5,000, Vector Laboratories). Proteins were quantified using
ImageJ analysis software (NIH), and protein quantities were
normalized to Gapdh as a loading control.

2.4. Behavioral testing

2.4.1. Tail-suspension test
The tail-suspension test was used to measure depressive-like

behavior (Kabir et al., 2017). A 17 cm long piece of adhesive tape
(0.75”wide, Fisherbrand) was placed on the tail of each mouse and
was used to suspend the mouse 30 cm above the ground. A hollow
climbstopper (4 cm length x 1.5 cm diameter, 1.3 g) was placed over
the tail to prevent mice from climbing. Mice were suspended for
6 min. Behavior was recorded using a camera placed in front of the
apparatus and time immobile was measured by the experimenter.
Immobility was defined as any time that there was a lack of body
movement except of swinging caused by the momentum of the last
movement. The apparatus and climbstopper were cleanedwith 70%
ethanol between trials.

2.4.2. Elevated plus maze
The elevated plus maze was used to measure anxiety-like

behavior. The apparatus contained four arms (30.5 cm length),
two of which were enclosed by walls (15.2 cm in height) and two of
which were open. Each mouse was placed in the center of the
apparatus and allowed to freely explore for 5 min. Behavior was
recorded using a camera placed above the apparatus, and time
spent in the open arms was recorded using AnyMaze software
(Stoelting). The apparatus was cleaned with 70% ethanol between
trials.

2.4.3. Spontaneous alternation
The spontaneous alternation task was used to measure working

memory as previously published in Sierksma et al. (2013). The
apparatus contained three enclosed arms (33 cm � 7.6 cm x
38.1 cm) spaced 120� apart. Each mouse was placed into the center
of the apparatus and allowed to freely explore for 5 min. Behavior
was recorded using a camera placed above the apparatus, and the
subject's path was recorded by the experimenter. An alternation
was defined as entry into all three arms without repeating entry
into any of the arms. Percentage of spontaneous alternations was
calculated as total number of alternations divided by the total
number of possible alternations multiplied by 100. The apparatus
was cleaned with 70% ethanol between trials.

2.5. Corticosterone ELISA

Following decapitation, trunk blood was collected in 1.5 mL
microfuge tubes, incubated at room temperature for 60 min, and
spun at 1200 � g for 15 min. Supernatant was collected and stored
at �80� C until analyzed. Serum corticosterone levels were
measured using a corticosterone high sensitivity EIA (Immunodi-
agnostic Systems, AC-15F1). Samples were tested in duplicate and
concentration was determined as described by the manufacturer.

2.6. Statistical analyses

Normality was tested using the Shapiro-Wilk test and equal
variance was confirmed using the F-test of equality of variances.
Data were then analyzed using an unpaired t-test or two-way
ANOVA followed by bonferroni post-hoc analysis. For data that
did not show equal variances, Welch's correction was used, as
specified in the text. Data were considered to be statistically sig-
nificant if p < 0.05. All statistical analyses were completed using
Graphpad Prism v6.0.

3. Results

3.1. Chronic unpredictable stress leads to a delayed increase in
Cav1.2 protein expression within the prefrontal cortex

Western blot analysis was used to quantify protein expression of
Cav1.2 in the prefrontal cortex (PFC) ofWTmice 3 days (early) and 8
days (late) following chronic unpredictable stress (CUS) (Fig. 1A).
We first validated the anti-Cav1.2 antibody (Alomone, ACC-003)
using PFC protein lysate from full brain Cav1.2 knockout (Nestin-
Cre, Cav1.2KO) and Cav1.2 heterozygous (Cav1.2þ/�) mice. Two bands
surrounding the predicted 250 kDa full-length protein were pre-
sent in the wildtype (WT) and absent in NestinCre, Cav1.2KO mice
(Fig. 1B), indicating that these bands are specific Cav1.2 variants.
The doublet appeared fainter in Cav1.2þ/� mice, and when quanti-
fied (both bands combined), revealed significantly lower levels of
Cav1.2 protein in the PFC of Cav1.2þ/� mice compared to WT lit-
termates (Fig. 1B; t(9) ¼ 6.88, p < 0.0001, unpaired t-test).

CUS had no effect on Cav1.2 protein expression in the PFC when
examined 3 days post-stress, but significantly increased Cav1.2
protein expression when tested after 8 days (Fig. 1C; t(7.2) ¼ 3.76,
p ¼ 0.007, unpaired t-test with Welch's correction). This CUS-
induced increase in Cav1.2 was specific to the PFC, as there was
no effect of CUS on Cav1.2 levels in other stress-sensitive regions,
including the dorsal hippocampus (dHPC), ventral hippocampus
(vHPC), and amygdala at the early (Fig. 1D) and late time points
(Fig. 1E).

3.2. Cav1.2 channels mediate the persistent effects of chronic
unpredictable stress on depressive-like behavior, anxiety-like
behavior, and working memory

To test the role of Cav1.2 in chronic stress-induced behavioral
deficits, Cav1.2þ/� and WT littermates were exposed to CUS, fol-
lowed by behavioral testing for depressive-like behavior using the
tail suspension test (TST), anxiety-like behavior using the elevated
plus maze (EPM), and working memory capacity using a non-
reward based spontaneous alternation task beginning either 24 h
(early) or 5 days (late) post-stress. Heterozygous mice were utilized
as homozygous knockout of Cav1.2 is embryonic lethal
(Seisenberger et al., 2000). The non-reward based spontaneous
alternation task was chosen in place of a standard reinforced
alternation task, as it has been used previously as a test of working
memory (Wietrzych et al., 2005; Galeano et al., 2014; Sierksma
et al., 2013), and because chronic unpredictable stress is known to
alter reward (Papp et al., 1992; Haile et al., 2001). The non-reward
based spontaneous alternation task, therefore, eliminates this po-
tential confound when attempting to isolate working memory.



Fig. 1. Western blot analysis of Cav1.2 expression in the prefrontal cortex following chronic unpredictable stress. A) Schematics of the chronic unpredictable stress paradigms,
indicating the early and late time points chosen. B) Left, Validation of the Cav1.2 antibody using a full brain knockout (NestinCre, Cav1.2KO) and Cav1.2þ/� mice indicates that the two
bands surrounding 250 kDa are specific Cav1.2 variants. Right, When quantified, these two bands are significantly reduced in Cav1.2þ/� PFC (****p < 0.0001; WT, n ¼ 5; Cav1.2þ/�,
n ¼ 6). C) Chronic unpredictable stress (CUS) did not affect Cav1.2 protein expression in the PFC when examined at the early (3 days post-stress) time point, but increased Cav1.2
protein expression in the PFC when examined at the late (8 days post-stress) time point (**p < 0.01; control, n ¼ 6; CUS, n ¼ 7). Western blot images contain representative samples
of each group taken from the same blot. D) CUS does not impact Cav1.2 protein levels in the dHPC (control, n ¼ 7; CUS, n ¼ 6), vHPC (control, n ¼ 7; CUS, n ¼ 7), or amygdala (control,
n ¼ 7; CUS, n ¼ 7) when examined at the early time point. E) CUS does not impact Cav1.2 protein levels in the dHPC (control, n ¼ 6; CUS, n ¼ 5), vHPC (control, n ¼ 6; CUS, n ¼ 6) or
amygdala (control, n ¼ 6; CUS, n ¼ 5) when examined at the late time point. Data are represented as mean ± SEM.
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In the TST, CUS significantly increased time spent immobile in
both WT and Cav1.2þ/� mice when tested 1e2 days post-stress
(Fig. 2A; main effect of CUS: F(1,24) ¼ 14.70, p ¼ 0.0008), indi-
cating a depressive-like phenotype that is not dependent upon
Cav1.2 channels at this time point. WT mice continued to show this
depressive-like behavior when tested 5e7 days post-stress, while
Cav1.2þ/� mice did not (Fig. 2A; main effect of CUS: F(1,19) ¼ 5.38,
p ¼ 0.032; main effect of genotype: F(1,19) ¼ 20.49, p ¼ 0.0002),
indicating that Cav1.2 mediates the persistent effects of CUS on
depressive-like behaviors.

Exposure to CUS significantly decreased time spent in the open
arms of the EPM in both WT and Cav1.2þ/� mice when tested 1e2



Fig. 2. Behavior of Cav1.2 heterozygous (Cav1.2þ/�) and wildtype littermates (WT) following exposure to chronic unpredictable stress (CUS). A) Left, CUS increased depressive-like
behavior in the tail suspension test (TST) in both WT and Cav1.2þ/� mice when tested at the early (1e2 days post-stress) time point (*p < 0.05, WT control vs CUS, bonferroni post-
hoc; *p < 0.05, Cav1.2þ/� control vs CUS, bonferroni post-hoc; WT control, n ¼ 6; WT CUS, n ¼ 7; Cav1.2þ/� control, n ¼ 8; Cav1.2þ/� CUS, n ¼ 7). Right, when tested at the late (5e7
days post-stress) time piont, CUS increased depressive-like behavior in WT mice but not in Cav1.2þ/� mice (*p < 0.05, WT control vs CUS, bonferroni post-hoc; p > 0.05, Cav1.2þ/�

control vs CUS, bonferroni post-hoc; WT control, n ¼ 5; WT CUS, n ¼ 8; Cav1.2þ/� control, n ¼ 5; Cav1.2þ/� CUS, n ¼ 5). B) Left, when tested at the early time point, CUS increased
anxiety-like behavior in the elevated plus maze (EPM) in both WT and Cav1.2þ/� mice (*p < 0.05, WT control vs CUS, bonferroni post-hoc; *p < 0.05, Cav1.2þ/� control vs CUS,
bonferroni post-hoc; WT control, n ¼ 7; WT CUS, n ¼ 7; Cav1.2þ/� control, n ¼ 8; Cav1.2þ/� CUS, n ¼ 7). Right, when tested at the late time point, CUS increased anxiety-like behavior
in WT but not in Cav1.2þ/� mice (***p < 0.001, WT control vs CUS, bonferroni post-hoc; p ¼ 0.60, Cav1.2þ/� control vs CUS, bonferroni post-hoc; WT control, n ¼ 12; WT CUS, n ¼ 14;
Cav1.2þ/� control, n ¼ 10; Cav1.2þ/� CUS, n ¼ 13). C) Left, CUS induced working memory deficits in the spontaneous alternation task in WT and Cav1.2þ/� mice when tested at the
early time point (**p < 0.01, WT control vs CUS, bonferroni post-hoc; *p < 0.05, Cav1.2þ/� control vs CUS, bonferroni post-hoc; WT control, n ¼ 7; WT CUS, n ¼ 7; Cav1.2þ/� control,
n ¼ 8; Cav1.2þ/� CUS, n ¼ 7). Right, when tested at the late time point, however, CUS decreased spontaneous alternations in WT but not in Cav1.2þ/� mice (****p < 0.0001 WT control
vs CUS, bonferroni post-hoc; p ¼ 0.22, Cav1.2þ/� control vs CUS, bonferroni post-hoc; WT control, n ¼ 12; WT CUS, n ¼ 14; Cav1.2þ/� control, n ¼ 10; Cav1.2þ/� CUS, n ¼ 13). Data are
represented as mean ± SEM.

C.C. Bavley et al. / Neurobiology of Stress 7 (2017) 27e37 31
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days post-stress (Fig. 2B; main effect of CUS: F(1,25) ¼ 12.98,
p ¼ 0.001), indicating a Cav1.2-independent anxiety-like pheno-
type. However, when tested 5e7 days later, WT mice continued to
demonstrate increased anxiety-like behavior while Cav1.2þ/� mice
did not (Fig. 2B; interaction (genotype x CUS): F(1,45) ¼ 4.74, p ¼ 0.035,
two-way ANOVA). No effect of genotype or CUS was observed on
distance traveled during the EPM test (Supp. Fig. 1A). These results
demonstrate that Cav1.2 is necessary for persistent CUS-induced
anxiety-like behavior.

Additionally, in the spontaneous alternation test, CUS signifi-
cantly decreased the percentage of spontaneous alternations in
both WT and Cav1.2þ/� mice when tested 1e2 days post-stress
(Fig. 2C; main effect of CUS: F(1,25) ¼ 20.62, p ¼ 0.0001), indi-
cating a Cav1.2-independent working memory deficit. When tested
5e7 days later, however, WT but not Cav1.2þ/� mice continued to
show a decrease in percentage of spontaneous alternations (Fig. 2C;
interaction (genotype x CUS): F(1,45) ¼ 20.77, p < 0.0001, two-way
ANOVA). No effect of genotype or CUS was observed on total
number of alternations during the test, indicating no difference in
exploratory behavior (Supp. Fig. 1B). These results demonstrate a
role of Cav1.2 in mediating the persistent effects of chronic stress on
working memory.

3.3. Cav1.2 mediates the delayed production of p25 and
phosphorylation of glucocorticoid receptors in the PFC resulting
from chronic unpredictable stress

Calcium-mediated cleavage of p35 to p25 has been associated
with the effects of chronic stress on behavior (Rei et al., 2015)
(Fig. 3A). To determine a potential role of Cav1.2 in mediating this
process, WT and Cav1.2þ/� mice were exposed to CUS, and western
blot analysis was performed on PFC S1 (cytoplasmic and mem-
brane) and P1 (nuclear) fractions.

CUS had no effect on p35 or p25 protein levels in the S1 fraction
of the PFC in either WT or Cav1.2þ/� mice when examined 3 days
post-stress (Fig. 3C). However, when examined 8 days post-stress,
WT mice exposed to CUS had increased levels of p25 in protein
lysates from the PFC while Cav1.2þ/� mice did not (Fig. 3D; inter-
action (genotype x CUS): F(1,37) ¼ 7.47, p ¼ 0.009, two-way ANOVA).
Neither genotype showed changes in p35 protein levels in the PFC
at this time point, suggesting that Cav1.2 mediates CUS-induced
cleavage of p35 to p25. Downstream of p25, we next examined
the effect of CUS and the role of Cav1.2 channels therein on phos-
phorylation of the glucocorticoid receptor (GR) at the p25-activated
Cdk5 site (S211) (Fig. 3A) in S1 and P1 fractions, as phosphorylation
of GR induces translocation to the nucleus. S1 and P1 fractions were
first validated for purity; CaMKIIa was detected in S1 fractions but
not in P1 fractions (Fig. 3B). Similarly, nuclear protein histone H3
was detected in P1 fractions while absent in the S1 fractions.

Exposure to CUS increased levels of S1 pGR S211 in bothWTand
Cav1.2þ/� mice when examined 3 days post-stress (Fig. 3C; main
effect of CUS: F(1,24) ¼ 18.01, p ¼ 0.0003), while 8 days post-stress,
WT mice continued to show an increase in pGR S211 in the PFC but
Cav1.2þ/� mice did not (Fig. 3D; interaction (genotype x CUS):
F(1,23) ¼ 7.90, p ¼ 0.01, two-way ANOVA). No change in total S1 GR
levels following CUSwas observed inWTor Cav1.2þ/�mice at either
time point.

We next examined levels of GR and pGR S211 in P1 fractions
from the PFC. CUS had no effect on nuclear GR or pGR S211 levels in
either WT or Cav1.2þ/� mice 3 days post-stress (Fig. 3C). When
examined 8 days post-stress, though, WT mice exposed to CUS
showed an increase in protein levels of nuclear GR (Fig. 3D; inter-
action (genotype x CUS): F(1,22) ¼ 4.88, p ¼ 0.04, two-way ANOVA) as
well as nuclear pGR S211 (Fig. 3D; interaction (genotype x CUS):
F(1,21) ¼ 5.41, p ¼ 0.03, two-way ANOVA) that was not observed in
Cav1.2þ/� mice exposed to CUS. Taken together, these findings
indicate that while CUS induces a Cav1.2-independent phosphory-
lation of S1 GR early on after CUS in the PFC, Cav1.2 is necessary for
activation of the p25/Cdk5 pathway at the later time point and may
be responsible for the maintenance of GR phosphorylation and
nuclear translocation of GR.

We additionally looked at activation of the p25/cdk5-GR
pathway in the S1 fraction of other stress-sensitive brain regions
including the dHPC, vHPC and amygdala of WT mice. Three days
post-stress, CUS increased pGR S211 in the dHPC (Supp. Fig. 2A;
t(7) ¼ 4.44, p ¼ 0.003), but had no effect on p25 or GR levels.
Additionally, in the vHPC and amygdala, CUS had no effect on levels
of p25, GR or pGR S211 at this early time point (Supp. Fig. 2A).When
examined 8 days post-stress, CUS had no effect on p25, GR or pGR
S211 in the dHPC, vHPC, or amygdala (Supp. Fig. 2B).

3.4. Cav1.2 is not necessary for stress-induced regulation of
corticosterone

To determine if Cav1.2 might mediate the effects of chronic
stress through regulation of circulating corticosterone (CORT),
Cav1.2þ/� and WT mice were exposed to CUS and serum was
collected. When examined 3 days post-stress, CUS increased serum
CORT in both WT and Cav1.2þ/� mice (Fig. 4A; main effect of CUS:
F(1,24) ¼ 18.37, p ¼ 0.0003, two-way ANOVA). When examined 8
days after CUS, serum CORT had normalized to baseline levels in
both WT and Cav1.2þ/� mice (Fig. 4B).

4. Discussion

Our data presented here demonstrate that chronic stress leads
to a delayed increase in Cav1.2 protein levels within the prefrontal
cortex (PFC), and that this increase is associated with deficits in
behavioral tasks as well as activation of stress-induced downstream
molecular signaling within the PFC. Using heterozygous Cav1.2
mice, we show that Cav1.2 is necessary for the persistent effects of
chronic stress on depressive-like behavior, anxiety-like behavior
and working memory deficits, as well as delayed activation of the
p25/Cdk5-glucocorticoid receptor (GR) pathway within the PFC.
Given the association of CACNA1C with various neuropsychiatric
disorders, as well as the known role of stress in precipitating psy-
chiatric symptoms, these data give new insight into how changes in
CACNA1C may impact risk for mental illness.

We show that exposure to chronic unpredictable stress (CUS)
increases Cav1.2 protein expression within the PFC when examined
8 days post-stress but not 3 days post-stress. This delayed increase
is consistent with a previous report that following acute stress,
Cav1.2 expression shows a delayed increase in the hippocampus
several days post-stress (Yang et al., 2012). This increase in Cav1.2
following CUS was specific to the PFC, as we saw no changes in
expression in other stress-sensitive regions such as the dorsal
hippocampus (dHPC), ventral hippocampus (vHPC) or amygdala.
These data contradict a previous report by Maigaard et al. (2012),
reporting an increase in Cav1.2 mRNA expression in both the HPC
and amygdala following chronic restraint stress in rats. In addition
to potential protocol and species differences, an increase in mRNA
does not always translate to an increase in protein expression. Thus,
Cav1.2 mRNA may be increased by exposure to chronic stress, but
protein expression may not be altered. It is also plausible that
despite the lack of an increase in Cav1.2 protein, Cav1.2 channels are
involved in CUS-induced changes in these brain regions via alter-
ations in Cav1.2 channel dynamics and physiology. Future experi-
ments will address these aspects of Cav1.2 channel function
following stress.

As expected, we found that exposure to CUS increased



Fig. 3. Western blot analysis of the p25/Cdk5-GR pathway in the PFC following exposure to chronic unpredictable stress (CUS) in WT and Cav1.2þ/� mice. A) Working model of
Cav1.2 activation of the p25/Cdk5-GR pathway. B) Representative western blots with S1 (cytoplasmic and membrane) and P1 (nuclear) fractions demonstrating purity of fractions
using the S1 and P1 fraction-specific proteins CaMKIIa and Histone H3, respectively. C) In the PFC, CUS increased expression of phosphorylated glucocorticoid receptors at S211 (pGR
S211) in the S1 fraction in bothWT and Cav1.2þ/� mice (*p < 0.05, WT control vs CUS, bonferroni post-hoc; **p < 0.01, Cav1.2þ/� control vs CUS, bonferroni post-hoc) when examined
at the early (3 days post-stress) time point. At this time point, CUS had no effect on expression of p35, p25, GR in the S1 fraction, pGR S211 in the P1 fraction or GR in the P1 fraction
(WT control, n ¼ 5e7; WT CUS, n ¼ 7; Cav1.2þ/� control, n ¼ 7; Cav1.2þ/� CUS, n ¼ 6e7). D) When examined at the late (8 days post-stress) time point, in the PFC of WT but not
Cav1.2þ/� mice, CUS increased expression of p25 (WT control vs CUS, **p < 0.01, bonferroni post-hoc; Cav1.2þ/� control vs CUS, p > 0.99, bonferroni post-hoc; WT control, n ¼ 11; WT
CUS, n ¼ 10; Cav1.2þ/� control, n ¼ 9; Cav1.2þ/� CUS, n ¼ 11), phosphorylation of glucocorticoid receptors at S211 (pGR S211) in both the S1 fraction (WT control vs CUS, **p < 0.01,
bonferroni post-hoc; Cav1.2þ/� control vs CUS, p ¼ 0.70, bonferroni post-hoc; WT control, n ¼ 6; WT CUS, n ¼ 7; Cav1.2þ/� control, n ¼ 7; Cav1.2þ/� CUS, n ¼ 7) and in the P1 fraction
(**p < 0.01 WT control vs CUS, bonferroni post-hoc; p ¼ 0.96 Cav1.2þ/� control vs CUS, bonferroni post-hoc; WT control, n ¼ 6; WT CUS, n ¼ 8; Cav1.2þ/� control, n ¼ 6; Cav1.2þ/�

CUS, n ¼ 5), as well as P1 levels of GR (*p < 0.05 WT control vs CUS, bonferroni post-hoc; p ¼ 0.85 Cav1.2þ/� control vs CUS, bonferroni post-hoc; WT control, n ¼ 6; WT CUS, n ¼ 8;
Cav1.2þ/� control, n ¼ 6; Cav1.2þ/� CUS, n ¼ 6). CUS had no effect on S1 expression of p35 or GR in either WT or Cav1.2þ/� mice (WT control, n ¼ 6e8; WT CUS, n ¼ 7; Cav1.2þ/�

control, n ¼ 6e7; Cav1.2þ/� CUS, n ¼ 7). Western blot images contain representative samples of each group taken from the same blot. Data are represented as mean ± SEM.
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Fig. 4. Analysis of serum corticosterone concentration following acute and chronic stress. A) Chronic unpredictable stress (CUS) increased serum corticosterone (CORT) levels in
both WT and Cav1.2þ/� mice when examined at the early (3 days post-stress) time point (*p < 0.05, WT control vs CUS, bonferroni post-hoc; **p < 0.01, Cav1.2þ/� control vs CUS,
bonferroni post-hoc; WT control, n ¼ 7; WT CUS, n ¼ 7; Cav1.2þ/� control, n ¼ 8; Cav1.2þ/� CUS, n-6). B) When examined at the late (8 days post-stress) time point, (CUS had no
effect on serum CORT levels in either WT or Cav1.2þ/� mice (WT control, n ¼ 9; WT CUS, n ¼ 14; Cav1.2þ/� control, n ¼ 11; Cav1.2þ/� CUS, n ¼ 13). Data are represented as
mean ± SEM.
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depressive-like behavior in the tail suspension test (TST), increased
anxiety-like behaviors in the elevated plus maze (EPM), and
reduced working memory in the spontaneous alternation task.
These results replicate previous findings regarding the behavioral
effects of similar chronic stress protocols (Mineur et al., 2006;
Liston et al., 2006; Monteiro et al., 2015; Rei et al., 2015). In wild-
type mice, these behavioral alterations persisted 5e7 days post-
stress, consistent with previous reports that chronic stress leads
to long-lasting changes in behavior (Elizalde et al., 2008;
Matuszewich et al., 2007; Gourley and Taylor, 2009). However,
we found that Cav1.2 was necessary for the persistent effects of CUS
on behavior in the TST, EPM, and spontaneous alternation task, as
Cav1.2 heterozygous mice show CUS-induced deficits in these tasks
1e2 days post-stress but not when tested 5e7 days post-stress. To
the best of our knowledge, this is the first demonstration of the role
of Cav1.2 channels in chronic stress-induced behavioral pheno-
types. These findings are consistent, though, with previous studies,
which showed that pharmacological inhibition of LTCCs could
rescue behavioral deficits induced by acute stress (Kumar et al.,
2012).

The TST, EPM, and spontaneous alternation task all recruit the
PFC (Delatour and Gisquet-Verrier, 1996; Jinks and McGregor, 1997;
Laroche et al., 2000; Shah and Treit, 2003; Adhikari et al., 2010;
Divac et al., 2013). Our behavioral data, along with the molecular
data showing an increase in Cav1.2 and its downstream stress-
induced intracellular mediators in the PFC but not in the HPC or
amygdala (discussed below), suggest that Cav1.2 in the PFC con-
tributes to CUS-induced behavioral and molecular changes. It is
important to consider, though, that while the TST, EPM and spon-
taneous alternation tasks recruit the PFC, these behavioral tests rely
on specific sub-regions of the PFC as well as circuitry between
numerous brain regions, including the HPC and amygdala. For
example, optogenetic stimulation of the medial PFC can attenuate
the effects of stress on depressive-like behaviors in the TST, and this
stimulation is correlated with increased synchrony between the
amygdala, ventral tegmental area, and nucleus accumbens (Kumar
et al., 2012). Additionally, projections from the medial PFC to the
dorsal raphe nucleus have been shown to attenuate depressive-like
behavior in the forced swim test (Warden et al., 2012). Further-
more, optogenetic stimulation of the ventromedial PFC projections
to the basomedial amygdala inhibit chronic CORT-induced anxiety-
like behavior (Adhikari et al., 2015). In the spontaneous alternation
task, optogenetic inhibition of the projection from the CA1 region of
the ventromedial HPC to the infralimbic and prelimbic regions of
the PFC was shown to attenuate encoding of spatial working
memory (Spellman et al., 2015). While these findings indicate a
critical role of the PFC in mediating these behavioral tasks, future
studies will need to explore the effects of chronic stress on Cav1.2
expression in PFC sub-regions as well as the subsequent effects on
circuitry. Although Cav1.2 levels are unchanged within the HPC and
amygdala following CUS, these channels, both independently and
through connectionswith the PFC, may still play a role during stress
and could impact behavioral phenotypes. It will be vital in future
studies to address the effect of loss of Cav1.2 on the intrinsic elec-
trophysiological properties of PFC neurons and downstream target
brain regions and the effect of stress therein.

Consistent with previous studies (Adzic et al., 2009; Rei et al.,
2015), we found that exposure to CUS increased production of
p25, phosphorylation of the glucocorticoid receptor (GR) at serine
211, a cyclin-dependent kinase 5 (Cdk5)-phosphorylation site, and
nuclear translocation of GR within the PFC. Adding to this previ-
ously characterized pathway, we demonstrate that Cav1.2 is
necessary for production of p25 and activation of GR signaling
following chronic stress. However, in contrast to these previous
reports, we found that activation of this pathway occurred only 8
days post-stress, not 3 days following chronic stress. Additionally,
we did not find an increase in activation of the p25/cdk5-GR
pathway in the HPC following CUS at either time point, inconsis-
tent with the previous finding by Rei et al. (2015) that examined
changes up to 90 min post-stress. This previous report utilized the
Swiss Webster mouse strain, which is highly sensitive to the effects
of stress. Indeed, these mice only required eight days of footshock
stress to induce behavioral deficits, while chronic stress paradigms
in C57BL/6 mice typically require 21e28 days. It is possible,
therefore, that these mice exhibit molecular changes following
chronic stress that are not observed in the C57BL/6 mouse strain.
We did, however, find an increase in phosphorylation of GR at S211
in both the PFC and HPC at the early time point following chronic
stress. This increase may be due, in part, to increased circulating
corticosterone (discussed below).

Cleavage of p35 to p25 is induced by calpains (Kusakawa et al.,
2000), proteases that are activated by calcium, but no connection
between Cav1.2 and calpains has been previously explored in the
brain. Here we demonstrate that Cav1.2 is necessary for production
of p25 following chronic stress without affecting p35 levels, sug-
gesting a role of Cav1.2 in mediating calpain activity. This hypoth-
esis is supported by the recent finding that the LTCC subunit Cav1.4
increases calpain activity in photoreceptors (Sch€on et al., 2016).
Future studies will address the role of calpains in the Cav1.2-
mediated increase in p25 following chronic stress.
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p25 activates and dysregulates Cdk5 by sequestering it from the
plasmamembrane to the cytoplasm and nucleus and by prolonging
its activation (Patrick et al., 1999). Cdk5, which is crucial for regu-
lating brain development, synaptic plasticity and learning and
memory, has been highly studied in the context of neurodegener-
ative diseases (Su and Tsai, 2011), but has more recently been
implicated in mediating the stress response (Papadopoulou et al.,
2015; Plattner et al., 2015). While we did not directly test Cdk5
activity, an increase in p25 alongwith increased phosphorylation of
GR at the Cdk5 phosphorylation site (S211), suggests an increase in
the activity of this kinase. This suggests that Cav1.2 may be
important for stress-induced activation of Cdk5. As Cdk5 levels are
increased in the postmortem dorsolateral PFC of depressed patients
(Papadopoulou et al., 2015), Cav1.2-activated p25/Cdk5 signaling
may contribute to the neuropathology underlying chronic stress-
induced neuropsychiatric disorders, particularly in patients
harboring CACNA1C risk SNPs.

Previous studies using pharmacology have identified a key role
of LTCCs in mediating GR-induced transcription following cortico-
sterone exposure in cell culture (Basta-Kaim et al., 2002). Our data
indicate that a similar mechanism may exist in vivo. Additionally,
we identify p25 production as a mechanism by which Cav1.2 may
regulate GR phosphorylation and nuclear trafficking. The fact that
we only see activation of this pathway 8 days post-stress, when
Cav1.2 is elevated, and not 3 days post-stress, when no increase in
Cav1.2 is observed, supports the hypothesis that an increase in
Cav1.2 in the PFC following chronic stress mediates the activation of
the p25/Cdk5-GR pathway. Given that GRs mediate stress-induced
transcription of genes that can alter synaptic transmission and
synaptic structure (Polman et al., 2012; Ota et al., 2014;
Papadopoulou et al., 2015), Cav1.2's recruitment of GR-activated
genes may have implications for synaptic architecture and neural
connectivity following exposure to chronic stress. For example, the
p25/cdk5/GR pathway regulates transcription of the histone
deacetylase 2 (Hdac2) gene, which in turn negatively regulates
expression of genes related to synaptic function, neuronal plasticity
and learning and memory, including Gria1, Gria2, Grin2a, Grin2b,
Bdnf, and Syp (Graff et al., 2012; Rei et al., 2015). GR additionally
enhances transcription of the Redd1 gene, which is known to
mediate chronic stress-induced behavioral and synaptic changes
within the PFC (Ota et al., 2014). Future studies will determine
whether Cav1.2-mediated GR phosphorylation and nuclear trans-
location leads to alterations in downstream gene expression, and
will look to identify specific Cav1.2/GR-mediated transcriptional
profiles and their contribution to persistent behavioral, molecular,
and synaptic changes induced by chronic stress.

Chronic exposure to CORT is known to impact behavior in ro-
dents (Kalynchuk et al., 2004; Mishima et al., 2015). Our data
indicate that Cav1.2 does not impact stress-induced CORT release;
both wildtype and Cav1.2 heterozygous mice showed stress-
induced increases in CORT when examined 3 days post-stress,
and this increase in CORT normalized by 8 days post-stress in
both genotypes. While there were no differences in CORT levels
between WT and Cav1.2þ/� mice, suggesting that altered activation
of the HPA axis does not explain the resiliency of Cav1.2þ/� mice to
CUS-induced behavioral and molecular changes, it is highly plau-
sible that activation of the HPA axis and increase in CORT release at
the early time point following CUS induces increase in Cav1.2 and
the downstream p25/Cdk5-GR pathway observed at the time point
examined in this study.

5. Conclusion

Our data characterize Cav1.2 channels as key regulators of sus-
ceptibility to the persistent effects of chronic stress. We find that
exposure to chronic stress increases Cav1.2 protein expression in
the PFC, a brain region which shows deficits in neuropsychiatric
patients, including CACNA1C SNP carriers. Additionally, we show
that Cav1.2 is necessary for the long-lasting effects of chronic stress
on depressive-like behavior, anxiety-like behavior and working
memory deficits symptoms common to the neuropsychiatric dis-
orders for which CACNA1Cmutations confer risk. Lastly, we identify
activation of the p25/Cdk5-GR pathway in the PFC as a downstream
mediator of the delayed activation of Cav1.2 signaling following
chronic stress. These findings shed light on how CACNA1C muta-
tions may impact neuropsychiatric risk and add to our under-
standing of howgenetic predisposition and environment interact to
impact mental health.
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