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Although major depressive disorder (MDD) is highly prevalent, its
pathophysiology is poorly understood. Recent evidence suggests
that glycogen-synthase kinase 3β (GSK3β) plays a key role in mem-
ory formation, yet its role in mood regulation remains controver-
sial. Here, we investigated whether GSK3β activity in the nucleus
accumbens (NAc) is associated with depression-like behaviors and
synaptic plasticity. We performed whole-cell patch-clamp record-
ings of medium spiny neurons (MSNs) in the NAc and determined
the role of GSK3β in spike timing-dependent long-term potentia-
tion (tLTP) in the chronic unpredictable mild stress (CUMS) mouse
model of depression. To assess the specific role of GSK3β in tLTP,
we used in vivo genetic silencing by an adeno-associated viral
vector (AAV2) short hairpin RNA against GSK3β. In addition, we
examined the role of the voltage-gated potassium Kv4.2 subunit, a
molecular determinant of A-type K+ currents, as a potential down-
stream target of GSK3β. We found increased levels of active GSK3β
and augmented tLTP in CUMS mice, a phenotype that was pre-
vented by selective GSK3β knockdown. Furthermore, knockdown
of GSK3β in the NAc ameliorated depressive-like behavior in CUMS
mice. Electrophysiological, immunohistochemical, biochemical, and
pharmacological experiments revealed that inhibition of the Kv4.2
channel through direct phosphorylation at Ser-616 mediated the
GSK3β-dependent tLTP changes in CUMS mice. Our results identify
GSK3β regulation of Kv4.2 channels as a molecular mechanism of
MSN maladaptive plasticity underlying depression-like behaviors
and suggest that the GSK3β–Kv4.2 axis may be an attractive thera-
peutic target for MDD.

GSK3β | Kv4.2 | chronic stress | depression | spike timing-dependent
plasticity

Major depressive disorder (MDD) is a debilitating disease
affecting ∼16% of the world’s population (1). MDD is

characterized by low mood, lack of interest in outside stimuli, loss
of concentration, hopelessness, and increased suicide risk (1, 2).
Although the etiology and pathophysiology of MDD remain un-
clear, strong evidence indicates that brain region-specific changes
in signaling pathways, neuroplasticity, neuroinflammation, and
neurometabolics are primarily involved (3). Specifically, alter-
ations in the nucleus accumbens (NAc) circuitry—part of the re-
ward circuit—are thought to play a key role in MDD (4). However,
to date, the molecular and cellular mechanisms underlying altered
neuronal plasticity of the NAc associated with depression-like be-
haviors remain unclear.
GSK3 is a serine/threonine kinase ubiquitously expressed in

eukaryotes (5). The GSK3β isoform is highly enriched in the brain
(6), contributing to synaptic transmission (7), synaptic plasticity
(8), gene expression (9), neurogenesis (10), and apoptosis (11).
While dysregulation of GSK3β activity has been implicated in
schizophrenia (12), Alzheimer’s disease (13), and addictive be-
haviors (14), stabilizing GSK3β function has become the gold

standard for pharmacological treatment of mood disorders (15),
providing clinical evidence for an intimate link between the kinase
and mood regulation.
GSK3β is constitutively active and subject to inhibitory control

through phosphorylation of Ser-9 by upstream protein kinases,
such as Akt, protein kinase A (PKA), and protein kinase C, a
mechanism that results in disinhibition of the kinase upon de-
phosphorylation of Ser-9 (16). GSK3β has been demonstrated to
be important in regulation of synaptic plasticity. Indeed, unlike
other serine/threonine kinases, GSK3β activity is suppressed dur-
ing long-term potentiation (LTP) and required for long-term de-
pression (LTD) induction (17), suggesting a unique role of this
enzyme in synaptic plasticity.
Building on this evidence, we posited that alterations of synaptic

plasticity induced by GSK3β signaling could be a causative link
and a converging mechanism underlying depression-like behaviors
in animal models.
To test this hypothesis, we studied the role of GSK3β-dependent

modulation of spike timing-dependent plasticity (STDP) in me-
dium spiny neurons (MSNs) of the NAc shell of mice exposed to
chronic unpredictable mild stress (CUMS), a well-established
model of depression (18). Although the most studied forms of
synaptic plasticity in the NAc are classical LTP and LTD, we
focus on STDP, in which the direction and degree of synaptic
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modification are determined by the coherence of pre- and post-
synaptic activities within a neuron (19–21), because this form of
plasticity is particularly relevant in the NAc, where MSNs typi-
cally fire and receive glutamatergic inputs at low frequencies (1
to 10 Hz) (22–24). Furthermore, STDP is generally recognized as
a leading cellular mechanism for behavioral learning and mem-
ory with high computational properties, and growing evidence
indicates that this mechanism may also play an important role in
the pathogenesis of brain disorders including neuropsychiatric
disorders (19).

Results
CUMS Treatment Affects Timing-Dependent LTP in Shell Accumbens
Medium Spiny Neurons. Electrophysiological recordings in acute
slices of the NAc shell were performed with the whole-cell patch-
clamp technique from visually identified MSNs, which repre-
sent >95% of the neurons in this brain region. In addition to
morphological criteria, MSNs were identified based on previ-
ously defined electrophysiological parameters (25, 26). In some
experiments, cells were filled with biocytin and morphologically
reconstructed for further validation (Fig. 1 A and B).
Excitatory postsynaptic potentials (EPSPs) were evoked using

extracellular stimulation at a frequency of 0.2 Hz. We paired
postsynaptic action potentials (APs) and EPSPs evoked with a
20-ms interval at a rate of 1 Hz (90 times; Fig. 1C) to generate
synaptic plasticity. In 52.9% of MSNs tested, EPSP slope after
pairing was significantly increased compared with baseline (Fig.
1 C and D). EPSP slope potentiation lasted the entire recording
session (∼40 min) and was ascribed as timing-dependent long-
term potentiation (tLTP). In the remaining MSNs tested
(47.1%), the same stimulation paradigm evoked a significant
depression (Fig. 1 E and F; timing-dependent long-term de-
pression; tLTD). The observed ability of the same AP–EPSP
pairing protocol to induce tLTP and tLTD in about equal pro-
portions in the NAc MSNs is in accordance with previous studies
(21, 27) and is a marked departure from other brain regions such
as the CA1 hippocampus and prefrontal cortex, where the
pairing order determines plasticity direction (20).
We exposed male mice to 3 wk of the CUMS protocol and

compared tLTP amplitude with those of control mice to determine
whether stress exposure affected the above-reported STDP. A
depressive-like phenotype in CUMS mice was validated by using
the forced swim test (FST) (28), sucrose preference test (SPT)
(29), and elevated plus maze (EPM) (30) (Fig. 2 B–D). In CUMS
mice, tLTP amplitude was significantly greater than in control
mice (Fig. 2 E and F). Furthermore, in CUMS mice, tLTP was
observed much more frequently than tLTD (tLTP/tLTD ratio 1.8;
Fig. 2G). These results indicate that the CUMS protocol caused a
significant tLTP modulation together with a shift of the tLTP/
tLTD ratio favoring tLTP.

Knocking Down GSK3β in MSNs Counteracts CUMS-Induced Changes
in tLTP. GSK3β activation, via decreased inhibitory phosphory-
lation at serine 9, was reported in the brains of mice exhibiting
learned helplessness (31) as well as in the NAc of mice exhibiting
depression-like behaviors following social defeat stress (32).
These findings support the notion that increased levels of active
GSK3β may promote depression-like behavior.
Consistently, we found that in the NAc of CUMS-treated

mice, GSK3β activity was enhanced by decreased Ser-9 phos-
phorylation. Indeed, Western blot analysis of NAc cell lysates
showed decreased levels of pGSK3βSer-9 in CUMS mice with no
significant changes in total GSK3β (Fig. 2 H and I). We also
found an increase of GSK3β phosphorylation (Fig. 2 H and I) at
the tyrosine 216 activating site (33–35). To confirm that CUMS
treatment actually involves an alteration in GSK3β enzymatic
activity in the NAc and to quantify this change, we measured the
GSK3β activity of the homogenates using fluorescent gel shift

electrophoresis (36). As reported in SI Appendix, Fig. S1B, there
was a significant increase in kinase activity compared with that of
control mice.
We then hypothesized that knocking down GSK3β in NAc

MSNs would counteract the increased tLTP in mice exposed to
CUMS. To test our hypothesis, we used in vivo genetic silencing
by injecting an adeno-associated viral vector (AAV2) short
hairpin RNA against mouse GSK3β (AAV-shGSK3β-GFP [green
fluorescent protein]) into the NAc shell of adult mice (37, 38).
AAV-shCTRL-GFP not targeting any known mouse transcripts
was used as control (37). The genetic silencing procedure was
validated in our experimental model by assessing GSK3β mes-
senger RNA (mRNA) levels with a recently developed protocol
that combines whole-cell patch-clamp recordings with high-quality
single-cell reverse-transcription quantitative real-time PCR (39,
40). SI Appendix, Fig. S2 shows that the amount of GSK3β mRNA
was strongly reduced in MSNs where the GSK3β shRNA construct
was expressed compared with the control hairpin.
In accordance with our hypothesis, tLTP slope was significantly

reduced in MSNs of mice transfected with AAV-shGSK3β and
exposed to the CUMS protocol (Fig. 3 B and C). Furthermore, the

Fig. 1. Equivalent AP–EPSP pairing conditions evoke both tLTP and tLTD in
MSNs of the NAc shell. (A) Schematic diagram of a brain section at NAc shell
level with the patch pipette located in the MSN soma and the stimulating
electrode positioned 200 to 300 μm dorsal to the recording electrode. (B)
Z-stack acquisition of a morphological recovered MSN within the shell of the
NAc. (C) The induction protocol for STDP is depicted (Top Left). A single AP,
elicited by current injections into the postsynaptic neuron (Post), was paired
with a following EPSP evoked by extracellular stimulation (Pre). The AP
preceded the onset of the EPSP by Δt = −20 ms. Representative traces of
evoked EPSPs in controls (1), during pairings with an AP (2), and after con-
ditioning (3) are shown (Top, Middle and Right). The EPSP slope for the
entire experiment is shown (Bottom). A horizontal black bar indicates the
pairing period (90 episodes at 1 Hz). (D) Normalized mean ± SEM for 9 ex-
periments in which tLTP was elicited (135.8 ± 6.8% of baseline; from four
mice). (E) tLTD in an MSN using the same induction protocol shown in C. (F)
Normalized mean ± SEM for 9 experiments in which tLTD was elicited (75.4 ±
2.9% of baseline; from four mice). In all experiments, resting membrane
potentials and input resistance did not change by >20%.

8144 | www.pnas.org/cgi/doi/10.1073/pnas.1917423117 Aceto et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
13

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917423117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917423117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1917423117


www.manaraa.com

tLTP/tLTD ratio was close to 1, pointing to equal probability of
evoking tLTP and tLTD (Fig. 3D). These results indicate that
knocking down GSK3β in NAc MSNs counteracts CUMS-induced
changes in STDP.

Pharmacological Agents Affecting GSK3 Activity and GSK3β
Knockdown Regulate tLTP in MSNs. To corroborate the above-
reported results, we tested pharmacological modulation of GSK3β
on AP–EPSP pairing-induced STDP in control mice. First, we
used the highly selective GSK3 inhibitor CT-99021 (1 μM) (41–45)
that was injected into the recorded MSN via a patch pipette.
Under these experimental conditions, tLTP was significantly de-
creased compared with what we observed following intracellular
perfusion with the vehicle (DMSO; 1/1,000 dilution) (SI Appendix,
Fig. S3 A and B).
N-terminal phosphorylation at Ser-9, induced by protein kinase

B type 1 (Akt-1), inhibits GSK3 activity (41, 46). We therefore

speculated that pharmacological inhibition of Akt-1 would lead to
increased tLTP through an increased GSK3β activation. In sup-
port of this hypothesis, we found that when the Akt-1 inhibitor
triciribine (10 μM) was intracellularly perfused into MSNs, tLTP
slope was significantly increased compared with controls (SI Ap-
pendix, Fig. S3 A and B). Accordingly, triciribine administration
reduced inhibitory phosphorylation of GSK3β on Ser-9 (SI Ap-
pendix, Fig. S4). Finally, we hypothesized that knocking down
GSK3β in MSNs would result in decreased tLTP similar to what
we observed after pharmacological GSK3 inhibition. As shown in
SI Appendix, Fig. S3 D and E, pairing stimulation-induced tLTP
was less pronounced in neurons transfected with AAV-shGSK3β
compared with controls. In addition, we found that the tLTP/
tLTD ratio was also influenced by pharmacological agents af-
fecting GSK3 activity and by GSK3β knockdown (SI Appendix,
Fig. S3 C and F). Taken together, these results indicate that active
GSK3β inversely regulates tLTP magnitude in MSNs of the NAc

Fig. 2. Increased tLTP amplitude in MSNs of CUMS mice is associated with enhanced levels of active GSK3β. Male C57/BL6 mice were exposed to chronic
unpredictable mild stress. (A) Experimental timeline. (B–D) CUMS-treated mouse and control mouse behaviors in EPMs, FSTs, and SPTs [control, n = 9; CUMS,
n = 10; EPM open arm: 35.8 ± 8.6 versus 16.6 ± 2.8 s; one-way ANOVA; F(2,19) = 6.3; P < 0.05; followed by Tukey post hoc test; *P < 0.05; EPM closed arm:
212.9 ± 14.1 versus 257.7 ± 6.3 s; one-way ANOVA; F(2,19) = 8.0; P < 0.05; followed by Tukey post hoc test; *P < 0.05; FST: 86.0 ± 9.9 versus 155.3 ± 8.5 s; one-
way ANOVA; F(2,19) = 38.1; P < 0.001; followed by Tukey post hoc test; **P < 0.01; SPT: 68.4 ± 1.6% versus 55.1 ± 3.9%; one-way ANOVA; F(2,19) = 9.6; P < 0.001;
followed by Tukey post hoc test; *P < 0.05]. (E) Time course of EPSP slope, normalized to baseline values, showing that tLTP amplitude is increased in MSNs of
CUMS-treated mice (red circles; n = 11 from five mice) compared with control mice [open circles; n = 10 from five mice; one-way ANOVA; F(2,21) = 35.1;
followed by Tukey post hoc test; P < 0.05]. (F) Bar graph comparing the average EPSP slope under the experimental conditions shown in E. (G) Ratio between
the numbers of MSNs exhibiting tLTP or tLTD in control and CUMS-treated mice; *P < 0.05. (H and I) Representative Western blots of NAc tissue showing
decreased levels of GSK3β phosphorylated at Ser-9 and increased levels of GSK3β phosphorylated at Thy-216 in CUMS-treated mice (n = 6 from six mice;
statistics by Mann–Whitney U test; *P < 0.05). Error bars represent SEM, *P < 0.05, **P < 0.01.
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shell and support our findings of GSK3β-dependent change in
tLTP occurring in CUMS-treated mice.

Knockdown of GSK3β in the NAc Shell Ameliorates Depressive-Like
Behaviors in CUMS Mice. To determine whether altered GSK3β
signaling contributed to CUMS-induced depressive-like behav-
ior, we compared EPM, FST, and SPT values in mice transfected
with either AAV-shGSK3β or AAV-shCTRL-GFP before being
exposed to the CUMS protocol.
As expected, mice transfected with AAV-shCTRL-GFP and

subjected to the CUMS protocol showed depressive-like behavior
(Fig. 4): In the EPM test, they spent significantly less time in the
open arm and longer time in the closed arm than control mice
transfected with AAV-shCTRL-GFP (Fig. 4B). Accordingly, FST
and SPT also revealed a depressive-like phenotype in CUMS mice
transfected with AAV-shCTRL-GFP (Fig. 4 C and D). Interest-
ingly, when mice were transfected with AAV-shGSK3β and ex-
posed to the CUMS protocol, their behavioral phenotype was
similar to that we observed in control mice and significantly dif-
ferent from CUMS mice transfected with AAV-shCTRL-GFP,
characterized by a depressive-like phenotype. It is important to
note that no difference in locomotor activity was found between
mice transfected with AAV-shGSK3β and AAV-shCTRL-GFP
(SI Appendix, Fig. S5), in accordance with a previous study per-
formed in rats (37).
Because modulation of NAc shell circuitry affects depression-

related behaviors (47), our finding that knockdown of GSK3β in
CUMS mice prevents a depressive-like phenotype suggests that
GSK3β signaling dysfunction is a molecular correlate of CUMS-
induced depressive-like behaviors.

An A-Type K+ Current Mediated by Kv4.2 Channels Is Highly Expressed
in MSNs of the NAc Shell.We next sought to identify the molecular
mechanism downstream of GSK3β underlying the STDP mod-
ulation we observed in CUMS-treated mice. In a recent study,
we demonstrated a functional interaction between GSK3β and
voltage-gated potassium Kv4.2 channels, molecular determinants
of A-type K+ currents, as a novel mechanism for synaptic plas-
ticity modulation in layer 2/3 pyramidal neurons of the somato-
sensory cortex (38). As A-type K+ currents are critical for dendritic
and synaptic processing during synaptic plasticity (48), we hy-
pothesized that GSK3β-dependent inhibition of Kv4.2 channels in
mice exposed to CUMS would lead to broadened dendritic back-
propagation, increased Ca2+ influx during the pairing protocol,
and, as a consequence, increased tLTP.
In the mouse brain, Kv1.4, Kv3.3, Kv3.4, and all members of

Kv4 channel subfamilies can generate A-type K+ currents (49).
However, the molecular entity generating A-type transient K+

current in MSNs of the NAc has not been identified yet. There-
fore, we first attempted to relate the biophysical and pharmaco-
logical properties of this current to a channel subtype(s).
Whole-cell voltage-clamp recordings of the outward currents

in response to voltage steps ranging from −110 to +40 mV
revealed an early A-type K+ current which could be isolated by
applying a prepulse protocol (50–52) (Materials and Methods) in
the presence of 20 mM tetraethylammonium (TEA) to suppress
slower K+ currents (Fig. 5 A–C).
The steady-state activation and inactivation relationship (Fig. 5D),

as well as its recovery from inactivation (Fig. 5E), was determined
using the protocols shown in Fig. 5. The peak conductance–voltage
relationship (Gp–V curve) was described by a first-order Boltzmann

Fig. 3. Knockdown of GSK3β in the NAc counteracts CUMS-induced changes in tLTP. (A) Experimental timeline. (B) Time course of EPSP slope showing that
tLTP was significantly reduced in MSNs from CUMS-treated mice transfected with a vector designed to knock down GSK3β (AAV-shGSK3β; blue circles; n = 10
from five mice) compared with tLTP measured in MSNs transfected with control vector [AAV-shCTRL; red circles; n = 11 from six mice; one-way ANOVA;
F(2,21) = 59.1; P < 0.05; followed by Tukey post hoc test; P < 0.05]. (C) Bar graph comparing the average EPSP slope under the experimental conditions shown in
B; **P < 0.01. For comparison, tLTP in CUMS and control mice is also shown (the same data are shown in Fig. 2F). Note that the tLTP slope in MSNs from CUMS-
treated mice transfected with control vector was comparable to that of CUMS mice. ns, not significant. (D) Ratio between the numbers of MSNs exhibiting
tLTP or tLTD in the four experimental conditions. The tLTP/tLTD ratio in mice injected with AAV-shGSK3β and AAV-shCTRL is also shown for comparison (see
also SI Appendix, Fig. S3). Error bars represent SEM, *P < 0.05, **P < 0.01.
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function with an activation midpoint (V1/2) of −4.6 ± 1.8 mV (n =
22). A first-order Boltzmann function with an average half-
inactivation voltage (V1/2i) of −38.5 ± 0.8 mV (n = 14) described
the steady-state inactivation curve.
The values of V1/2 and V1/2i of A-type K+ current we found

suggested that this current is likely not carried by Kv3.3 and
Kv3.4 channels, which activate and inactivate at more depolarizing
potentials (53). Recovery from inactivation was examined by using
a two-pulse protocol (Fig. 5). Peak current amplitudes after each
recovery time were normalized to the maximal amplitude and
plotted as a function of recovery time. These data were fitted by

the sum of two exponentials with a weighted recovery time con-
stant of 27.7 ± 11.0 ms (n = 10). This finding allowed us to ex-
clude that Kv1.4 channels contributed to the A-type K+ current
recorded in MSNs of the NAc shell because the time constant for
recovery from inactivation of these channel subtypes is in the range
of seconds (53, 54). The gating properties of the recorded chan-
nels closely resemble those of the Kv4 family in different brain
areas (53, 55, 56), and biophysical characterization was further
supported by pharmacology. Indeed, the A-type K+ current in NAc
MSNs was very sensitive to local perfusion of 4 mM 4-AP, which is
a nonspecific Kv4 blocker (Fig. 5 F andG; mean reduction of 87%;

Fig. 4. Knockdown of GSK3β in the NAc ameliorates depressive-like behavior in mice exposed to the CUMS protocol. (A) Experimental timeline. (B–D) Be-
havioral analysis by EPMs, FSTs, and SPTs of CUMS and control mice in which NAc was injected with either the AAV-shGSK3β or AAV-shCTRL virus vector. Note
that mice exposed to the CUMS protocol and transfected with AAV-shCTRL showed a depressive-like phenotype compared with control AAV-shCTRL mice
[EPM open arm: 23.4 ± 6.4 versus 41.8 ± 2.9 s; one-way ANOVA; F(2,20) = 5.3; P < 0.05; followed by Tukey post hoc test; *P < 0.05; EPM closed arm: 246.5 ± 8.8
versus 196.3 ± 16.4 s; one-way ANOVA; F(2,20) = 10.9; P < 0.05; followed by Tukey post hoc test; *P < 0.05; n = 12 and 8, respectively; FST: 154.5 ± 17.4 versus
78.1 ± 16.7 s; one-way ANOVA; F(2,20) = 17.4; P < 0.001; followed by Tukey post hoc test; **P < 0.001; n = 8 and 12, respectively; SPT: 52.3 ± 2.0% versus 67.9 ±
1.1%; one-way ANOVA; F(2,20) = 5.9; P < 0.001; followed by Tukey post hoc test; **P < 0.01; n = 8 and 12, respectively]. The behavioral phenotype was
significantly different in mice exposed to the CUMS protocol transfected with AAV-shGSK3β compared with CUMS AAV-shCTRL mice [EPM open arm: 49.8 ±
2.9 versus 23.4 ± 6.4 s; one-way ANOVA; F(2,25) = 9.4; P < 0.05; followed by Tukey post hoc test; *P < 0.05; EPM closed arm: 177.1 ± 9.1 versus 246.5 ± 8.8 s; one-
way ANOVA; F(2,25) = 32.3; P < 0.001; followed by Tukey post hoc test; **P < 0.01; FST: 105.9 ± 17.4 versus 154.5 ± 17.4 s; one-way ANOVA; F(2,25) = 8.7; P <
0.05; followed by Tukey post hoc test; *P < 0.05; SPT: 64.7 ± 2.0% versus 52.3 ± 2.0%; one-way ANOVA; F(2,25) = 48.3; P < 0.001; followed by Tukey post hoc
test; **P < 0.01; n = 13 and 12, respectively]. ns, not significant. Error bars represent SEM, *P < 0.05, **P < 0.01.
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n = 7). Lastly, we tested the specific Kv4 channel blocker AmmTX3
(500 nM) (50, 57) and observed a mean reduction of 64% (Fig. 5 F
and G; n = 8) in the peak current amplitude, suggesting the Kv4
identity of the recorded A-type K+ current.
To corroborate the electrophysiological data, we profiled the

expression of Kv4 channel subunits by using a protocol that com-
bines whole-cell patch-clamp recordings with high-quality single-
cell RNA sequencing. To assess the presence of mRNA transcripts
for Kv4.1, Kv 4.2, Kv 4.3, and the housekeeper gene Hprt single-
cell qRT-PCR was performed on 18 MSNs. Fig. 5H shows a rep-
resentative example of a gel showing bands for one of the three
Kv4 subunits and Hprt. Typically, we observed that the vast ma-
jority of MSNs were positive for the Kv4.2 subtype (17/18, 94.4%),
whereas only two MSNs expressed both Kv4.2 and Kv4.3 tran-
scripts (2/18, 11.1%). We never observed Kv4.1 mRNA expression
in all MSNs analyzed. The prevailing expression of Kv4.2 in MSNs
of the NAc shell indicates that the A-type K+ current is mainly
carried by this channel subtype.

Reduced Kv4.2 Function in Mice Exposed to CUMS. We next per-
formed whole-cell patch-clamp recordings and compared the mag-
nitude of A-type K+ currents in control and CUMS-treated mice.
We speculated that in the NAc MSNs of CUMS-treated mice the

increased levels of active GSK3β would result in a decreased Kv4.2
channel activity through GSK3β-dependent phosphorylation at
Ser-616 of the Kv4.2 subunit. In support of this hypothesis, we
found that in CUMS mice the A-type K+ current density was
lower than that observed in control mice (Fig. 6 A and B). Spe-
cifically, CUMS mice displayed a more depolarized activation
voltage and a slower rate of recovery from inactivation compared
with control mice (SI Appendix, Fig. S7). We also found that the
inactivation curve was not shifted in CUMS mice. To gain insight
into the phosphorylation-dependent regulation of the Kv4.2
channel by GSK3β, we also performedWestern blot analysis of the
total NAc tissue lysate to examine the phosphorylation levels of
Ser-616 in control and CUMS mice. As shown in Fig. 6 C and D,
CUMS treatment led to a significant increase (P < 0.05) in Ser-
616 phosphorylation levels compared with control mice (for vali-
dation of the anti-Kv4.2 antibody, see SI Appendix, Fig. S8). In
addition, in mice exposed to the CUMS protocol and transfected
with AAV-shGSK3β, the A-type K+ current density was similar to
what was observed in MSNs of control mice (Fig. 6 A and B), an
effect that was associated with a shift in the activation voltage to
more hyperpolarized voltages (SI Appendix, Fig. S7 B and C). In
accordance with these results, we also observed that pharmacological

Fig. 5. Isolation and characterization of A-type K+ currents in MSNs of the NAc shell. (A) Whole-cell voltage-clamp recording of the outward currents evoked
by a series of depolarizing steps from −110 to +40 mV following a hyperpolarizing step to −110 mV to enable maximal K+ conductance (holding potential
−70 mV). (A, Inset) Voltage protocols. (B) A prepulse to −10 mV (100 ms) was applied before the voltage steps to inactivate the transient K+ channels. (B, Inset)
Voltage protocols. (C) The transient A-type K+ currents were isolated by digitally subtracting the currents in B from those in A. The recordings of isolated
A-type K+ currents in MSNs were obtained after a 10-min perfusion of ACSF containing 1 μM TTX, 300 μM Cd2+, and 20 mM TEA. (D) Voltage dependence of
A-type K+ current activation and inactivation. The activation (black circles; n = 22 from seven mice) and steady-state inactivation (gray circles; n = 15 from six
mice) curves were fitted using a first-order Boltzmann function. (D, Insets) Protocols used to determine the voltage dependence of A-type K+ current acti-
vation and inactivation. (E) Recovery from inactivation of A-type K+ current. The time course of recovery from inactivation was fitted with the sum of two
exponentials from data obtained in 10 neurons (from four mice) using the double protocol shown (Inset). (F ) Representative traces showing K+ currents
before and after treatment with 4 mM 4-AP (Left), an A-type channel blocker, and 500 nM AmmTX3, a more selective inhibitor of Kv4.2 channels (Right). (G)
Bar graph showing the average current reductions after perfusion of 4-AP and AmmTX3; *P < 0.05. (H) Representative gel showing the products of single-cell
qRT‐PCR transcript expression of Kv4 subunits in addition to the housekeeping gene Hprt from the same MSN. The first lane (L) represents a DNA ladder.
Primers used in this experiment were validated by qRT-PCR performed on cDNA obtained from total mouse cortex tissue extract (SI Appendix, Fig. S6). Error
bars represent SEM, *P < 0.05.
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agents affecting GSK3 activity and GSK3β knockdown resulted in A-
type K+ current modulation (SI Appendix, Fig. S9).
GSK3β–Kv4.2 interaction in MSNs was also studied by per-

forming a set of experiments aimed at determining whether these
two proteins colocalize in the NAc. Confocal microscopy images
showed overlapping immunofluorescence signals of GSK3β and
Kv4.2 channels in the MSN soma (SI Appendix, Fig. S10), sug-
gesting a possible physical interaction, which was further in-
vestigated by immunoprecipitation experiments with total NAc
lysates. By using an anti-GSK3β antibody, this assay revealed that
the Kv4.2 channel coimmunoprecipitated with GSK3β (SI Ap-
pendix, Fig. S10B). These results demonstrate that 1) GSK3β and
Kv4.2 physically interact in the NAc shell, and 2) A-type K+

currents in MSNs of CUMS mice are down-regulated through
GSK3β-dependent phosphorylation at the Ser-616 site. These find-
ings were also corroborated by results of current-clamp experi-
ments aimed at evaluating resting and active membrane properties
of MSNs from CUMS and control mice. As reported in SI Ap-
pendix, Fig. S11, MSNs from CUMS mice show a broadening of
the action-potential width, reduced first-spike latency, and increase
in firing rate, all features that are consistent with a decrease in
A-type K+ currents (58, 59).

CUMS Protocol Occludes the Effect of A-Type K+ Channel Inhibition on
tLTP. Data shown so far indicate that modulation of Kv4.2
channels may underlie GSK3β action on tLTP in CUMS-treated
mice. To corroborate these findings, we performed a new set of
experiments and compared the amplitude of tLTP in slices from
CUMS mice in the presence or absence of the specific Kv4
channel blocker AmmTX3. We hypothesized that if a GSK3β-
dependent increase in tLTP observed in CUMS mice is indeed
due to chronic reduction of Kv4.2 channel activity, the phar-
macological blockade of these channels would have no effect on
tLTP recorded in slices from CUMS mice because of saturation
of the signaling pathway. We first examined the effects of phar-
macological A-type K+ current blockade on tLTP. As shown in
Fig. 7, when 200 nM AmmTX3 was present in the bath, tLTP was
significantly increased. It is noteworthy that at this concentration
AmmTX3 reduced the A-type K+ current amplitudes by about

40% (50, 57), a level that still allows cell firing. Interestingly, the
magnitude of the facilitatory effect of AmmTX3 on tLTP was
similar to that observed in CUMS mice (Fig. 7 A and B). We
then performed occlusion experiments by recording tLTP in brain
slices of CUMS mice perfused with AmmTX3. Importantly, under
these experimental conditions, tLTP magnitude and tLTP/tLTD
ratio were not significantly different from that obtained when
AmmTX3 was applied to brain slices of control mice or when
tLTPs were recorded in CUMS animals (Fig. 7). These findings
are in agreement with our hypothesis that increased tLTP in
CUMS mice may rely on GSK3β-dependent down-regulation of
Kv4.2 channels.
Collectively, our results identify GSK3β regulation of Kv4.2

channels as a molecular mechanism of MSN maladaptive plas-
ticity underlying depression-like behaviors in the CUMS model
of depression.

Discussion
Animal models provide an essential tool to understand the biology
of depression (60). Previous studies have validated the CUMS
paradigm as a reliable and robust model of depression (18, 61).
Although chronic stress causes numerous impairments in mood
cognition and memory and may play a role in the development of
different brain diseases, the CUMS procedures have produced the
most consistent results in terms of neurochemical, neuroendo-
crine, and neuroimmune alterations observed in depression. Fur-
thermore, on a behavioral level, this model has proven to be the
most used model in preclinical research on depression by helping
to confirm the effectiveness of conventional antidepressants (62).
Here, we used the CUMS protocol to investigate neuroadaptive
mechanisms in the NAc underlying depression-like behaviors,
focusing on molecular mechanisms that could account for mal-
adaptive plasticity of MSNs, the primary output of the NAc. We
found a form of altered synaptic plasticity in MSNs developing in
response to the CUMS paradigm, which was prevented by GSK3β
silencing. Specifically, we observed a significant increase in tLTP
amplitude in CUMS animals compared with controls, a phenotype
that we attributed to the GSK3β-dependent decrease of Kv4.2
channel activity through phosphorylation of the Ser-616 residue.

Fig. 6. A-type K+ current is down-regulated in MSNs of CUMS-treated mice, an effect that is counteracted by GSK3β knockdown. (A) Representative traces
showing transient A-type K+ currents recorded at different voltages in MSNs from control (Left), CUMS mice, and CUMS-treated mice and transfected with
AAV-shGSK3β and AAV-shCTRL (Right). (B) Bar graph showing decreased A-type K+ current densities in MSNs from control and CUMS-treated mice [current
recorded at +40 mV; CUMS mice: 23.7 ± 2.9 pA/pF; n = 19 from six mice; control mice: 34.7 ± 3.4 pA/pF; n = 19 from seven mice; one-way ANOVA; F(2,38) = 4.9;
P < 0.05; followed by Tukey post hoc test; *P < 0.05]. The bar graph also shows increased current density in CUMS AAV-shGSK3β mice compared with CUMS
AAV-shCTRL [one-way ANOVA; F(2,35) = 35.7; P < 0.001; followed by Tukey post hoc test; *P < 0.05; n = 17 and 18 from 5 and 6 mice, respectively]. (C)
Representative blots of the total cell lysate from NAc tissue probed with either anti–phospho-Ser-616 (Top) or total Kv4.2 (Middle) antibody in control and
CUMS-treated mice. (D) Densitometry analysis for the blots probed with anti–phospho-Ser-616 and normalized to total Kv4.2 channels is shown (n = 6 from six
mice; statistics by Mann–Whitney U test; *P < 0.05). ns, not significant. Error bars represent SEM, *P < 0.05.
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Much experimental evidence supports our conclusion: 1) tLTP
modulation in CUMS mice is associated with reduced Kv4.2
channel function; 2) pharmacological blockade of the A-type K+

channel mimics and occludes the CUMS-induced augmentation
of tLTP; 3) NAc tissue of mice exposed to the CUMS paradigm
shows decreased Ser-9 phosphorylation, increased Tyr-216 phos-
phorylation of GSK3β, and increased Ser-616 phosphorylation of
the Kv4.2 subunit; 4) modulation of GSK3β (by pharmacological
and shRNA means) reverses tLTP amplitude and Kv4.2-mediated
currents in CUMS mice; and 5) GSK3β coimmunoprecipitates
and colocalizes with the Kv4.2 subunit.
Changes in synaptic and structural plasticity induced by chronic

stress exposure and depression have been well-characterized in the
hippocampus. The chronic unpredictable stress model impairs
LTP in CA1 the and dentate gyrus (DG) (63), while chronic re-
straint stress was found to impair LTP in CA3 (64). Another study
demonstrated that CUMS impaired neurogenesis in the DG and
facilitated LTD in CA1 (65). Consistent with loss of synaptic
plasticity in the hippocampus, CUMS promotes pyramidal den-
drite atrophy in CA1, CA2, and CA3 (66). Similarly, chronic im-
mobilization stress promotes pyramidal dendrite retraction in CA1
and CA3 in anN-methyl-D-aspartate (NMDA) receptor-dependent
manner (67). Similar changes in synaptic plasticity were reported in
the prefrontal cortex following chronic stress (3, 68). However,
other brain regions, such as the NAc and amygdala, which have
received so far less attention, show an opposite regulation of
neuroplasticity, with a gain in excitatory and loss of inhibitory
synaptic tone in depression-like behavioral models (3). Along
the same line, chronic social defeat stress causes an increase in
spine density and miniature EPSP frequency in MSNs (69).
Our findings that CUMS enhances tLTP in MSNs provide

supporting evidence for brain region-specific maladaptive plas-
ticity associated with depression-like behavior. MSNs are typically
classified as dopamine D1 receptor and dopamine D2 receptor
subtypes, belonging to the direct pathway and indirect pathway,

respectively (70). Experimental evidence suggests that func-
tional changes in the two MSN subpopulations mediate differential
responses to stress (for a review, see ref. 4), and the role of each
subtype in CUMS-induced changes of STDP remains to be
elucidated.
In this study, we show that A-type K+ currents in MSNs are

primarily mediated by the Kv4.2 channel subunit, whose activity
is modulated by phosphorylation. Previous studies provided ev-
idence for calcium/calmodulin-dependent kinase II (CaMKII) (71),
PKA (72), and extracellular signal‐regulated kinase (ERK) (73)
-mediated phosphorylation of the Kv4.2 channel, the latter leading
to decreased Kv4.2 current amplitude due to direct phosphoryla-
tion of the Ser-616 residue (74). Notably, Ser-616 lies in a putative
GSK3β consensus motif. Recent evidence indicates that if phos-
phorylated by GSK3β, Ser-616 promotes decreased A-type K+

channel activity in layer 2/3 of the somatosensory cortex (38),
confirming that Ser-616 is a converging site of multiple kinase
signaling mechanisms.
In our current study, we showed that Ser-616 phosphorylation

of Kv4.2 is critical for A-type K+ current modulation in MSNs
and suggested that direct protein–protein interaction between
the Kv4.2 subunit and GSK3β is likely responsible for this effect;
of note, here we provide evidence for a functional role for this
signaling mechanism in the context of depression-like behavior
and maladaptive plasticity.
How does a GSK3β-dependent decrease of Kv4.2 channel

activity lead to augmented tLTP in response to CUMS? It is well-
known that A-type K+ channels contribute to synaptic plasticity
regulation besides affecting action-potential repolarization (48). In
particular, blocking A-type K+ currents with 4-aminopyridine en-
hances the backpropagation of dendritic APs and boosts EPSPs
(75). Moreover, Kv4.2 gene deletion nearly abolishes A-type K+

currents, leading to increased intracellular Ca2+ levels in dendritic
branches and a lower LTP induction threshold (48). Because Ca2+

influx is fundamental for many forms of synaptic plasticity in

Fig. 7. Pharmacological A-type K+ channel inhibition increases tLTP in MSNs, an effect that is counteracted in CUMS mice. (A) Average time course of the
EPSP slope during tLTP experiments in MSNs from control slices treated with 200 nM AmmTX3 (gray circles) and in MSNs recorded in slices obtained from
CUMS animals and perfused with AmmTX3 (blue circles). For comparison, tLTPs recorded in control and CUMS mice are also shown (black and red circles,
respectively; the same recordings are shown in Fig. 2A). Note that when AmmTX3 was present in the bath, tLTP was significantly increased compared with
control experiments [one-way ANOVA; F(2,20) = 23.7; P < 0.05; followed by Tukey post hoc test; *P < 0.05; n = 10 from five mice in both groups]. It is
noteworthy that when AmmTX3 was perfused in slices from mice exposed to CUMS treatment, the magnitude of the tLTP was not significantly different from
that obtained when AmmTX3 was applied alone (one-way ANOVA; followed by Tukey post hoc test; n = 11; P > 0.5) or when tLTPs were recorded in CUMS
animals. (B) Bar graph depicting quantification of tLTP in the experimental conditions reported in A; *P < 0.05. (C) Ratio of MSN numbers evoking tLTP/tLTD in
the experimental condition shown in A and B. ns, not significant. Error bars represent SEM, *P < 0.05.
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dendrites, including STDP in the NAc (21), modulation of A-type
K+ currents mediated by Kv4.2 channels is critical for synaptic
processing during synaptic plasticity.
It is conceivable that Kv4.2 phosphorylation by GSK3β would

trigger the aforementioned cascade of dendritic signaling events
leading to the amplification of tLTP observed in CUMS animals.
Opposite changes in tLTP would be consistent with down-regulation
of GSK3β and subsequent increase of A-type K+ currents. GSK3β
would then serve as a bidirectional switch that ultimately controls
the magnitude of dendritic Ca2+ influx and consequently deter-
mines whether plasticity increases or decreases (20, 21, 76). It is
noteworthy that our findings provide evidence for the involvement
of ion channel-related mechanisms in the neurobiology of de-
pression (29, 77).
Different studies have showed complex phosphorylation-

dependent regulation of Kv4.2 with functional consequences for
transient A-type K+ currents (78). In vitro phosphorylation of
recombinant fragments of Kv4.2 revealed PKA (72), ERK (73),
and CaMKII (71) -mediated phosphorylation of Kv4.2. It is note-
worthy that ERK-mediated phosphorylation leads to decreased
Kv4.2 and that ERK directly phosphorylates Kv4.2 at T602, T607,
and Ser-616 (74). In particular, activation of ERK leads to a
change in the voltage-dependent activation of Kv4.2 channels,
causing a rightward shift in the activation curve and decreased rate
of recovery from inactivation (79). With regard to PKA-mediated
phosphorylation of Kv4.2, it has been shown that S552 is a
prominent regulatory site in inducing activity-dependent internal-
ization of Kv4.2 in neuronal dendrites (80, 81). Indeed, pharma-
cological activation of PKA leads to Kv4.2 internalization from
dendritic spines, a process that is inhibited by the S552A mutation.
PKA-mediated phosphorylation at S552 also enhanced surface
expression of Kv4.2 induced by interaction with cytoplasmic K+

channel-interacting protein auxiliary subunits, an effect that re-
quires phosphorylation at S552 (82). It remains to be addressed
whether the CUMS protocol may affect Kv4.2 also through PKA
and/or ERK.
The role of Kv4.2 channels in the GSK3β effects on tLTP is

supported by strong evidence that the pharmacological blockade
of A-type K+ currents by the selective Kv4 agent AmmTX3 mimics
and occludes the CUMS effects on tLTP. Furthermore, pharma-
cological agents affecting GSK3 activity and GSK3β knockdown by
in vivo genetic silencing lead to A-type K+ current modulation.
An increasing body of research has provided evidence for links

between depression and increased GSK3β signaling. Enhanced
GSK3β expression has been shown to correlate with nNOS ex-
pression in postmortem brains from MDD patients (83). In ad-
dition, decreased levels of inhibitory GSK3β phosphorylation at
Ser-9 have been reported in the ventral prefrontal cortex of
MDD patients, suggesting sustained GSK3β activity as a disease
biomarker (84). Further support for a link between active GSK3β
levels and depression-like behavior comes from animal studies.
For example, the GSK3β+/+ knockin mouse model exhibits in-
creased vulnerability to developing learned helplessness com-
pared with wild-type mice (31), a phenotype that is ameliorated
in heterozygous GSK3β+/− mice (85).
Additionally, Nestler’s group showed that GSK3β overexpression

in the NAc recapitulates a depression-like phenotype (32) whereas
a dominant-negative form of GSK3β overexpression in the NAc
enhances resilience to subsequent stress in the social defeat par-
adigm. Interestingly, in accordance with the general notion of
increased GSK3β signaling in depression, Wilkinson and col-
leagues (32) also showed a significant reduction in phosphoryla-
tion levels at Ser-9 of GSK3β in the NAc of social defeat mice that
is in agreement with our findings in the NAc of CUMS-treated
mice. Our data also demonstrate that GSK3β silencing in NAc
shell MSNs sufficiently and effectively prevents depression-like
behaviors in the CUMS mouse model of depression.

Previous studies using this AAV-shGSK3β in the NAc shell of
rats found a prodepressant-like phenotype in nonstressed rats
(37). However, it has been reported that other antidepressant
manipulations, such as imipramine administration, exert oppo-
site effects in the NAc of control vs. “depressed” rats (47).
In conclusion, we describe here a molecular mechanism un-

derlying vulnerability to depression and related synaptic plasticity
in the NAc. Our results indicate that the GSK3β–Kv4.2 complex
plays a critical role in the MSN maladaptive plasticity occurring in
the CUMS model that can be prevented by in vivo silencing of
GSK3β. GSK3β knockdown also prevented CUMS-induced depressive-
like behavior, thus suggesting that down-regulation of GSK3β ac-
tivity may be a promising strategy to prevent maladaptive plasticity
and behaviors in stress-induced psychiatric disorders. Our findings
have a potential impact on novel, personalized medical thera-
peutic approaches for the treatment of MDD.

Materials and Methods
A detailed description of the applied methods is given in SI Appendix, Ma-
terials and Methods. In the following, we give a brief account of our
procedures.

Animals and Ethical Approval. Male C57BL/6J mice, bred in-house, were
maintained on a 12-h light/dark cycle in a temperature- and humidity-
controlled room with ad libitum access to mouse chow and water. Three
to four-wk-old mice were used at the start of the experiments. All animal
procedures were approved by the Ethics Committee of Università Cattolica
del Sacro Cuore and complied with Italian Ministry of Health guidelines and
with national laws (Legislative Decree 116/1992) and European Union
guidelines on animal research (86/609/EEC).

Chronic Unpredictable Mild Stress. The stress procedurewas modified from the
chronic mild stress procedure described in previous studies (86). The CUMS
paradigm consisted of daily exposure to alternating stressors along with
occasional overnight stressors for 3 consecutive weeks. The stressors con-
sisted of 1) 24 h of food and water deprivation, 2) 24 h in a wet and soiled
cage, 3) 24 h in a horizontally tilted cage at 45°, 4) a 6-min cold swim at
10 °C, 5) overnight illumination, 6) a 2-min tail pinch, 7) 2 h of physical re-
straint, and 8) 18 h in a new cage without bedding. The different stressors
(one for each day) were randomly distributed over 3 wk and the same stress
sequence was not consistently applied to ensure the mice would be unable
to anticipate the next type of stress that would be applied.

Slice Preparation and Electrophysiology. Coronal slices (300 μm) containing
the NAc were prepared as previously described (38). Recordings were per-
formed using the MultiClamp 700B/Digidata 1550A System (Molecular Devices)
digitized at a 10,000-Hz sampling frequency. All of the electrophysiological
recordings were analyzed using Clampfit 10.9 software (Molecular Devices).
Only cells with a stable resting membrane potential negative to −80 mV,
overshooting action potentials (exceeding 75 to 80 mV threshold to peak), and
an input resistance >80 MΩ were included. Furthermore, cells were rejected if
resting membrane potential and input resistance changed more than 20%.

Excitatory postsynaptic potentials were recorded in whole-cell, current-
clamp mode from NAc MSNs. Baseline EPSPs were recorded for 10 min at
0.2-Hz stimulation. To generate synaptic plasticity, we paired a single post-
synaptic action potential elicited by brief somatic current injections (1 nA; 1 to
2 ms) and electrically driven EPSPs. In particular, a post-before-pre pairing
protocol (Δt = −20 ms) was applied 90 times at 1 Hz. Inhibitory inputs were
not blocked using GABAA blockers. The change in EPSP slope was evaluated
35 to 40 min after the end of the pairing period and normalized to the
baseline EPSP slope. The EPSP slope was measured as a linear fit between
time points on the rising phase of the EPSP corresponding to 25 and 75% of
the peak amplitude during control conditions. A more detailed description
of the methodologies used in both current- and voltage-clamp recordings
can be found in SI Appendix.

Behavioral Assays.All of the behavioral tests were performed in a soundproof
room. The behavioral tests were monitored and recorded with a digital
camera interfacedwith a computer runningANY-maze video imaging software
(Stoelting). After CUMS was completed, mice underwent multiple tests in the
following order: elevated plus maze, forced swim test, and sucrose preference
test, with at least a 24-h interval between tests.
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Elevated Plus Maze. Anxiety responses were measured in the EPM test. The
procedure was similar to the method of Lister (87). The apparatus consisted
of two opposing open arms (30 × 5 cm) and two equal-sized closed (30 ×5 ×
15 cm) arms opposite each other, made of Plexiglas and elevated at a height
of 50 cm from the floor. Each mouse was placed in the central square (5 ×
5 cm) facing an open arm and allowed to explore the maze for 5 min of the
test period. The parameters measured were time spent in the open arm,
time spent in the closed arm, and closed- and open-arm entrances. The maze
was cleaned with dilute 70% alcohol before each session to get rid of
residual odor.

Forced Swim Test. The forced swim test was administered as previously de-
scribed (88). Mice were individually placed into a glass cylinder (20-cm di-
ameter, 35-cm height) filled with water (23 ± 2 °C) to a height of 20 cm. Test
sessions lasted 6 min and were video-recorded. The duration of behavioral
immobility, reflecting behavioral despair, was measured manually by using
ANY-maze analysis software (Stoelting). The amount of time spent immobile
in the last 4 min of the test session was analyzed. A mouse was considered to
be immobile when it stopped struggling and passively moved to remain
floating and keep its head above water.

Sucrose Preference Test. Sucrose preference was performed as a measure of
anhedonia. In the home cage, mice were habituated with two identical water
bottles for 24 h. Water in one bottle was then replaced with 1.5% sucrose
solution and mice were housed singly to perform the test. Bottle locations
were randomly assigned and flipped at 12 h to prevent potential preference
in side. The consumption of water and sucrose solution was measured 24 h
later by weighing the bottles. Sucrose preference was calculated as a per-
centage of total intake: (Δweightsucrose)/(Δweightsucrose + Δweightwater) ×
100% (29).

Virus Injection. Adeno-associated viral vector (AAV2), which uses RNA in-
terference to knock down GSK3β (AAV-shGSK3β) and control vectors (AAV-
shCTRL) used in this study, was previously constructed and validated (37).
Viral injections were performed according to previous studies (29). Briefly,
mice (3 to 4 wk of age) were anesthetized with a mix of ketamine (87.5 mg/kg)
and xylazine (12.5 mg/kg). Viruses (0.8 μL) were injected bilaterally into the

NAc shell (+1.8 mm anterior–posterior , ±0.9 mm medial–lateral, and −4.6
dorsal–ventral from bregma) with a 10-mL Hamilton syringe at a speed
of 0.2 μL/min. Experiments on mice injected with AAV2 were performed
1 wk after stereotaxic surgery to allow expression of viruses. In a subset of
experiments, AAV-shGSK3β and AAV-shCTRL vectors were injected into mice
that subsequently underwent CUMS protocols. All of the experiments in-
volving virus injections were not performed at the same time of those car-
ried out in control and CUMS mice.

Western Blot Assay. Tissues were lysed in ice-cold lysis buffer containing 1%
Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 1× protease inhibitor
mixture (Sigma-Aldrich), 1 mM sodium orthovanadate (Sigma-Aldrich), and
1 mM sodium fluoride (Sigma-Aldrich). Lysates were incubated for 10 min on
ice with occasional vortexing and spun down at 22,000 × g, 4 °C. Equal
amounts of protein were diluted in Laemmli buffer, boiled, and resolved by
SDS/PAGE. The primary antibodies (anti-Kv4.2 [OriGene], anti-Kv4.2/KCND2
phospho-Ser-616 [MyBioSource], anti-GSK3β [Cell Signaling], anti-GSK3β
phospho-Ser-9 [Cell Signaling], anti-GFP [Thermo Fisher], and anti-tubulin
[Sigma]) were incubated overnight and revealed with HRP-conjugated sec-
ondary antibodies (Cell Signaling). Expression was evaluated and documented
by using Uvitec Cambridge Alliance.

Statistical Analysis. Data are expressed as means ± SEM. Statistical signifi-
cance was assessed with either Student’s t test or one-factor ANOVA for
multiple-group comparisons (with Tukey post hoc test). Statistical analysis
was performed with SYSTAT 10.2 software (Systat Software) and OriginPro
8.5 software (OriginLab). Each series of data was analyzed with the ROUT
method (Q = 1%) for detecting outliers that were not included in statistical
analyses and graphs. The level of significance was set at 0.05.

Data Availability. The datasets generated and/or analyzed during the current
study are available from the corresponding author on reasonable request.
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