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ABSTRACT
BACKGROUND: Parvalbumin (PV)-expressing interneurons are important for cognitive and emotional behaviors.
These neurons express high levels of p11, a protein associated with depression and action of antidepressants.
METHODS: We characterized the behavioral response to subthreshold stress in mice with conditional deletion of p11
in PV cells. Using chemogenetics, viral-mediated gene delivery, and a speciﬁc ion channel agonist, we studied the
role of dentate gyrus PV cells in regulating anxiety-like behavior and resilience to stress. We used
electrophysiology, imaging, and biochemical studies in mice and cells to elucidate the function and mechanism of
p11 in dentate gyrus PV cells.
RESULTS: p11 regulates the subcellular localization and cellular level of the potassium channel Kv3.1 in cells.
Deletion of p11 from PV cells resulted in reduced hippocampal level of Kv3.1, attenuated capacity of high-frequency
ﬁring in dentate gyrus PV cells, and altered short-term plasticity at synapses on granule cells, as well as anxiety-like
behavior and a pattern separation deﬁcit. Chemogenetic inhibition or deletion of p11 in these cells induced
vulnerability to depressive behavior, whereas upregulation of Kv3.1 in dentate gyrus PV cells or acute activation of
Kv3.1 using a speciﬁc agonist induced resilience to depression.
CONCLUSIONS: The activity of dentate gyrus PV cells plays a major role in the behavioral response to novelty and
stress. Activation of the Kv3.1 channel in dentate gyrus PV cells may represent a target for the development of celltype speciﬁc, fast-acting antidepressants.
Keywords: Basket cells, Dentate gyrus, Kv3.1, Major depressive disorder, Parvalbumin, p11
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Along with impairments in glutamatergic signaling, recent
imaging and biochemical studies suggest a reciprocal
dysfunction of inhibitory signaling systems in the pathophysiology of stress-related neuropsychiatric disorders.
These include reduced levels of GABA (gamma-aminobutyric acid) in the blood, cerebrospinal ﬂuid, and cortex
of depressed patients (1,2), as well as reduced levels of
inhibitory neuronal markers including parvalbumin (PV),
SNAP-25, and GABA receptor levels in the hippocampus
postmortem from subjects with major depressive disorder
and subjects with bipolar disorder (3,4). Preclinical studies
support a link between stress and the dysfunction of the
GABAergic signaling in the hippocampus. Early-life
stress in rats led to an increase and a decrease in hippocampal glutamate and GABA release, respectively (5),
whereas a2 GABAA receptors in distinct hippocampal microcircuits are required for the anxiety-reducing actions of
anxiolytics (6).
Among the inhibitory neuronal populations, the fast-spiking
PV-expressing cells play a central role in hippocampal function

(7). These cells accommodate their ﬁring frequency according
to the excitatory input to modulate hippocampal granule and
pyramidal cell output via both feedforward and feedback
inhibitory modalities (8). Importantly, dysfunction of these cells
is associated with neurological and psychiatric disorders,
including schizophrenia (9,10).
We recently identiﬁed an antidepressant role for p11, a
member of the s100a calcium sensors (11). p11 in hippocampal cells is essential in mediating the response to antidepressants (12). In this brain region, p11 is highly enriched
in PV and cholecystokinin GABAergic interneurons (13). In
cholecystokinin cells, p11 regulates the surface levels of the
5-HT1B serotonergic receptor to initiate the response to
antidepressants, an effect mediated by disinhibition of PV
cells (14). Still, the mechanism by which p11 directly regulates PV cells remains unknown. The objectives of this study
were to characterize the impact of p11 in PV neurons on
cognitive and emotional behaviors and to identify a mechanism by which p11 regulates the function of PV cells of the
dentate gyrus (DG).
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METHODS AND MATERIALS
Cell Culture
For transient transfection studies, 80% conﬂuent N2A cells
(1 3 105 cells/well) were transfected with 3 mg of either mouse
Kv3.1b or human inﬂuenza hemagglutinin-tagged Kv3.1a
plasmid, and 3 mg of a plasmid expressing rat p11.

Animals
All procedures were approved by the Animal Care and Use
Committee of the Rockefeller University. Mice were maintained
on the C57BL/6N genetic background and were housed in a
12-hour light/dark interval with food and water ad libitum. p11
conditional knockout (cKO) mice were generated by crossing
p11 ﬂoxed (14–17) with Pvalbtm1(cre)Arbr/J mice. Male mice were
used for behavioral tests, whereas male and female mice were
interchangeably used in all other assays.
Synthesis of RE1, generation of cell line stably transfected
with green ﬂuorescent protein (GFP)-tagged Kv3.1b,
biochemical and imaging studies in cell culture, generation
and delivery of viral-mediated genes, chemogenetic activation, electrophysiology and optogenetic activation of DG PV
cells, behavioral studies, molecular studies, and translating
ribosome afﬁnity puriﬁcation are fully detailed in the
Supplement.

RESULTS
Deletion of p11 From PV Neurons Induces
Susceptibility to Depression and Reduces Their
Firing Frequency
To examine if p11 in PV-expressing neurons plays a role in
regulating emotional behaviors, mice with conditional deletion
of p11 from PV cells (p11 cKO) were tested. In the open ﬁeld
(OF) test, p11 cKO spent 20% 6 1.7% and 16% 6 1.6% less
time in the center of the arena relative to wild-type (WT) or PVCre mice, respectively, an indication of anxiety-like behavior
(Figure 1A). In the elevated plus maze, another test for anxietylike behavior, cKO mice spent 83% 6 6.3% less time exploring
the open arm relative to WT mice (Figure S2). To test the
possibility that p11 in PV cells mediates the adaptation in
emotional behavior in response to novel stress, mice were
subjected to subthreshold social defeat stress (Figure 1B). In
the subsequent social interaction test, all p11 cKO mice
manifested social avoidance (Figure 1C). This resulted in a
67% 6 9.0% reduction in the time spent interacting with an
unfamiliar aggressor mouse, relative to that by WT mice
(Figure 1D). Interestingly, p11 cKO mice did not manifest basal
anhedonic or helplessness-like behaviors, as detected by the
sucrose preference, the novelty suppressed feeding, the
forced swim, and the tail suspension tests (Figure S2). However, the behavioral response to chronic antidepressant
treatment was impaired in p11 cKO mice (Figure S2). Notably,
recognition of novel objects was attenuated in cKO mice
(Figure S2). To study whether p11 in PV cells might play a role
in a cognitive behavior associated with the function of the DG,
spatial pattern separation was tested. Small changes in object
displacement resulted in increased exploration of the object
located in unfamiliar positions in WT mice (Figure S2). In
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contrast, p11 cKO mice showed reduced exploration of the
object in the unfamiliar position, an indication of a pattern
separation deﬁcit and impairments in the function of the DG.
To test if an alteration in the activity of PV cells of the DG
might affect emotional behavior, we utilized a chemogenetic
approach and transfected Gi- or Gs-DREADD into DG PV cells
(Figure S3). In the OF test, a single injection of clozapine Noxide in Gs-DREADD-injected mice increased the time in the
center of the arena by 22% 6 2.9% relative to that in mCherry
controls (Figure 1E). In the subthreshold social defeat stress,
acute clozapine N-oxide treatment induced social avoidance in
75% of the Gi-DREADD-treated mice, along with a 59% 6
6.5% reduction in the time they interacted with an unfamiliar
aggressor mouse, relative to that by mCherry-transfected mice
(Figure 1F, G). Taken together, these results suggest that p11
mediates resilience to depression by enabling the increase in
the activity of DG PV cells in response to novel psychological
stressors.
To investigate the impact of p11 deletion on the physiology of
DG PV neurons, we used patch clamp recordings in acute slices
from the DG of WT and p11 cKO mice. The ﬁring frequency of
PV neurons from p11 cKO in response to injected current steps
(100 pA) was lower than that in WT neurons (Figure 2A, B), with
no changes observed between genotypes in either membrane
potential value or action potential properties (Figure S4). Kv3.1, a
potassium channel highly speciﬁc and abundant in PV neurons,
has been shown to modulate the ﬁring frequency of these cells
(18). The Kv-speciﬁc current was markedly reduced in p11 cKO
mice in comparison with WT mice (Figure 2C, D). In contrast, the
amplitude of the HCN (hyperpolarization-activated cyclic
nucleotide–gated) channel, another channel associated with the
modulation of cell activity by p11, was not different in cKO
versus WT (Figure S5). Interestingly, although the density of the
Kv current at 50 mV was reduced by 43% 6 5.4 % in p11 cKO
mice (Figure 2E), the conductance of the channel was not
different between genotypes (Figure 2F), suggesting that p11
regulates the membrane expression of these channels without
interfering with their functional properties.

Deletion of p11 Reduces Kv3.1 Levels and
Abolishes the Capacity of PV Neurons to Adapt to
High-Frequency Firing
We next measured the protein level of Kv3.1 in hippocampal
lysates from p11 WT and cKO mice. Western blot analysis
conﬁrmed a 41% 6 5.9% reduction in Kv3.1 protein level in
p11 cKO mice, supporting the idea that p11 in PV cells
modulates Kv3.1 function by regulating the expression level
of the channel (Figure 3A, B). Moreover, inspection of PV
cells throughout the hippocampus identiﬁed a difference in
the distribution of Kv labeling in cells from cKO mice
(Figure S6). In contrast to its reduction in the hippocampus,
the protein level of the channel was not altered in other
limbic areas including the nucleus accumbens, prefrontal
cortex, or amygdala, suggesting that the regulation of Kv3.1
in PV cells by p11 is speciﬁc to the hippocampus
(Figure S6).
To study whether p11 in hippocampal PV cells regulates
Kv3.1 synthesis, we measured the translated messenger RNA
levels of the Kv3.1 a and b isoforms in hippocampal PV cells
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the Kcnc1a transcript) is 3.3-fold more abundant than Kv3.1a
(the product of Kcnc1b, Figure 3C). Importantly, while the
translated messenger RNA level of s100a10 (p11) was downregulated in PV cells of cKO mice, no difference was detected
in the ribosome-bound levels of either Kv3.1 transcript in
hippocampal PV cells between WT and cKO mice, supporting
the idea that p11 regulates the channel by inhibiting the
degradation of the protein (Figure 3C).
The most important physiological property of PV neurons
is their ability to respond with high-frequency ﬁring to inputs,
and this function is dependent on Kv3 channels in these
neurons (18). We next measured the capacity of PV cells in
WT and cKO mice to respond with action potentials induced
by stimuli at increased frequencies (1 nA; 1 ms; 10–200 Hz).
We noticed that PV neurons from cKO mice have a decrease
in success rate above 100-Hz stimulations when compared
with PV neurons from WT mice (Figure 3D, E). The decreased
success rate can be explained by a 32% 6 11.1% increase
in the width of the action potentials in a train in PV cKO
(Figure 3F), which reﬂects the reduced function of Kv3.1 in
these neurons (18,19).

Figure 1. Deletion of p11 from PV neurons results in increased susceptibility to depression. (A) Thigmotaxis behavior in the OF in WT (black dots,
n = 13 mice), p11 cKO (red dots, n = 13), and PV-Cre (purple dots, n = 7).
One-way ANOVA. F2,30 = 13.76, p , .0001. **p = .005, ***p , .001 by post
hoc Bonferroni. (B) SSDS included 3 defeat sessions. The SI was conducted
the next day. (C) Ratio between the times spent in the IZ in the presence and
absence of an unfamiliar aggressor in WT (n = 6) and p11 cKO mice (n = 6).
**p = .007 by unpaired t test. Dashed line represents social avoidance
threshold. (D) Time spent in the IZ in the presence of an unfamiliar
aggressor. **p = .001 by unpaired t test. (E) OF thigmotaxis 3 weeks after
DIO-DREADD virus injection to the DG in mCherry (n = 8), Gi-DREADD (n =
9), and Gs-DREADD (n = 9) mice. One-way ANOVA. F2,23 = 15.07, p , .0001.
***p , .0001 by post hoc Bonferroni. (F) Ratios of time spent in the IZ in
mCherry (n = 8), Gi-DREADD (n = 8), and Gs-DREADD (n = 7) treated mice.
One-way ANOVA. F2,20 = 6.43, p = .007. **p = .004 by post hoc Bonferroni.
(G) Time spent in the IZ. One-way ANOVA. F2,20 = 9.21, p = .002. *p = .028
by post hoc Bonferroni. ANOVA, analysis of variance; cKO, conditional
knockout; DG, dentate gyrus; IZ, interaction zone; OF, open ﬁeld test; PV,
parvalbumin; SI, social interaction test; SSDS, subthreshold social defeat
stress; WT, wild-type.

from WT and cKO mice, using translating ribosome afﬁnity
puriﬁcation. Semiquantitative real-time polymerase chain reaction analysis conﬁrmed that Kv3.1b (the protein product of

Anxiety-like behavior and vulnerability to stress are likely to
reﬂect an impairment in the network of neurons rather than
cellular impairment of a single neuronal type. We measured
the inhibitory and excitatory synaptic input on PV neurons
from WT and cKO mice but we did not notice any difference
between genotypes (Figure S7). Several studies have shown
that Kv channels are highly expressed in the axon terminal of
PV neurons where they inhibit neurotransmitter release and
the GABAergic output to the principal cells (20–22). Therefore, we infected PV neurons in the DG with the excitatory
opsin ChETA, and recorded their monosynaptic output on
granule cells (GCs) using optical stimulation and whole-cell
patch clamp (Figure S8). The amplitude of the postsynaptic
GABAergic response in GC evoked by light stimulation of PV
neurons increased by 119% 6 35.3% in the p11 cKO mice
compared to WT mice (Figure 4A, B). Bath addition of tetraethylammonium chloride (TEA) (1 mM), which blocks Kv
channels, led to a 67% 6 18.8% increase in the amplitude
of the evoked postsynaptic current in PV-GC synapses from
WT mice, but not in synapses from p11 cKO (Figure 4C, D),
suggesting that presynaptic Kv channels are not functional in
p11 cKO mice. Paired-pulse experiments showed a reduction
in the ratio between the second and the ﬁrst response in p11
cKO mice at short time intervals (Figure 4E, F). The block of Kv
channels with 1 mM TEA decreased the paired-pulse ratio of
WT mice to p11 cKO levels but had no effect on the pairedpulse ratio in the p11 cKO mice (Figure 4G). Furthermore, a
train of stimuli at 40 Hz that depletes the ready-releasable pool
at the PV-GC synapses showed a drastic effect in p11 cKO
mice, with more than 80% of the GABA vesicles being
released after the ﬁrst stimulation with respect to the w 50%
level noticed in WT synapses (Figure 4H, I). The block of Kv
channels with 1 mM TEA did not have any effect on the
depletion kinetics of p11 cKO mice, but it brought the WT
depletion kinetics to p11 cKO levels (Figure 4I). Together, these
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Figure 2. Deletion of p11 from PV neurons results in decreased AP frequency and reduced Kv current amplitude. (A) Representative traces of the
ﬁring response to a 200-pA step injection of current in PV neurons from WT
and cKO mice. (B) The ﬁring frequency of PV neurons from WT (n = 16
neurons/10 mice, written as 16/10) and cKO (17/11) mice in response to
100-pA current steps injections. Two-way ANOVA. Genotype F4,134 = 73.43,
p , .0001. *p , .05, **p , .01, ***p , .001 by post hoc uncorrected Fisher’s
LSD test. (C) Representative traces of Kv potassium currents evoked with
10 mV potential steps from 270 to 150 mV in WT and cKO mice. (D) I–V
curves showing the Kv amplitude in PV neurons from WT (16/8) and cKO
(15/8) mice in response to increasing 10-mV potential steps. Two-way
ANOVA. Genotype F12,377 = 183.7, p , .0001. *p , .05, **p , .01, ***p ,
.001 by post hoc uncorrected Fisher’s LSD test. (E) Histograms showing the
maximal density of Kv currents at 150 mV. **p = .0011 by unpaired t test. (F)
The relative conductance of Kv channels in PV neurons from WT (n = 13/7)
and cKO (n = 12/7) mice in response to increasing 10-mV potential steps.
Two-way ANOVA. Genotype F1,299 = 1.090, p = .2972, post hoc uncorrected
Fisher’s LSD test. ANOVA, analysis of variance; AP, action potential; cKO,
conditional knockout; LSD, least signiﬁcant differences; PV, parvalbumin;
WT, wild-type.

data strongly suggest that presynaptic Kv channels are not
functional in p11 cKO mice, and as a result, inhibition kinetics
of GC by PV neurons are heavily altered.

p11 Regulates the Protein Level and Intracellular
Localization of Kv3.1
Our studies indicate that p11 regulates the function of Kv3.1 in
PV cells by regulating the cellular level of the protein. To study
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the detailed mechanisms by which p11 regulates Kv3.1, we
measured changes in its level in N2A cells following transient
cotransfection with either Kv3.1a or -b. Cotransfection with
p11 increased the level of Kv3.1b and a proteins by 47% 6
13.0% and 431 6 91.7% respectively (Figure 5A–C), supporting the idea that p11 enhances the stability of the channel.
Next, we stably transfected N2A cells with GFP-tagged Kv3.1b
and conﬁrmed the molecular size of the tagged channel
(Figure 5D). Downregulation of p11 resulted in 31% 6 9.6%
reduction in the protein level of Kv3.1b-GFP (Figure 5E, F).
Since p11 has been implicated in regulating the cell surface
levels of several ion channels, it seemed likely that the regulation of Kv3.1 protein level by p11 is mediated via intracellular
shuttling. To visualize the changes in the intracellular localization of Kv3.1b by p11, we next applied immunocytochemistry and visualized the colocalization of GFP with established
markers of the Golgi, endoplasmic reticulum, and plasma
membrane in ﬁxed cells (Figure 5G, Figure S9). Importantly,
downregulation of p11 resulted in reduced localization of
Kv3.1b to the Golgi apparatus by 11% 6 1.6%, while
increasing its localization to the cell membrane by 47% 6
4.1% (Figure 5H), supporting a role for endocytic shuttling by
p11 in the regulation of Kv3.1.

To test if a direct upregulation of Kv3.1 in DG PV cells might
induce anxiolytic response to novelty, we next generated an
adeno-associated virus (AAV) bearing a Cre recombinasedependent Kv3.1b and injected it to the DG of PV-Cre mice
(Figure 6A). In the OF, mice overexpression (O/E) of Kv3.1b in
DG PV cells spent 24% 6 3.4% more time in the center of the
arena, relative to PV-Cre mice that were injected with the GFP
control virus (Figure 6B). Interestingly, O/E of Kv3.1b in p11
cKO mice did not improve thigmotaxis (Figure 6B). This was in
line with the fact that the O/E increased the protein level of
Kv3.1 in the hippocampus of PV-Cre mice but not in that of
p11 cKO (Figure S10), further supporting the idea that the
stability of the Kv3.1 protein is regulated by p11 in DG PV
neurons. We next subjected Kv3.1b O/E mice to 10 days of
chronic social defeat stress. None of the Kv3.1b-O/E mice
manifested social avoidance in the social interaction test
(Figure 6C), and Kv3.1b-O/E mice spent 61% 6 21.5% more
time interacting with an unfamiliar mouse, relative to that spent
by the GFP-O/E mice (Figure 6D).
We then tested the anxiolytic and the antidepressant effects
by RE1, an activator of the Kv3.1 channel (23). Patch clamp recordings in acute slices showed that concentrations of 0.5 or 1
mM of RE1 increased the activity of Kv3.1 channels (Figure S11).
In the OF test, 3 days of treatment with 0.5 or 1 mM of RE1
resulted in 9% 6 1.5% and 10% 6 3.9% increase in the
respective times spent in the center of the arena, relative to the
vehicle-treated mice (Figure 6E). Notably, similar treatment with
0.5 mM RE1 did not improve thigmotaxis in p11 cKO (Figure S12).
In the social interaction test, 3 days of 0.5 mM RE1 treatment
resulted in a 450% 6 202.9% reduction in social avoidance in
stress-sensitive mice, relative to that by the vehicle-treated mice
(Figure 6F, G), along with 867% 6 431.3% increase in the time
they spent interacting with an unfamiliar mouse (Figure 6H),
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supporting the idea that activation of Kv3.1 in DG PV cells may
improve resilience to stress.

DISCUSSION
p11 Regulates Diverse Ion Channels in Different
Cell Types
In PV neurons, Kv3.1 is localized to both dendritic spines and
axonal terminals, where it respectively mediates cell ﬁring and
neurotransmission (18). Notably, both of these functions were
impaired in p11 cKO mice. Deletion of p11 resulted in reduced
Kv3.1 protein levels in hippocampal lysates, and a similar effect was found in transfected cells following downregulation of
p11, supporting the idea that the cellular level of the Kv3.1
channel is the target of p11. Previous studies identiﬁed a role
for p11 in regulating the function of a variety of ion channels
(24,25). Very recently we reported that p11 regulates the
function of the HCN2 ion channels in cholinergic neurons from
the nucleus accumbens (26). The effect by p11 on HCN2

function was mediated via transcriptional regulation of its gene
expression. In line with this, it was previously suggested that
the behavioral response to antidepressant treatment is
dependent on p11 via the regulation of transcription in hippocampal cells, an effect that was attributed to the interaction
between the protein complex p11/annexin A2 and the chromatin remodeling factor SMARCA3 (27). Here we conﬁrmed
that p11 regulates the Kv3.1 protein level and that this effect is
not transcriptionally mediated. Furthermore, the expression
level of the HCN2 channel was not altered in hippocampal PV
cells in the absence of p11, as suggested by the unaltered
function of the channel in the cKO mice. Together, these
studies strongly support the idea that diverse mechanisms by
which p11 regulates ion channel function and suggest that the
downstream channel targets of p11 are cell-type speciﬁc.
The downregulation of p11 in cultured cells increased the
localization of Kv3.1 to the cell membrane but reduced it from
the Golgi, supporting the idea that p11 regulates the shuttling
of the channel from the cell membrane. Furthermore, the
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accumulation of the channel in the plasma membrane
following transfection suggests that its removal from the
membrane was impaired in these cells. We previously showed
that deletion of p11 resulted in downregulation of its binding
partner, annexin A2 (27). Since annexin A2 is involved in
endocytic shuttling to the early endosome (28), the deletion of
p11 could indirectly lead to impairment in Kv shuttling and
increased degradation. This is in line with the fact that viralmediated delivery of Kv to DG PV cells failed to increase the
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level of the channel in p11 cKO mice. Furthermore, p11 is
essential for the trafﬁcking of diverse ion channels, including
ASIC1a and NaV1.8, among others (24,29). It was suggested
that association of p11 with ion channels masks their endoplasmic reticulum retention signal (25). Together, our data
support the idea that impaired protein shuttling leads to
reduced stability of the Kv3.1 ion channel in vivo and that this
role of p11 could involve endocytosis. Future studies should
determine the exact mechanism by which p11 regulates the
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cellular localization of Kv3.1 and whether this effect is
dependent on interaction with annexin A2 or another binding
partner of p11.

Multiple Roles for DG PV Cells in Mood-Related
Behaviors
p11 in PV cells was essential for mediating resilience and
anxiolytic behavior in response to stress and novelty. The
behavioral deﬁcits in p11 cKO were mimicked by chemogenetic inhibition of DG PV cells, suggesting that p11 activates
PV neurons to mediate emotional modalities of DG functions.
Chemogenetic inhibition of DG PV cells mimicked the impairments in anxiolytic response in p11 cKO mice but did not
induce a depressive-like behavior. In line with our results, Zou
et al. reported that chemogenetic activation of DG PV using
Gq-DREADD induced anxiolytic response but did not induce
changes in the tail suspension test (30). Moreover, the deletion
of p11 from PV cells did not induce anhedonia or helplessness
behaviors. This is in line with previous reports showing that
deﬁcits in reward and motivation-related behaviors are found in
mice with constitutive deletion of p11 or in those with conditional deletion in the cholinergic neurons of the nucleus
accumbens (16). The idea that differences in mood-related
behaviors are regulated by p11 in different cell types and
brain regions is supported by the fact that the behavioral
response to selective serotonin reuptake inhibitors (SSRIs) is
impaired in mice with deletion of p11 from hippocampal cells
and cortical cells, but not cholinergic accumbal cells
(12,16,31). Taken together, the current study identiﬁes a
unique role for p11 in DG PV cells in mediating anxiolytic
response and resilience for depression, as well as in regulating
the behavioral response to chronic antidepressant treatment.

Opposing Regulation of Kv3.1 Activity Is Required
Before and After Chronic SSRIs
PV interneurons play a critical role in neuronal networks for
complex processes, such as learning and memory, cognition, and emotional behavior, whereas disruption of their
function has been associated with several mental illnesses
and most consistently with epilepsy and schizophrenia (8,9).
In PV neurons, Kv3 channels provide the rapid repolarization
of action potentials during a very brief interspike interval,
allowing high-frequency ﬁring rates (18,32). Moreover, in
terminals of presynaptic neurons, Kv channels contribute to
neurotransmitter release evoked by a presynaptic action
potential (20–22). We show here that alterations in both of
these functions of Kv channels in PV neurons lead to
anxiety-like behavior in response to novelty and susceptibility to depressive-like behavior in response to stress.
These ﬁndings are in line with recent data suggesting that
the pathophysiological effects of PV neurons in epilepsy and
schizophrenia may be related also to the dysfunction of
Kv3.1. For example, a recurrent de novo mutation in Kv3.1
that suppresses the current amplitude when assembled into
heteromers with WT Kv3.1 results in progressive myoclonus
epilepsy, an inherited disorder that causes tonic-clonic seizures (33). In schizophrenia, the levels of Kv3.1b are significantly reduced in the prefrontal and parietal cortex of
untreated patients with schizophrenia and these levels were

normalized by antipsychotic medication, suggesting that
these agents restore Kv3.1b levels to those in healthy control subjects (34). Moreover, it was recently shown that mice
expressing truncated Disc1, which mirrors a high-risk gene
for psychiatric disorders including schizophrenia and
depression, show depressive-like behavior (35,36). This
behavioral deﬁcit was correlated with reduced number of PV
interneurons, disrupted synaptic input and output, and
abnormal limbic network oscillations in the low-gamma
range, further supporting a major role for these neurons in
pathological emotional behavior (35). Interestingly, in
contrast to the downregulation of Kv3.1 in the hippocampus
in p11 cKO, we did not identify changes in Kv levels outside
the hippocampus in these mice, supporting the idea that
Kv3.1 is differentially regulated in different neuronal circuits.
This is supported by the fact that while antipsychotic treatment elevates Kv3.1 level in the cortex, chronic antidepressant drug use resulted in reduced activity of this channel
in the hippocampus. We recently found that the behavioral
response to chronic SSRIs is dependent on the serotonergic
5-HT5A receptor signaling in DG PV cells and that this
signaling pathway mediates delayed inhibition of Kv3.1
channel function. This inhibitory effect is detected only after
chronic SSRI treatment and was mediated by an upregulation of the phosphorylation level of Ser-503 Kv3.1b (37).
Indeed, our results strongly support the idea that the activity
of Kv3.1 in DG PV cells is highly modulated during the
course of chronic SSRI treatment, with maximal activity
during the initiation of the treatment and subsequent
reduction that requires delayed activation of the 5-HT5A
receptor (37). Two recent ﬁndings support the idea that DG
PV cell activity is dynamically changed during the course of
the SSRI treatment. First, the initial SSRI treatment is
associated with increased DG PV cell activity. This induction
of activity was found to be mediated by 5-HT1B heteroreceptors on DG cholecystokinin cells, and their activation
led to reduced disinhibition of DG PV cells (27). Second, we
recently showed that activation of DG PV cells after chronic
SSRI treatment attenuated the behavioral response to SSRIs
(37). Taken together, our studies suggest that changes in DG
PV cell activity during chronic SSRI treatment correlates with
the changes in the function of the Kv3.1 channel. The
opposing regulation of Kv3.1 activity before and after
chronic SSRIs is initially mediated by p11, which is required
for the initial demand in Kv activity and later by the 5-HT5A
receptor and its signaling, which mediate the subsequent
downregulation of the channel activity. Our current and
previous ﬁndings suggest that the regulation of the ionic
mechanisms that allow PV neurons to accommodate highﬁring frequencies is essential for the DG microcircuit to
cope with stress and novelty.
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