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Shisa7 phosphorylation regulates GABAergic transmission and
neurodevelopmental behaviors
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GABA-A receptors (GABAARs) are crucial for development and function of the brain. Altered GABAergic transmission is hypothesized
to be involved in neurodevelopmental disorders. Recently, we identified Shisa7 as a GABAAR auxiliary subunit that modulates
GABAAR trafficking and GABAergic transmission. However, the underlying molecular mechanisms remain elusive. Here we
generated a knock-in (KI) mouse line that is phospho-deficient at a phosphorylation site in Shisa7 (S405) and combined with
electrophysiology, imaging and behavioral assays to illustrate the role of this site in GABAergic transmission and plasticity as well as
behaviors. We found that expression of phospho-deficient mutants diminished α2-GABAAR trafficking in heterologous cells.
Additionally, α1/α2/α5-GABAAR surface expression and GABAergic inhibition were decreased in hippocampal neurons in KI mice.
Moreover, chemically induced inhibitory long-term potentiation was abolished in KI mice. Lastly, KI mice exhibited hyperactivity,
increased grooming and impaired sleep homeostasis. Collectively, our study reveals a phosphorylation site critical for Shisa7-
dependent GABAARs trafficking which contributes to behavioral endophenotypes displayed in neurodevelopmental disorders.

Neuropsychopharmacology (2022) 47:2160–2170; https://doi.org/10.1038/s41386-022-01334-0

INTRODUCTION
GABA-A receptors (GABAARs) are ligand-gated ion channels which
critically regulate fast inhibitory neurotransmission in the central
nervous system (CNS). Diversity in GABAergic inhibition arises
from the pentameric assembly of 19 subunits into distinct
receptor subtypes, which are broadly classified as synaptic or
extrasynaptic GABAARs depending on their localization and
biophysical properties [1, 2]. Whereas synaptic GABAARs predomi-
nately contribute to phasic inhibition, extrasynaptic GABAARs have
a more defined role in mediating tonic inhibition [3, 4]. Due to
their ubiquity across the CNS, it is not surprising that impaired
GABAAR-mediated signaling is associated with a broad range of
neurological and psychiatric disorders [5–8]. Therefore, defining
mechanisms that regulate GABAAR activity and determining how
perturbation of these processes are involved in pathophysiological
conditions continue to be of high importance.
Historically, probing ligand-gated receptor function has been

constrained to the level of their pore-forming subunits. However,
this dogma has recently been challenged by the identification of
protein complexes that coexist with native receptors. Accessory
proteins and auxiliary subunits have been identified to interact
with several voltage-gated ion channels and ligand-gated ion
channels such as voltage-gated calcium channels, nicotinic
acetylcholine receptors, and AMPA receptors [9]. Adding to this
growing list of receptor-interacting proteins, GABAAR-associated
transmembrane proteins have become the most recent addition
and, so far, consist of lipoma HMGIC fusion partner-like 4 (LH4),
Cleft lip and palate transmembrane protein 1 (Clptm1), and Shisa7
[10, 11]. Shisa7 is a single-pass transmembrane protein that was

identified in a proteomic screen and as part of native GABAAR
complexes in previous work [12], although it has also been
reported that Shisa7 could interact with AMPARs [13, 14]. Our
initial study has identified that Shisa7 localizes at inhibitory
synapses and directly interacts with several GABAAR subunits [15].
Coexpression of Shisa7 with specific GABAAR subtypes in
heterologous cells resulted in enhanced GABA-evoked, whole-
cell currents. Moreover, loss of Shisa7 impaired phasic GABAergic
transmission in hippocampal CA1 pyramidal neurons. Interest-
ingly, Shisa7 also accelerated IPSC decay kinetics and loss of
Shisa7 blunted the pharmacological and behavioral effects of
diazepam, a prototypical benzodiazepine. In addition, we found
that Shisa7 regulated trafficking of extrasynaptic α5-GABAARs, but
not δ-GABAARs [16]. Specifically, loss of Shisa7 resulted in
diminished trafficking of α5-GABAARs and tonic currents. Interest-
ingly, S405 on Shisa7 was identified as a critical phosphorylation
site for protein kinase A (PKA) and important for extrasynaptic α5-
GABAAR trafficking [16].
Recently, accumulating evidence has shown that disrupted

coordination of excitatory and inhibitory inputs throughout the
CNS are associated with neurodevelopmental disorders such as
autism (ASD), attention-deficit hyperactivity disorder (ADHD), and
obsessive-compulsive disorder (OCD) [17, 18]. Although a broad
range of differential mechanisms link altered CNS function with
neurodevelopmental disorders, there are shared and overlapping
similarities in behavioral presentation such as language/commu-
nication deficiencies, and repetitive or altered vigilance with
attention-based tasks [19]. Additionally, rodent models of ASD/
ADHD/OCD show similar behavioral endophenotypes such as
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impulsivity, hyperactivity, deficits in learning and memory, and
repetition of behaviors [20, 21]. Although polygenic inheritance
likely drives the etiology and core behavioral traits observed in
ASD/ADHD/OCD, studies implicate alterations in GABAAR expres-
sion. Particularly, changes in the 15q11–13 chromosomal region
have been linked to ASD which contains the GABRB3, GABRA5, and
GABRG3 genes that encode for β3, α5, and γ3 subunits,
respectively [22]. Additionally, alterations in the GABRB3 gene
are associated with ASD [23]. Moreover, it has been reported that
β3 expression [24] and mRNA for the various GABAAR subunits are
decreased in autistic individuals, albeit in discrete brain regions
[25, 26]. Rodent knock-out (KO) studies also suggest that GABAAR
loss could be involved in neurodevelopmental disorders. For
example, KO of α5-GABAARs results in ASD-like behaviors in mice,
indicating a critical role for tonic inhibition [27, 28]. In line with
clinical observations, β3 KO mice also display some endopheno-
types such as reduced sociability, hyperactivity, seizure suscept-
ibility, and deficits in attention, as well as learning and memory
[29–31]. Lastly, alterations in grooming behavior are seen in a
wide variety of ASD models [32] which can be bi-directionally
regulated using GABAAR pharmacology [33]. Taken together, these
observations suggest that altered GABAAR function could be
involved in neurodevelopmental disorders. Therefore, further
investigation into how molecular regulation of GABAergic inhibi-
tion contributes to endophenotypes in neurodevelopmental
disorders is warranted.

MATERIALS AND METHODS
Animals
Shisa7 S405A knock-in mouse line was generated by CRISPR-mediated
homologous recombination. Additional information can be found in
the Supplementary Material. All animal handling was performed in
accordance with animal protocols approved by the Institutional Animal
Care and Use Committee (IACUC) at NIH/NINDS. Mice were housed and
bred in a conventional vivarium with ad libitum access to food and water
under a 12-h light/12-h dark cycle (ZT0 - “light on” at 0600, ZT12 - “lights
off” at 1800). Time-pregnant mice at E17.5–18.5 were used for dissociated
hippocampal neuronal culture. Mice of both sexes at P16–21 were used to
prepare acute hippocampal slices for electrophysiology experiments. Adult
male mice (2–3 months old) were used for behavioral experiments.

Dissociated hippocampal neuronal culture
Mice hippocampal neurons were prepared from E17.5–18.5 mice embryos
as previously described [16]. For details, see Supplementary Material.

Electrophysiology
Electrophysiology recordings were done as previously described [15, 16].
For details, see Supplementary Material.

Immunocytochemistry
Immunocytochemistry was done as previously described [16, 34]. For
details, see Supplementary Material.

Co-immunoprecipitation and Western blot
Co-immunoprecipitation and western blot were done as previously
described [15, 16]. For details, see Supplementary Material.

Behavioral experiments
All behavioral experiments were conducted during the light cycle (“lights
on” ZT0-ZT12; 0600–1800) unless otherwise specified. Prior to all
behavioral experiments, male mice were allowed 60–90min to acclimate
to the behavioral room following transport from the vivarium. Animals
were tracked during behavioral tests using AnyMaze software from an
overhead camera system. Behavioral equipment was cleaned between
subjects with 75% ethanol and allowed to dry for ~5min between each
behavioral trial. For details of T-maze, Novel object recognition, Nestlet
shredding test, Marble burying test, Forced swim test, see Supplementary
Material.

Y-maze
The Y-maze apparatus was constructed of clear acrylic and had three arms
(height: 12.5 cm; length: 39 cm; width: 9 cm) 120 degrees apart. Mice were
placed at the end of one arm and were allowed to explore the maze freely
for 5 min. Alternation behavior was defined as consecutive entry into all
three arms without repetition and was expressed as percentage of the
total arm entries [35]. At the end of the test period, mice were placed back
in their home cages and the maze wiped and dried before the next animal
was run.

Open field test
Mice were allowed to freely explore an open field arena (41 × 41 × 31 cm)
for 30min and their movements were tracked during the test period and
analyzed by AnyMaze software. Locomotion was operationally defined as
the total distance traveled. Average speed was calculated using the
following formula: Average speed= total travel distance [m] / mobility
time [s].

Grooming behavior
Mice were allowed to habituate to an empty standard mouse housing cage
for 10min. Behavior was then recorded for a total of 10 min and the total
amount of time spent grooming was quantified in seconds.

Homecage locomotor activity
Mice were individually housed in a standard home cage under familiar
vivarium conditions for a 2-day acclimation period. Activity was then
recorded for 24 h using PAS System (San Diego Instruments). Locomotion
was defined as the number of beam interruptions.

Sleep deprivation
Sleep deprivation were done as previously described [16]. For details,
see Supplementary Material.

Piezoelectric sleep recording
Sleep-wake activity was recorded using a piezoelectric monitoring system
(Signal Solutions) as described previously [16]. For details, see Supplemen-
tary Material.

Statistical analysis
For all biochemical, cell biological and electrophysiological recordings, at
least three independent experiments were performed (independent
cultures, transfections or different mice). Statistical analysis was performed
in GraphPad Prism 9.0 software. Normality distribution was tested by the
Shapiro–Wilk test before carrying out a subsequent statistical test. Direct
comparisons between two groups were made using either one-tailed/two-
tailed Student’s t test or Mann–Whitney U test. Multiple comparisons were
performed using one-way ANOVA, Kruskal-Wallis test or two-way ANOVA
with corrections for multiple comparisons.

RESULTS
Expression of Shisa7 S405A mutant reduces surface
expression of α2-GABAARs
Given that Shisa7 promoted trafficking of synaptic GABAARs [15],
we investigated whether Shisa7 S405, a site previously found to be
a PKA phosphorylation substrate and important for extrasynaptic
α5-GABAAR trafficking [16], is also critical for synaptic GABAAR
trafficking. To determine the role of S405 phosphorylation, we
created phospho-null (S to A) and phosphomimetic (S to D)
mutants of Shisa7. Using immunocytochemistry, we observed that
heterologous cells expressing α2β3γ2 GABAARs had increased
surface α2 expression when co-transfected with Shisa7 or S405D
mutant, but not with S405A mutant (Fig. 1A), indicating that the
regulation of α2-GABAAR surface expression by Shisa7 is
dependent on S405 phosphorylation. Consistently, co-expression
of Shisa7 S405A in heterologous cells transfected with α2β3γ2
decreased GABA-evoked whole-cell currents (Fig. 1B). Considering
that Shisa7 binds to GABAARs to promote synaptic trafficking [15],
we examined whether S405 phosphorylation affected this

K. Wu et al.

2161

Neuropsychopharmacology (2022) 47:2160 – 2170



interaction. In HEK293T cells expressing α2β3γ2 GABAARs, we
found that α2-GABAARs were co-immunoprecipitated with Flag-
tagged Shisa7, S405A and S405D mutants (Fig. 1C) suggesting
regulation of GABAAR trafficking is not due to any binding deficit.
Collectively, these data extend our previous observations that
Shisa7 regulates both synaptic and extrasynaptic GABAAR traffick-
ing to the cell surface [15, 16].

Shisa7 S405 is required for surface expression of GABAARs and
GABAergic transmission in hippocampal neurons
To further corroborate the involvement of Shisa7 S405 in GABAAR
trafficking and GABAergic transmission, we generated a Shisa7
S405A (KI) mouse line that is phospho-deficient at S405 (Fig. 2A, B).
These mice breed normally and exhibit normal body weight when
compared to both WT and Shisa7 KO mice (Fig. 2C, D). To examine
whether hippocampal expression of Shisa7 and/or inhibitory
synaptic markers in KI mice were altered, we first conducted
Western blots using hippocampal lysates which demonstrated that
Shisa7 expression, as well as vGAT and gephyrin, were not
significantly altered in KI mice (Fig. 2E, F). After confirming this,
we performed immunocytochemical experiments in hippocampal
neuronal cultures to investigate the impact of the S405A mutation
on GABAAR surface expression. We found that α1-, α2-, and α5-
GABAAR surface expression were significantly reduced in KI neurons
at somatic and dendritic domains (Fig. 3A–C), indicating that S405
phosphorylation critically impacts surface expression via regulation
of both synaptic and extrasynaptic GABAAR trafficking. We further
confirmed this observation by utilizing electrophysiological record-
ings which showed decreased GABA-evoked whole-cell currents in
dissociated hippocampal cultures prepared from KI mice (Fig. 3D).
Next, we evaluated whether both GABAAR-mediated synaptic and

tonic currents were altered in dissociated hippocampal cultures

prepared from KI mice. Although no significant alterations in the
amplitude of miniature inhibitory postsynaptic currents (mIPSCs)
were observed, there was a significant decrease in mIPSC frequency,
as well as diminished tonic currents in KI hippocampal neurons
(Fig. 4A–D). We further investigated whether mIPSCs and tonic
currents were affected in CA1 pyramidal neurons in acute
hippocampal slices prepared from KI mice. Congruent with the
evidence from dissociated hippocampal cultures, we observed a
reduction in mIPSC frequency (Fig. 4E, F) and tonic currents in KI
mice (Fig. 4I). However, there was no significant difference in mIPSC
amplitude and decay time constant (Fig. 4G, H), nor were AMPAR-
mediated mEPSCs affected (Fig. S1A–C). It was possible that baseline
electrical noises might have masked those mIPSC events with low
amplitudes, and thus a potential effect of Shisa7 S405A KI on mIPSC
amplitude might not be revealed under the mIPSC recording
configuration. To this end, we recorded spontaneous IPSCs (sIPSCs)
in CA1 pyramidal neurons in acute hippocampal slices in the
absence of TTX. The amplitude of sIPSCs was higher than that of
mIPSCs (Fig. 4C and S1E). We found that both frequency and
amplitude of sIPSCs were diminished in KI mice (Fig. S1D, E).
Additionally, there were no changes of paired pulse ratio (PPR) of
IPSCs (Fig. S1F, G), suggesting that the probability of presynaptic
GABA release is not altered in hippocampal neurons in KI mice.
Taken together, these data show that S405 phosphorylation is
critical for GABAAR trafficking and GABAergic transmission in
hippocampal neurons.

iLTP is impaired in KI mice
Regulation of GABAergic plasticity is dependent on the surface
abundance of GABAARs and thus trafficking processes can affect the
expression of iLTP [36, 37]. To this end, we adopted a strategy [38]
(chem-iLTP) to assess whether iLTP was altered in hippocampal

Fig. 1 Expression of Shisa7 S405A mutant reduces cell surface expression of α2-GABAARs. A Surface α2 expression is increased following
co-transfection of Shisa7, but not with S405A mutant in HEK293T cells expressing α2β3γ2 (n= 17–24 cells, Kruskal–Wallis test with Dunnett’s
multiple comparison test; Ctrl versus Shisa7, p= 0.0046; Shisa7 versus Shisa7 S405A, p= 0.0002; Ctrl versus Shisa7 S405D, p= 0.0046). B S405A
significantly reduces GABA-evoked whole-cell currents compared to Shisa7 in HEK293T cells expressing α2β3γ2 (n= 11–16 cells, Kruskal–Wallis
test with Dunnett’s multiple comparison test; Ctrl versus Shisa7, p= 0.0011; Shisa7 versus Shisa7 S405A, p= 0.041). C Shisa7, Shisa7 S405A and
S405D were co-immunoprcipitated with α2 in HEK293T cells expressing α2β3γ2. Error bars indicate S.E.M. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 2 Generation and characterization of Shisa7 S405A KI mice. A Schematic of the Shisa7 protein with the WT S405 site in the intracellular
region. The serine encoded by UCC (green) in the WT was mutated to an alanine encoded by GCC (purple). B Mice carrying the S405A allele
were genotyped by Sanger-sequencing of a 527 bp amplified fragment generated by PCR. As indicated in the dashed box: for WT, only one
peak of nucleotide T was observed; for S405A heterozygous (HET), both peaks of nucleotide T and G were overlapped; for S405A homozygous
(KI), only one peak of nucleotide G was observed. C Percentage of weaned pups of WT, HET, and KI genotype born from S405A-HET and
S405A-HET breedings. D Shisa7 S405A KI mice display normal body weight in the first month after birth (n= 9 mice). E Representative western
blot of Shisa7, vGAT and Gephyrin from WT, KI and KO hippocampal lysates. Arrow indicates the band corresponding to Shisa7. F Summary
graphs showing there is no difference of Shisa7, vGAT or Gephyrin expression among WT, KI and KO mice (n= 3 independent experiments,
one-way ANOVA).
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neurons from KI mice. Specifically, following transient application of
NMDA (3min, 20 μM) in the bath perfusate, we examined mIPSC
amplitude in a time-dependent manner up to 30min after NMDA
exposure in CA1 pyramidal neurons from acute hippocampal slices.
In agreement with previous studies [38–40], brief NMDA exposure to
hippocampal neurons was sufficient to induce a persistent increase

in mIPSC amplitude over a 30-min period in WT mice (Fig. 4J).
Strikingly, mIPSC amplitude in CA1 pyramidal neurons in KI mice 30
min post-NMDA application did not significantly increase past
baseline levels (Fig. 4K, L). These findings suggest that Shisa7 S405
phosphorylation is a requirement for activity-dependent trafficking
of GABAARs and iLTP in CA1 pyramidal neurons.

Fig. 3 Shisa7 S405A KI mice exhibit decreased cell surface expression of GABAARs. A Surface α1 expression in cultured hippocampal
neurons from KI mice is reduced (n= 13–17 cells, somatic: Mann–Whitney U test, p= 0.0076; dendritic: Mann–Whitney U test, p= 0.0048).
B Surface α2 expression in cultured hippocampal neurons from KI mice is reduced (n= 20–31 cells, somatic: t test, p= 0.0184; dendritic: t test,
p= 0.0001). C Surface α5 in cultured hippocampal neurons from KI mice is reduced (n= 20–32 cells, somatic: t test, p= 0.0154; dendritic:
Mann–Whitney U test, p= 0.0004). D GABA-evoked whole-cell currents in cultured hippocampal neurons from KI mice are decreased (WT,
n= 12 cells; KI, n= 19 cells, t test; p= 0.0049). Error bars indicate S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001.
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KI mice display locomotor hyperactivity, increased grooming
and impaired sleep homeostasis
Given that KI mice displayed impaired inhibitory transmission and
iLTP, we examined the consequences of Shisa7 S405A mutation
on animal behaviors. We first investigated whether KI mice had

any deficits in learning and memory using three behavioral
paradigms. In order to assess short-term spatial working memory,
we utilized the Y-maze and T-maze. For Y-maze, mice were
allowed to freely explore for 5 min and spontaneous alternation
behavior was defined as consecutive entry into all three arms
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without repetition [35]. We observed that KI mice exhibited no
impairment of spontaneous alternation behavior compared to WT
mice (Fig. 5A). As with Y-maze, WT and KI mice also exhibited
similar spontaneous alternation behavior in T-maze (Fig. 5B). Next,
we assessed object recognition memory using the Novel Object
Recognition (NOR) test. During the training session, no preference
for one of the two objects was observed in both WT and KI mice
(Fig. S2A). Following 1 h or 24 h delay, mice underwent a test
session. In the test session, WT and KI mice performed similarly,
spending more time with the novel object compared to the
familiar object (Fig. S2A).
From these assays, KI mice did not display any noticeable

deficits in learning and memory. However, we observed that KI
mice had increased arm entries and total distance traveled during
the Y-maze test (Fig. 5A), suggesting that KI mice displayed
locomotor hyperactivity. To confirm this, we measured general
locomotor activity using the Open Field Test (OFT) and homecage
activity recordings. During the 30-min OFT, KI mice exhibited
larger travel distance and less immobility without changes in
travel speed and the time spent in the center compared to WT
mice (Fig. 5C). In the 24-h homecage activity recordings, KI mice
also traveled greater distances as indicated by increased beam
interruptions compared to WT mice; although, the increased
movement seemed to be more prevalent during “lights off”
(ZT12–24; Fig. 5D). Overall, these behavioral data indicate that KI
mice have a hyperactive locomotor phenotype. Since hyperactiv-
ity has been observed in animal models of ASD/ADHD/OCD
[20, 21], we proceeded to further characterize KI mice by assessing
repetitive and compulsive behaviors using Nestlet Shredding Test
(NST), grooming time, and Marble Burying Test (MBT) [36, 41].
Although KI mice performed similarly to WT mice in the NST and
MBT (Fig. S2B, C), KI mice spent a greater amount of time
grooming during a 10-min period (Fig. 5E). Given the co-morbidity
of depression [42] with ASD/ADHD/OCD, we also assessed pro-
depressive coping styles (learned helplessness) using the Forced
Swim Test (FST). We observed that the FST yielded no difference
between WT and KI mice with respect to immobility time
(Fig. S2D).
Considering that sleep disturbances are also often comorbid

with ASD/ADHD/OCD [43] and that our previous study indicated
that Shisa7 KO mice have decreased sleep times [16], we
monitored sleep behavior using a piezoelectric monitoring system
[44, 45]. We first recorded baseline sleep in normal conditions, but
did not observe a decrease in KI mice (Fig. 5F). Because sleep is a
complex physiological process, we then utilized sleep deprivation
to examine whether S405 affected recovery sleep. Mice were sleep-
deprived for 6 h starting from the beginning of the light-on period,
and recovery sleep was then measured during the subsequent 18
h. Both WT and KI mice showed compensatory sleep rebound after
6 h sleep deprivation (Fig. S3A, B). However, there was significantly
less recovery sleep in KI mice during “lights off” (ZT12–24), but not
for ZT6–12 (Fig. 5G), indicating impaired sleep homeostasis in
KI mice.
In sum, hippocampal neurons from KI mice show impaired

GABAAR trafficking and loss of NMDAR-dependent iLTP. Consistent

with GABAergic signaling deficits, KI mice show endophenotypes
of neurodevelopmental disorders, specifically locomotor hyper-
activity, increased grooming behavior and impaired sleep
homeostasis.

DISCUSSION
GABAARs are critical for the regulation of neuronal excitability
across the CNS and deficits in GABAAR-mediated signaling are
associated with a myriad of psychiatric conditions [5–7]. Therefore,
it remains essential to understand the mechanistic processes by
which GABAARs are trafficked to the synaptic and extrasynaptic
compartments. In this study, we have expanded upon our
previous observations regarding the role of Shisa7 in GABAAR
trafficking [15, 16] by providing specific insight into the role for
S405 phosphorylation. We have demonstrated that S405 phos-
phorylation is not only instrumental for trafficking of extrasynaptic
GABAARs [16], but is also important for trafficking of synaptic
GABAARs. Importantly, we observed that GABAAR trafficking
deficits in Shisa7 S405A KI mice not only resulted in diminished
GABAergic transmission, but also blunted NMDAR-mediated iLTP.
Lastly, we identified specific endophenotypes in Shisa7 KI mice
which are associated with ASD/ADHD/OCD. Collectively, this study
extends our knowledge regarding the role of Shisa7-dependent
regulation of both synaptic and extrasynaptic GABAARs and
reveals that the behavioral consequences of not allowing Shisa7
S405 to be phosphorylated are locomotor hyperactivity, longer
grooming periods and impaired sleep homeostasis.
GABAARs control neuronal excitability due to their high chloride

permeability which influxes and hyperpolarizes neurons upon
activation. However, GABAergic signaling is diverse and is largely
dependent on subunit composition and receptor localization
[1, 2]. In addition, the strength of GABAergic inhibition is directly
related to GABAAR abundance at the cell surface. In the case of
GABAAR-associated transmembrane proteins, they all have been
shown to play a critical role in inhibitory neurotransmission
[10, 11]. In LH4 KO mice, recordings from hippocampal CA1
pyramidal neurons show decreased mIPSCs, indicating that LH4 is
poised to directly affect the strength of synaptic inhibition [46, 47].
Given that Clptm1 restricts forward trafficking of both synaptic
and extrasynaptic GABAARs, overexpression and knockdown of
Clptm1 diminished and enhanced both mIPSCs and tonic currents,
respectively [48]. We previously showed that KO of Shisa7 can
diminish both phasic [15] and tonic inhibition [16] in hippocampal
neurons. Since we identified S405 phosphorylation as a regulator
of tonic inhibition [16], we explored whether phosphorylation of
this residue also impacted phasic inhibition in hippocampal
neurons. Using a newly generated KI mouse line, we observed a
reduction in both phasic and tonic inhibition in hippocampal
neurons. These decreases in GABAergic inhibition are attributed at
least partly to diminished surface expression of α1-, α2- and α5-
GABAARs. Additionally, these data recapitulate our previous
findings that Shisa7 S405 is indeed critical for tonic currents [16]
and provide further evidence that prohibiting S405 phosphoryla-
tion consequently results in diminished mIPSCs and sIPSCs. We did

Fig. 4 Shisa7 S405A KI mice exhibit impaired GABAergic inhibition and plasticity. A Representative mIPSC traces from neuronal cultures.
B–C mIPSC frequency is diminished in KI mice with no change in mIPSC amplitude (WT, n= 10 cells; KI, n= 13 cells, Mann–Whitney U test;
p= 0.0024). D Tonic inhibition is reduced in neuronal cultures from KI mice (WT, n= 10 cells; KI, n= 10 cells, t test; p= 0.0233).
E Representative mIPSC traces from CA1 neurons in acute hippocampal slices. F, GmIPSC frequency is decreased onto CA1 neurons in KI mice
with no change in mIPSC amplitude (WT, n= 9 cells; KI, n= 8 cells, Mann–Whitney U test; p= 0.0099). H No significant changes in decay time
constant in KI mice (WT, n= 9 cells; KI, n= 8 cells, Mann–Whitney U test). I Tonic inhibition is reduced in CA1 neurons from KI mice (WT, n= 9
cells; KI, n= 8 cells, t test; p= 0.024). J iLTP is impaired in CA1 neurons from Shisa7 S405A KI mice. Bath application of NMDA (3min, 20 μM)
increases mIPSC amplitude for up to 30min compared to baseline in WT mice, but not KI mice. K Representative traces of mIPSCs from CA1
neurons in acute hippocampal slices at baseline and then 30min following bath-application of NMDA. L Bath application of NMDA (3min, 20 μM)
increases mIPSC amplitude in WT mice only (WT, n= 8 cells; KI, n= 6 cells, two-way ANOVA, F 16, 204= 2.324, p= 0.0036 with Sidak’s multiple
comparison test; WT a versus WT b, p= 0.0005). Error bars indicate S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 5 Shisa7 S405A KI mice display locomotor hyperactivity, increased grooming and impaired sleep homeostasis. A KI mice have
increased number of arm entries (WT, n= 10 mice; KI, n= 11 mice, t test; p= 0.0066) and total travel distance (WT, n= 10 mice; KI, n= 11 mice,
t test; p= 0.0085), but no change in spontaneous alternation among the arms in the Y maze (WT, n= 10 mice; KI, n= 11 mice, t test). B KI mice
have no change in spontaneous alternation in the T maze (n= 9 mice, t test). C In OFT, KI mice have increased travel distance (Travel distance
in each of the 10-min test periods, two-way ANOVA, F 1, 16= 5.962, p= 0.0266; Total travel distance: WT, n= 9; KI, n= 9, t test; p= 0.0265) and
decreased immobility (WT, n= 9; KI, n= 9, t test; p= 0.0094), but no change in the average speed (WT, n= 9; KI, n= 9, Mann–Whitney U test)
and the time spent in the center (WT, n= 9; KI, n= 9, t test) compared to WTmice. D KI mice display more activity (# of beam interruptions) in
the homecage driven by enhanced activity during “lights off” (ZT12–24); WT, n= 8 mice; KI, n= 8 mice, two-way ANOVA, F 2, 28= 5.329,
p= 0.0109 with Sidak’s multiple comparison test; Dark: WT versus Dark: KI, p= 0.0191; Total: WT versus Total: KI, p= 0.0392). E KI mice have
increased grooming behavior compared to WT (WT, n= 8; KI, n= 8, Mann–Whitney U test; p= 0.0103). F Sleep behavior is not different
between WT and KI mice (WT, n= 9 mice; KI, n= 9 mice, two-way ANOVA with Sidak’s multiple comparison test). G KI mice display impaired
sleep homeostasis. Left, sleep-wake pattern when the WT and KI mice were subjected to sleep deprivation (SD) for 6 h (ZT0–6). Right,
Summary of the percentage of sleep during the two selected periods. (Baseline, n= 8 mice; SD, n= 8 mice, two-way ANOVA, F 1, 28= 6.598,
p= 0.0158 with Sidak’s multiple comparison test; ZT12–24: p= 0.04). Error bars indicate S.E.M. *p < 0.05; **p < 0.01.
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not, however, see any alteration in the amplitude and frequency
of AMPAR-mediated mEPSCs. From a network perspective, this
seems to suggest that only the inhibitory component of synaptic
transmission is principally affected and there is no compensatory
action at excitatory synapses onto CA1 pyramidal neurons.
Therefore, in terms of the balance in the coordination of excitatory
to inhibitory inputs, the diminished effect of inhibition potentially
shifts network activity to favor excitation. Collectively, these data
suggest that Shisa7 S405 phosphorylation has a comprehensive
role in controlling GABAergic inhibition that encompasses both
phasic and tonic inhibition.
Synaptic plasticity has been proposed to be the cellular basis of

learning and memory that involves diverse processes that lead to
either strengthening or weakening of synapses. Although the
molecular mechanisms underlying the regulation of excitatory
synaptic plasticity have been extensively studied [49, 50], much
less is known about the regulation of inhibitory synaptic plasticity.
Accumulating studies have revealed a critical role for NMDARs in
the regulation of inhibitory synapse development and function
[34, 51–53], and iLTP induction [38–40, 54]. It has been shown that
NMDAR-mediated iLTP requires synaptic recruitment of gephyrin,
CaMKII activation, and synaptic insertion of β2/3-containing
GABAARs [38, 40, 54]. Recent studies have also identified a
number of transmembrane accessory proteins for GABAARs
[10, 11]. However, the role of these transmembrane proteins in
iLTP remained unknown. We have now demonstrated a critical
role of Shisa7 in the regulation of iLTP. Specifically, in Shisa7
S405A KI mice, iLTP in hippocampal CA1 pyramidal neurons was
blunted, indicating that synaptic recruitment of GABAARs during
iLTP depends on a Shisa7 S405 phosphorylation process. Since
Shisa7 S405 is the substrate of PKA, our data also suggest a
potential role of PKA in iLTP. Currently, how Shisa7 S405
dependent pathway functionally interacts with gephyrin and
CaMKII dependent processes to regulate iLTP remains unknown.
Additionally, it is worth noting that our iLTP experiment was
measured through recording mIPSCs from CA1 pyramidal
neurons. Therefore, it remains to be determined whether Shisa7
can regulate iLTP in a synapse-specific manner. Indeed, it has
recently been reported that the expression of iLTP in hippocampal
and cortical pyramidal neurons is input-dependent [54, 55]. It will
be important to understand how Shisa7 regulates GABAergic
plasticity in a synapse-specific context.
GABAARs are critical in the regulation of neural circuit function

of the CNS [8, 56, 57]. Given our findings of impaired inhibitory
transmission and iLTP in KI mice reported here, we performed a
battery of behavioral tests to examine the consequences of Shisa7
S405A mutation on animal behaviors. We first investigated
whether learning and memory behaviors were altered in KI mice.
Interestingly, although KI mice did not display any deficits in both
the Y-maze, T-maze and NOR tests, these mice exhibited increased
locomotor activity in the Y-maze. We further confirmed this
increased locomotor activity using the OFT and by examining
homecage activity. Given that hyperactivity has been associated
with ASD/OCD/ADHD [20, 21], we utilized behavioral paradigms to
determine whether our KI mouse line had any additional
endophenotypes associated with these neurodevelopmental
disorders. Although we observed no difference in nestlet
shredding or marble burying, two common assays for repetitive
animal behaviors [41], we did observe a greater propensity to
groom in KI mice compared to WT. This intriguing finding is in line
with pharmacological experiments examining grooming behavior
in that antagonism of GABAARs has been shown to precipitate
greater grooming behavior [33]. Therefore, deficits in Shisa7-
dependent trafficking of GABAARs could be impacting discrete
brain regions whereby GABAARs influence grooming behaviors
[33]. Additionally, clinical evidence has suggested that individuals
afflicted with ASD/OCD/ADHD are more likely to develop mood
disorders, such as depression [42]. Indeed, animal models of ASD/

OCD/ADHD have also been shown to recapitulate depressive-like
behaviors, such as increased immobility in the FST [58]. However,
we did not see any differences in immobility time from KI mice
compared to WT, demonstrating that these animals do not display
any pro-depressive behaviors. Lastly, because sleep disturbances
are often comorbid with many neurodevelopmental disorders and
due to our previous observations that tonic inhibitory currents in
hippocampal neurons differ based on sleep-wake states [16], we
monitored sleep behavior using a piezoelectric monitoring system
[44, 45]. Different from our previous study which showed
decreased sleep in Shisa7 KO mice [16], we did not observe this
effect in KI mice, although the impaired sleep homeostasis was
observed. Given that sleep is a complex process, it is possible that
Shisa7 is dynamically regulated based on different internal sleep
states. One major difference between our two studies is that the
former had no Shisa7 present throughout the development
whereas the current study here has Shisa7, but with the S405 site
rendered incapable of being phosphorylated. Although we note
that Shisa7 S405 is important for trafficking of synaptic and
extrasynaptic GABAARs, it is possible that S405-independent
mechanisms are involved in Shisa7 regulation of sleep behavior
in normal conditions. Currently, the mechanisms underlying the
role of Shisa7 S405 in animal behavior remain unknown. It is
possible that cell-type specific functions of Shisa7 S405 may
contribute differentially and/or in a context-specific manner.
Although it has been reported that Shisa7 is highly expressed in
hippocampal pyramidal neurons, interneurons within the hippo-
campus also show Shisa7 expression, but the expression patterns
differ based on the interneuron subtype [59, 60]. We also cannot
discount the notion that these behavioral alterations are due to
compensatory changes in circuits due to global loss of Shisa7 S405
phosphorylation throughout the development. The use of region-
or cell-type- specific manipulation of Shisa7 S405 phosphorylation
will be valuable in order to fully understand the contributions of
Shisa7 S405 to behavior in a circuit-specific context.
In summary, we have expanded on our previous studies further

elucidating the importance of the Shisa7-dependent trafficking of
synaptic and extrasynaptic GABAARs in the regulation of
GABAergic transmission. Phosphorylation of S405 is not only
crucial for the ability of Shisa7 to traffic extrasynaptic α5-GABAARs,
but also for synaptic α1/α2-GABAARs. Critically, we have discov-
ered that NMDAR-dependent iLTP in hippocampal neurons
requires Shisa7 S405 phosphorylation. Moreover, we find that
our Shisa7 S405A KI mouse model produces enhanced grooming,
locomotor hyperactivity, and deficits in sleep homeostasis,
suggesting that impaired Shisa7 phosphorylation-dependent
trafficking of GABAARs could be involved in neurodevelopmental
disorders.
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