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GABAergic dysfunction underlies many neurodevelopmental and psychiatric disorders. GABAergic synapses ex-
hibit several forms of plasticity at both pre- and postsynaptic levels. NMDA receptor (NMDAR)–dependent inhib-
itory long-term potentiation (iLTP) at GABAergic postsynapses requires an increase in surface GABAARs through
promoted exocytosis; however, the regulatory mechanisms and the neuropathological significance remain un-
clear. Here we report that the autism-related protein PX-RICS is involved in GABAAR transport driven during
NMDAR–dependent GABAergic iLTP. Chemically induced iLTP elicited a rapid increase in surface GABAARs in
wild-type mouse hippocampal neurons, but not in PX-RICS/RICS–deficient neurons. This increase in surface
GABAARs required the PX-RICS/GABARAP/14–3-3 complex, as revealed by gene knockdown and rescue studies.
iLTP induced CaMKII–dependent phosphorylation of PX-RICS to promote PX-RICS–14-3-3 assembly. Notably,
PX-RICS/RICS–deficientmice showed impaired amygdala–dependent fear learning,whichwas ameliorated bypo-
tentiating GABAergic activity with clonazepam. Our results suggest that PX-RICS–mediated GABAAR trafficking is
a key target for GABAergic plasticity and its dysfunction leads to atypical emotional processing underlying
autism.
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1. Introduction

There is a growing consensus that autism arises from the atypical
regulation of the excitation/inhibition balancewithin specific neuralmi-
crocircuitry [1, 2]. In terms of neural inhibition, autism is closely related
to dysfunctional inhibitory signaling mediated by the γ-aminobutyric
acid (GABA) type A receptors (GABAARs). Impaired presynaptic release
of GABA and postsynaptic trafficking of GABAARs lead to autistic-like so-
cial behavior in mouse models of autism [3–6]. There is a significant re-
duction in the number of GABAARs and GABAergic activity in certain
brain areas of autistic individuals [7–11]. Genetic association studies
have revealed that several GABAAR subunits are linked to an increased
risk for autism [12–18]. GABAAR–mediated signaling is thus essential
for the proper regulation of the excitation/inhibition balance associated
with socio-emotional cognition.

Similar to glutamatergic synapses, GABAergic synapses also exhibit
activity–dependent plastic changes in their inhibitory transmission effi-
cacy. Different forms of GABAergic synaptic plasticity based on diverse
pre- and post-synaptic mechanisms have been characterized in differ-
ent brain regions [19–22]. Amajor postsynaptic form of GABAergic syn-
aptic plasticity is N-methyl-D-aspartate receptor (NMDAR)–dependent
inhibitory long-term potentiation (iLTP) [21, 23–25], which is elicited
an open access article under
by moderate stimulation of NMDARs that induces limited Ca2+ influx
and preferential activation of Ca2+/calmodulin–dependent protein ki-
nase II (CaMKII). Activated CaMKII translocates to inhibitory synapses
[26], where it triggers de novo GABAAR transport to the neuronal sur-
face, resulting in a persistent increase in the number of surface-
expressed GABAARs and inhibitory synaptic transmission. This increase
in surface GABAARs involves GABAAR-associated protein (GABARAP),N-
ethylmaleimide-sensitive factor (NSF) and glutamate receptor
interacting protein (GRIP) [27]; however, the precisemolecularmecha-
nisms remain obscure. In particular, the relevant trafficking-related pro-
teins that are phosphorylated by CaMKII and facilitate surface
expression of GABAARs are currently unidentified.

We have previously identified and characterized two splicing iso-
forms of GTPase-activating proteins specific for Cdc42 predominantly
expressed in neurons of the cerebral cortex, amygdala and hippocam-
pus: RICS (ARHGAP32 isoform 2) and PX-RICS (ARHGAP32 isoform
1) [28, 29]. RICS regulates NMDAR–mediated signaling at the postsyn-
aptic density and axonal elongation at the growth cone [29, 30]. In con-
trast, PX-RICS forms an adaptor complex with GABARAP and 14-3-3ζ/θ
to facilitate steady-state trafficking of the N-cadherin/β-catenin
complex and GABAARs [3, 28, 31, 32]. PX-RICS is also responsible for
autistic-like features observed in more than half of the patients with
Jacobsen syndrome (JBS) [3]. Mice lacking PX-RICS/RICS show marked
decreases in surface-expressed GABAARs and GABAAR–mediated inhib-
itory synaptic transmission, resulting in various autistic-like behaviors
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and autism-related comorbidities [3]. Rare single-nucleotide variations
in PX-RICS are also linked to non-syndromic autism, schizophrenia and
alexithymia [33–35]. These findings strongly suggest that dysfunction
of PX-RICS–mediated GABAAR trafficking has severe effects on socio-
emotional processing of the brain.

Our previous study described above showed that PX-RICS and other
components of the GABAAR trafficking complex are required for consti-
tutive transport of the receptor. In this study, we have focused on the
role of PX-RICS in the activity–induced promotion of GABAAR trafficking
during iLTP. Here we show that PX-RICS–mediated GABAAR trafficking
is also involved in NMDAR activity–dependent trafficking of GABAARs
and that PX-RICS is a key target of CaMKII for regulating GABAergic syn-
aptic plasticity. Furthermore, we show that PX-RICS dysfunction inmice
leads to impaired amygdala–dependent emotional learning, which
manifests as autistic-like social behavior [3].

2. Materials and Methods

2.1. Mice

All animal experiments were reviewed and approved by the Univer-
sity of Tokyo Institutional Animal Care and Use Committee and were
conducted according to the University of Tokyo Guidelines for Care
and Use of Laboratory Animals. Mice were housed in clean plastic
cages (CLEA Japan) lined with paper bedding (Japan SLC) at a constant
temperature of 23 °C with a 12-h light/dark cycle (lights off at 21:00),
with food and water available ad libitum. PX-RICS/RICS–deficient mice
were generated as described [30]. Mutant mice were backcrossed into
the C57BL/6 N (CLEA Japan) background until the F10 generation. The
mice used in behavioral studies were generated by breeding heterozy-
gous mutant males and females in the C57BL/6 N background. Adult
and young-adult male mice (20 and 8–10 weeks old, respectively)
from a naïve cohort were used in the fear conditioning and pain sensitiv-
ity tests. The embryos for primary neuronal cultures were generated by
crossingwild-type C57BL/6Nmales and females, or homozygousmutant
males and females in the C57BL/6 N background. Embryonic day (E)
16–18 embryos were used for primary culture of hippocampal neurons.

PX-RICS/RICS–deficient mice carry the disrupted Arhgap32 gene
encoding PX-RICS and RICS, two splicing isoforms with the distinct cel-
lular functions [3, 28, 29, 31, 32]. Autistic-like behaviors of the mutant
mice are reversed by a GABAAR agonist clonazepam, suggesting that
these phenotypes are caused by PX-RICS dysfunction, not by RICS defi-
ciency [3]. For this reason, the KO mice were termed PX-RICS KO in
our previous studies. In this study, however, the KO mice were accu-
rately termed PX-RICS/RICS KO.

2.2. Cell Culture and Transfection

Hippocampal neurons were isolated from E16–18 mouse embryos
and plated on 24-well tissue culture plates precoated with 1 mg/ml
poly-L-lysine (Sigma-Aldrich) as described [29]. Cells were cultured in
Neurobasal medium (Thermo Fisher Scientific) supplemented with B-
27 supplement (Thermo Fisher Scientific) and 0.5 mM L-glutamine
(Thermo Fisher Scientific). For the first 3 days in culture, 10 μMcytosine
β-D-arabinofuranoside (Ara-C; Sigma-Aldrich) was included in the cul-
ture medium. Half of the medium was changed every 3 days. Transfec-
tion of primary cultured neurons was performed at 14 days in vitro
(DIV) using FuGENE 6 (Roche) for plasmid constructs and 10 DIV
using Lipofectamine RNAiMAX (Thermo Fisher Scientific) for siRNAs.
Three hours after transfection, the medium was replaced with condi-
tioned medium.

2.3. Chem-iLTP Induction

Induction of chem-iLTP was performed as described [27]. Briefly,
mouse hippocampal neurons in culture were treated with 20 μM
NMDA (Sigma-Aldrich) plus 10 μM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX; Sigma-Aldrich) for 3 min at 37 °C followed by recovery
incubation in conditioned medium for 12 min at 37 °C. The cell-
permeable, water-soluble CaMKII inhibitor KN93 [36] (1 μM; Merck
Millipore) was applied for 30 min prior to NMDA treatment and also
was added to the medium for NMDA stimulation and for recovery incu-
bation. Neurons were then subjected to immunoblotting, immunopre-
cipitation or surface labeling.

2.4. Antibodies

A rabbit polyclonal antibody (pAb) against PX-RICS was generated
as described [28]. A rabbit pAb specific for the GABAAR β3 subunit phos-
phorylated at Ser383 (phospho-S383) was a kind gift from Dr. Stephen J.
Moss (Department of Neuroscience, Tufts University School of Medi-
cine) [37, 38]. Commercially available antibodies used for immunoblot-
tingwere as follows: rabbit monoclonal antibody (mAb) against CaMKII
(1:1000; Cell Signaling Technology, #4436, lot: 3), rabbit mAb against
phospho-CaMKII (Thr286) (1:1000; Cell Signaling Technology, #12716,
lot: 3), rabbit pAb against GluA1 (1:600; Abcam, ab31232, lot:
GR79640-1), rabbit pAb against phospho-GluA1 (Ser845) [1:500; Up-
state Biotechnology, #06-773 (currently AB5849, Merck Millipore),
lot: 23869A], mouse mAb against α-tubulin (1:500; Merck Millipore,
CP06, lot: D00160163), rabbit pAb against 14-3-3ζ (1:100; Santa Cruz
Biotechnology, sc-1019, lot: C1008), mouse mAb against 14-3-3θ
(1:5000; Sigma-Aldrich, T5942, lot: 107 K1655), and mouse mAb
against GABAAR β3 subunit (1:1000; Synaptic Systems, #224411, lot:
224411/1). Commercially available antibodies used for immunofluores-
cent stainingwere as follows: rabbit pAb against theGABAARγ2 subunit
(1:500; Synaptic Systems, #224003, lot: 224003/8) and mouse mAb
against vesicular GABA transporter (VGAT) (1:1000; Synaptic Systems,
#131011, lot: 131011/26).

2.5. Immunoprecipitation and Immunoblotting

Mouse hippocampal neurons (14 DIV) were lysed in lysis buffer T
[10 mM Tris-HCl (pH 6.8), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100
with protease/phosphatase inhibitor cocktail (Sigma-Aldrich)]. The ly-
sates were precleared with protein A–Sepharose (GE Healthcare) for
1 h at 4 °C. Precleared lysates (500 μg of protein) were incubated with
5 μg of the indicated antibody for 1 h at 4 °C, and then the
immunocomplexes were adsorbed to protein A–Sepharose for 1 h at 4
°C. After being washed extensively with lysis buffer T, the immunopre-
cipitates were resolved by SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (Merck Millipore). The blots
were probed with primary antibodies as indicated and visualized with
alkaline phosphatase–conjugated secondary antibodies (Promega).
Band intensities were quantified using ImageJ software.

2.6. Phos-tag SDS-PAGE

Phos-tag SDS-PAGE [6% acrylamide containing 50 μMPhos-tag acryl-
amide (Wako)] and immunoblotting were performed according to the
manufacturer's instructions.

2.7. Labeling of Surface and Internal γ2 Subunits

Surface labeling was performed as described [3]. The rabbit pAb
against γ2 (Synaptic Systems) used for surface labeling recognizes the
N-terminal extracellular region of the subunit. Briefly, primary and sec-
ondary antibodies used for surface labeling before fixation were diluted
in conditioned medium from 14 DIV hippocampal neurons. Mouse hip-
pocampal neurons (14 DIV) were surface-labeled with anti–γ2 (1:500)
for 30 min at room temperature and rinsed in phosphate-buffered sa-
line (PBS). The neurons were then incubated with Alexa Fluor 488–
conjugated anti–rabbit IgG (1:500; Thermo Fisher Scientific) for
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30min at room temperature and rinsed in PBS. After beingfixedwith 2%
paraformaldehyde in PBS for 15 min at room temperature, the neurons
were incubated with unconjugated anti–rabbit IgG (50 μg/ml; Sigma-
Aldrich) for 1 h at room temperature to block the unlabeled primary
antibody remaining on the neuronal surface, rinsed in PBS and then
permeabilized with 0.2% Triton X-100 in PBS for 5 min. The neurons
were again incubated with anti–γ2 for 60 min at room temperature,
followed by staining with Alexa Fluor 594– or Alexa Fluor 647–
conjugated anti–rabbit IgG (1:500; Thermo Fisher Scientific) for 60 min
at room temperature. Alternatively, in Fig. 3, the neurons were double-
stained with anti–γ2 and mouse mAb against FLAG (M2; 1:500; Sigma-
Aldrich), and then with Alexa Fluor 647–labeled anti–rabbit IgG and
Alexa Fluor 594–labeled anti–mouse IgG. The cell images were obtained
with an LSM510META laser scanning confocal microscope (ZEISS). The
settings of themicroscope, lasers anddetectorswere kept constant during
image acquisition. The surface-expressed γ2 levels were quantitatively
evaluated by analyzing fluorescent images with ImageJ software. The va-
lidity of this surface labeling protocol was confirmed in our previous re-
port [3]. To exclude the possibility of artificial aggregation of surface
GABAARs, the results obtained by two distinct labeling methods were
quantitatively compared (see Supplementary Fig. 1).

2.8. siRNA–Mediated Gene Silencing

Primary cultured mouse neurons (10 DIV) were transfected with
siRNAs (10 nM) plus Red Fluorescent Oligo (10 nM; Thermo Fisher Sci-
entific) using Lipofectamine RNAiMAX according to the manufacturer's
protocol. Three hours after transfection, the mediumwas replaced with
conditionedmedium. The silencing effectwas evaluated by immunoflu-
orescence 96 h after transfection. Surface labeling of siRNA-transfected
neurons was performed as described above. The sequences for stealth
RNAi siRNAs (Thermo Fisher Scientific) were as follows:

siGabarap-1, 5′-AAACAAGGCAUCUUCAGCACGGAGA-3′;
siGabarap-2, 5′-AAAGAAGUCUUCUUCAUGGUGUUCC-3′;
si14-3-3ζ-1, 5′-UUGAGGGCCAGACCCAGUCUGAUGG-3′;
si14-3-3ζ-2, 5′-UUUGCAAGAGAGCAGGCUUUCUCUG-3′;
si14-3-3θ-1, 5′-AGAGGUGUCGGUCUUCUGCUCAAUG-3′;
si14-3-3θ-2, 5′-AUCAAACGCCUCUUGGUAGGCUCCU-3′;
siDctn1-1, 5′-UUAACUCCUUGAUAACUGUCUCUCG-3′ and
siDctn1-2, 5′-UGCCCAUGUAGACUGUGUCAUCUUG-3′.
Stealth RNAi negative control medium GC duplex (Thermo Fisher

Scientific) is denoted as siControl in the figures.

2.9. PX-RICS Mutants

PX-RICS mutants were generated by PCR-based mutagenesis [39,
40]. PX-RICS-ΔGBR, a mutant lacking the GABARAP–binding region
(amino acids 562–796); PX-RICS-ΔRSKSDP, a mutant lacking the 14-
3-3–binding motif (amino acids 1793–1798); PX-RICS-S1796A, a mu-
tant in which Ser1796, the CaMKII phosphorylation site in the 14-3-3
binding motif, was replaced with Ala. These mutants were cloned in
frame into the mammalian expression vector pcDNA3.1(+)-FLAG.

2.10. Fear Conditioning Test

WT and KO littermates [20-week-old male mice; 32.10 ± 1.06 g
(WT); 32.20 ± 1.00 g (KO)] were assessed for learning and memory
of conditioned fear in accordancewith previous reports [41, 42]. The ex-
periments were conducted using a computer-controlled fear-
conditioning system (O'HARA & CO., LTD). Either of two test boxes
with different contextual (visual, tactile and olfactory) cueswere placed
in a soundproof chamber (60 × 45× 60 cm). A transparent Plexiglas box
(10 × 10× 12 cm, inside dimensions)with a transparent lidwas used in
context 1. The floor wasmade up of 14 stainless steel bars (0.2 cm in di-
ameter) set 0.5 cm apart, which served as conductors of electric
footshocks. The box was placed in a white-surrounding environment
(60 lx), and background fan noise (50 dB) was provided during context
1 experiments. The context 1 test box was cleaned of odors with 70%
ethanol and wiped with paper towels before each conditioning or con-
textual test. In context 2, a white opaque polycarbonate box of the iden-
tical size with a smooth floor containing 1-cm-thick paper bedding was
placed in a black-surrounding environment (15 lx), and louder back-
ground fan noise (60 dB) was provided during the experiments. The
test box was cleaned with water and air-dried before each cued test.
Paper bedding was replaced before each cued test.

The procedures for the conditioning and test sessions are illustrated
schematically in Fig. 5A. Test mice were habituated to the testing room
for at least 24 h before beginning the test. On the first day, a test mouse
was placed in the test box (context 1) and allowed to explore freely for
120 s. The mouse was then exposed to a 30-s tone of 70 dB (CS), which
co-terminated with a 2-s electric footshock of 0.75 mA (US). After a 30-
s post-shock exploration, the mouse was immediately returned to its
home cage. Context–dependent fear learning was tested on the second
day, 24 h after the conditioning. Each mouse was placed back in the con-
text 1 test box, and freezing behavior was monitored for 300 s in the ab-
sence of the CS andUS. After an interval of 2 h, themicewere placed in the
altered context (context 2), and cued fear learningwas tested. The session
consisted of a 120-s free exploration, followed by a 180-s continuous pre-
sentation of the identical CS tone, and the freezing behavior in response to
the altered context (pre-CS phase) or the tone (CS phase) was assessed
for 300 s in total. Movements of animals were automatically recorded at
the rate of 2 frames/s and analyzed with a video-tracking system. Behav-
ioral activity was defined as the area throughwhich an animal moved (in
pixels) between two consecutive frames, and freezing behavior was de-
fined as an absence of movement (≤30 pixels) maintained for N1 s.

2.11. Pain Sensitivity Test

Pain sensitivity flinch/jump testwas conducted as described [43, 44].
WT andKOmales (20weeks old) froma naive cohortwere placed in the
test box (context 1) and habituated for 120 s. Each mouse received 1-s
electric footshocks of varying intensity: the intensity was increased by
0.02 mA every 20 s, with an initial footshock of 0.02 mA. The minimal
current intensity required to elicit stereotyped aversive responses,
such as flinching, vocalization and running/jumping, was measured
for each mouse. The experiment was discontinued when the test
mouse exhibited all three responses. The test box was cleaned of
odors with 70% ethanol and wiped with paper towels between tests.

2.12. CZP Treatment

CZP (Wako) was suspended in vehicle solution [0.5% (w/v) methyl-
cellulose 400 (Wako) in PBS] and diluted with additional vehicle solu-
tion for injection to a volume of 10 ml/kg at a dose of 0.03 mg/kg. Our
previous study indicated that intraperitoneal administration of CZP at
a dose of up to 0.03 mg/kg causes no significant sedative or anxiolytic
effects in either WT or KOmice [3], which allows us to avoid secondary
effects that could potentially affect their learning performance. The
diluted CZP suspension or vehicle solutionwas intraperitoneally admin-
istered to each test mouse (male, 8–10weeks old) 30min before condi-
tioning. Contextual and cued tests of the vehicle- or CZP-injected mice
were performed as described above.

2.13. Statistical Analysis

All experiments were carried out by individuals who were blind to
the genotypes and/or treatments. Sampling and experimental replicates
in cell biological analyses are described in the figure legends. No criteria
were applied for inclusion or exclusion of data. No outliers were taken
into account and all collected data were subjected to statistical analyses.
All data are represented as the mean ± SEM. and were analyzed using
Student's t-test, one-way analysis of variance (ANOVA), and two-way
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ANOVA with Bonferroni's post hoc test. All the statistical analyses were
performedusing js-STAR software. Full statistical data for the behavioral
tests are presented in Supplementary Table 1.

3. Results

3.1. iLTP Triggers PX-RICS–Dependent GABAAR Transport

Wefirst examinedwhether PX-RICS is responsible for the increase in
surfaceGABAARs underlyingNMDAR–dependentGABAergic iLTP. To in-
duce this type of iLTP, we adopted a chemical method (chem-iLTP)
Fig. 1. PX-RICS is required for GABAAR transport during chem-iLTP. (A)WT and KO hippocamp
presence or absence of KN93 as indicated, and surface (green) and intracellular (red) γ2 subu
fluorescent signals in the distal dendrites (B). The number (C) and averaged size (D) of surface
quantified. Data are shown as themean± SEM. *P b .05; **P b .01; ***P b .001 (Student's t-test)
Fig. 3
based on moderate stimulation of NMDARs with low-dose NMDA in
cultured hippocampal neurons (seeMaterials andMethods and Supple-
mentary Fig. 2) [27, 45–47]. The γ2 subunit is estimated to be present in
~90% of the GABAAR complexes in the brain [48], and we thus assessed
the surface and intracellular γ2 levels after the chem-iLTP induction.
Compared with mock-treated PX-RICS+/+ (WT) neurons, NMDA-
treated WT neurons showed a rapid increase in surface γ2 levels, and
this increase was clearly inhibited by pretreatment with KN93, a cell-
permeable, water-soluble CaMKII inhibitor (Fig. 1A and Supplementary
Fig. 3A). In contrast, as shown in our previous report [3], mock-treated
PX-RICS−/− (KO) neurons exhibited markedly lower surface γ2 levels
al neurons were treated with vehicle (mock) or moderately stimulated with NMDA in the
nits were separately visualized. Scale bars, 10 μm. (B–D) Quantitative analyses of the γ2
-expressed γ2 puncta within a 40-μm segment of the representative dendrites were also
. n=10 (WT) and 10 (KO) across two independent experiments. See also Supplementary
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than did mock-treated WT neurons (Fig. 1A and Supplementary
Fig. 3A), suggesting that PX-RICS is required for steady-state transport
under the unstimulated condition. Notably, the surface γ2 levels of KO
neurons remained unchanged even after NMDA stimulation (Fig. 1A
and Supplementary Fig. 3A). Quantitative analysis of the fluorescence
intensities and dendritic fluorescent puncta revealed that NMDA stimu-
lation induced 25–65% increase in the surface expression and in the
number and size of the dendritic γ2 puncta in WT neurons, whereas
no significant changes were found in KO neurons (Fig. 1B–D and Sup-
plementary Fig. 3B). These results suggest that PX-RICS is required for
CaMKII–dependent transport of GABAARs to the neuronal surface dur-
ing chem-iLTP.

3.2. GABAAR Transport During iLTP Requires the PX-RICS–Mediated Traf-
ficking Complex

We next investigated whether components of the PX-RICS–medi-
ated trafficking complex are required for the NMDA–induced increase
in surface GABAARs. In WT neurons transfected with a control small in-
terfering RNA (siRNA), the surface γ2 levels increased after NMDA stim-
ulation (Fig. 2 and Supplementary Figs. 4 and 5). As shown in our
previous report [3], introduction of an siRNA targeting any one of
GABARAP, 14-3-3ζ, 14-3-3θ or dynactin1 resulted in a drastic reduction
in surface γ2 levels and a simultaneous increase in intracellular γ2
levels in mock-treated WT neurons (Fig. 2 and Supplementary Figs. 4
and 5). Furthermore, siRNA-transfected WT neurons showed no signif-
icant increase in surface-expressed γ2 after NMDA stimulation (Fig. 2
and Supplementary Figs. 4 and 5). These results suggest that
GABARAP, 14-3-3ζ, 14-3-3θ anddynactin1 are essential for GABAAR sur-
face expression triggered by chem-iLTP induction.

We further studied the importance of PX-RICS–mediated complex
formation by using mutant forms of PX-RICS: ΔGBR, a mutant lacking
the GABARAP-binding region, and ΔRSKSDP and S1796A, mutants lack-
ing the ability to bind 14-3-3 (Fig. 3 and Supplementary Fig. 6). When
WT PX-RICS was exogenously expressed in KO neurons, the surface γ2
levels were restored under the unstimulated condition and further in-
creased by NMDA stimulation (Fig. 3 and Supplementary Fig. 6). In con-
trast, KO neurons transfected with the ΔGBR mutant exhibited notably
lower surface γ2 levels and no further enhancement of γ2 surface ex-
pression after NMDA stimulation. Similarly, surface γ2 levels remained
unchanged in KO neurons expressing either the ΔRSKSDP or S1796A
mutant (Fig. 3 and Supplementary Fig. 6). Taken together, these results
suggest that GABAAR trafficking newly driven during chem-iLTP re-
quires the formation of the PX-RICS/GABARAP/14–3-3 complex.

3.3. CaMKII Targets PX-RICS to Stimulate GABAAR Transport During iLTP

In NMDAR–dependent GABAergic iLTP, CaMKII phosphorylates tar-
get proteins such as gephyrin and the GABAAR β3 subunit to stimulate
GABAAR surface expression [21, 23–25, 37, 38, 49]. In vitro, CaMKII di-
rectly phosphorylates PX-RICS at Ser1796 to generate a 14-3-3–binding
motif (-RSKpSDP-), thereby promoting the interaction of PX-RICS with
14-3-3 proteins [31]. We thus determined whether PX-RICS is one of
the CaMKII targets relevant to GABAergic iLTP. Phos-tag SDS-PAGE
and subsequent quantitative analyses revealed that NMDA treatment
of WT neurons decreased the electrophoretic mobility of PX-RICS, and
this decrease was alleviated by pretreatment of neurons with KN93
(Fig. 4A). In addition, NMDA stimulation increased the amount of 14-
3-3ζ/θ bound to PX-RICS, and this increase was abrogated in the pres-
ence of KN93 (Fig. 4B). Collectively, we concluded that NMDAR activa-
tion elicits CaMKII–dependent phosphorylation of PX-RICS to enhance
the recruitment of 14-3-3ζ/θ to PX-RICS, thereby driving de novo surface
expression of GABAARs. The PX-RICS/GABARAP/14-3-3 adaptor com-
plex is thus considered to be an essential molecular target for inducing
GABAergic iLTP.
CaMKII-dependent phosphorylation at Ser383 of the GABAAR β3
subunit promotes gephyrin accumulation and GABAAR immobilization
at synapses during chem-iLTP [37]. We examined whether this
regulatory mechanism downstream of β3-Ser383 phosphorylation
operates normally regardless of PX-RICS.We found thatβ3-Ser383 phos-
phorylation is induced during chem-iLTP in both WT and PX-RICS/RICS
KOneurons and there is no significant difference in the phosphorylation
rate between both genotypes (Fig. 4C). This result suggests that the
synaptic recruitment and confinement of GABAARs are properly
regulated through β3-Ser383 phosphorylation independently of
PX-RICS. We then assessed changes in synaptic and nonsynaptic locali-
zation of GABAARs during chem-iLTP in WT neurons. As expected,
chem-iLTP significantly increased synaptic GABAARs (Fig. 4D) probably
through β3-Ser383 phosphorylation. Interestingly, we found that
nonsynaptic GABAARs is also significantly increased to the same degree
(Fig. 4D). Taken together, these results support that anterograde trans-
port and/or membrane insertion of GABAARs are promoted during
chem-iLTP.

3.4. Amygdala–Dependent Fear Learning is Impaired in PX-RICS/RICS–
Deficient Mice

The amygdala plays a key role in processing emotional memories,
particularly those associated with fear [50, 51], and its dysfunction is
implicated in autism pathogenesis [52, 53]. Fear conditioning is in-
versely correlated with the severity of autism [54–56] and depends on
GABAergic activity and plasticity within the amygdala [41, 42, 57]. To
explore a link between PX-RICS–dependent GABAergic plasticity and
autism, we conducted a fear conditioning test of PX-RICS/RICS KO mice
(Fig. 5A).

During the conditioning period, WT and KOmice were similarly ac-
tive before the tone (conditioned stimulus; CS)–shock (unconditioned
stimulus; US) pairs (Fig. 5B) and showed similar levels of freezing re-
sponse (Fig. 5C). Similarly, WT and KO mice showed similar averaged
freezing rates and time courses during contextual testing (Fig. 5D–E), al-
though KOmice had a tendency to freeze less frequently, indicating that
there is little difference in context–dependent fear learning. In cued
testing, however, KO mice showed a significantly reduced freezing re-
sponse to the tone (CS) (Fig. 5F). Time course analysis revealed that
therewas no significant difference in the freezing rates before tone pre-
sentation (pre-CS phase) (Fig. 5G). The freezing response of WT mice
was significantly increased at the start of tone presentation (CS phase)
and was consistently higher thereafter (Fig. 5G). In contrast, KO mice
showed less increase in the freezing rate between pre-CS and CS phases
(Fig. 5G). As a result, KOmice consistently showedmuch lower levels of
freezing behavior than did WT mice during the CS phase, suggesting
that KOmice are markedly inferior to WT mice in tone-cued fear learn-
ing. PX-RICS is thus required for cued fear learning, which is believed to
depend critically on emotional functions of the amygdala.

Subsequent pain sensitivity tests, as measured by responses to
footshocks of varying intensity, revealed that there were no significant
differences in the minimal current intensity required to elicit stereo-
typed aversive responses (Fig. 5H). Therefore, the observed difference
in the post-tone freezing ratewas not attributed to potential differences
in pain sensitivity but to differences in the ability of the amygdala to
form fear memory. These results suggest that PX-RICS–dependent
GABAergic plasticity plays critical roles in emotional learning in the
amygdala, and hence its impairment contributes to atypical socio-
emotional processing that manifests as autistic-like social behavior.

3.5. Potentiating GABAAR–Mediated Signaling Ameliorates Fear Learning

We have previously shown that autistic-like behavior in PX-RICS/
RICS KO mice is treatable by potentiating postsynaptic signaling
through the GABAARs remaining on the neuronal surface with clo-
nazepam (CZP), a benzodiazepine agonist of GABAARs [3]. We thus
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Fig. 3.GABAAR transport during chem-iLTP requires complex formation of PX-RICSwith GABARAP and 14-3-3ζ/θ. (A) KOhippocampal neuronswere transfectedwith plasmids expressing
FLAG-taggedwild-type ormutant PX-RICS as indicated. Aftermock ormoderate NMDA stimulation, surface-expressed (green) and intracellular (blue) levels of theγ2 subunit in the distal
dendrites of transfected neurons (red) were analyzed. Scale bars, 10 μm. (B–D) Quantitative analyses of γ2 fluorescent signals (B). The number (C) and averaged size (D) of surface-
expressed γ2 puncta within a 40-μm segment of the representative dendrites were also quantified. Data are shown as the mean ± SEM. ***P b 0.001 (Student's t-test). n = 10 (for
each construct) across two independent experiments. See also Supplementary Fig. 6.
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analyzed whether fear learning of PX-RICS/RICS KO mice could be
ameliorated by CZP treatment. Intraperitoneal administration of
CZP at a dose of 0.03 mg/kg caused no significant effects on locomo-
tor activity or freezing behavior in either WT or KO mice during the
conditioning session (Fig. 6A–B), as we showed in our previous
Fig. 2. GABARAP, 14-3-3ζ/θ and dynactin1 are required for GABAAR transport during chem-i
Fluorescent Oligo. After treatment with vehicle (mock) or low-dose NMDA, surface (green) an
neurons (red) were analyzed. Scale bars, 10 μm. (B–D) Quantitative analyses of γ2 fluoresc
within a 40-μmsegment of the representative dendriteswere also quantified. Data are shown as
two independent experiments. See also Supplementary Figs. 4 and 5.
study [3]. Vehicle- and CZP-injected mice showed similar levels of
freezing behavior during contextual testing, although CZP had amar-
ginal ameliorating effect in KO mice (Fig. 6C–D). In cued testing,
there was no apparent difference in the freezing rates during the
pre-CS phase (Fig. 6E–F). In the CS phase, however, CZP-treated KO
LTP. (A) WT hippocampal neurons were transfected with the indicated siRNA plus Red
d intracellular (blue) levels of the γ2 subunit in the distal dendrites of siRNA-transfected
ent signals (B). The number (C) and averaged size (D) of surface-expressed γ2 puncta
themean± SEM. **P b 0.01; ***P b 0.001 (Student's t-test). n=10 (for each siRNA) across



Fig. 4. Chem-iLTP induces CaMKII–dependent PX-RICS phosphorylation to promote the assembly of PX-RICS and 14-3-3 and cell surface transport of GABAARs. (A) WT and KO
hippocampal neurons were moderately stimulated with NMDA in the presence or absence of KN93. The neuronal lysates were immunoprecipitated with an anti–PX-RICS antibody,
and half of the immunoprecipitate was analyzed by Phos–tag (upper) or standard (lower) SDS-PAGE and immunoblotting. The intensities of unphosphorylated and phosphorylated
PX-RICS bands (open and filled arrowheads, respectively) were corrected using those of total PX-RICS and the data were expressed as relative values with respect to the mock control
(right panel). (B) WT hippocampal neurons were moderately stimulated with NMDA, and the lysates were analyzed by immunoprecipitation with an anti–PX-RICS antibody followed
by immunoblotting with anti–14-3-3ζ and anti–14-3-3θ antibodies (upper panel). Total 14–3-3ζ/θ protein in the neuronal lysates was assessed by immunoblotting with anti–14-3-3ζ
and anti–14-3-3θ antibodies (lower panel). Quantitative analysis of 14-3-3ζ/θ bound to PX-RICS (right panel). The ratio of the band intensity of 14-3-3ζ/θ bound to PX-RICS to that of
total 14-3-3ζ/θ was assessed, and the data were expressed as relative values with respect to mock control. (C) Lysates of WT and KO hippocampal neurons modestly stimulated with
NMDA in the presence or absence of KN93 were analyzed by immunoblotting with anti–β3 and anti–phospho-Ser383 β3 antibodies. α-tubulin was used as an internal control for the
quantitative analysis. (D) WT hippocampal neurons were modestly stimulated with NMDA and subjected to live cell labeling of the surface γ2, followed by co-staining with anti-VGAT
antibody to identify synaptically localized GABAARs (arrowheads). Arrows indicate large or elongated puncta of nonsynaptic γ2 often observed in NMDA-treated neurons. Scale bars,
10 μm. n = 5 (mock) and 5 (NMDA) across two independent experiments. Data are shown as the mean ± SEM from three (A, B, C) or two (D) independent experiments. NS, not
significant; *P b 0.05; **P b 0.01 (Student's t-test).
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mice showed a significantly higher freezing response than did
vehicle-treated KO mice (Fig. 6E–F). The ameliorating effect of CZP
was particularly noticeable early in the CS phase (Fig. 6F). The
freezing rate of CZP-treated KO mice was nearly equivalent to that
of vehicle- or CZP-treated WT mice (Fig. 6E–F), indicating that the
poor learning performance of KO mice is significantly alleviated by



Fig. 5. Cued fear learning is impaired in PX-RICS/RICS–deficient mice. (A) Schematic diagram of the fear conditioning protocol. A conditioning session represents a single tone–footshock
(CS–US) pair consisting of a 120-s free exploration, a 30-s tone presentation (gray bar), a 2-s electric footshock (arrow) and a 30-s post-tone period. A contextual test was performed for
300 s in the absence of the CS and US in an identical context. A cued test consisted of a 120-s pre-CS phase and a 180-s CS phase in an altered context. The percentage of the time spent
freezing within a 30-s bin was defined as the freezing response. (B, C)WT and KO mice were assessed for activity (B) and averaged freezing rate (C) before tone presentation during the
conditioning session. (D, E) Freezing responses during contextual tests were analyzed based on a 300-s bin (D) or in 30-s bins over the time course of the session (E). (F, G) Freezing
responses were analyzed during the pre-CS and CS phases (F) and as a time course across these two phases (G). (H) The minimal current intensities of footshocks required to elicit the
indicated aversive responses were measured in each mouse. Data are shown as the mean ± SEM. NS, not significant; *P b 0.05; **P b 0.01. n = 26 (WT) and 26 (KO) in (A–G); n = 8
(WT) and 8 (KO) in (H). Full statistical data are presented in Table S1.
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CZP treatment. CZP had no significant effect on the freezing behavior
of WTmice (Fig. 6C–F). These results suggest that the reduced ability
of KO mice to form fear memory is caused by impaired postsynaptic
GABAAR–mediated signaling and that PX-RICS–dependent regula-
tion of GABAergic activity is critical for emotional processing in the
amygdala.
4. Discussion

Inhibitory synapses undergo several types of plasticity at both pre-
and postsynaptic levels [19–22]. The postsynaptic form of plasticity at
GABAergic synapses is achieved in part by modulating the intracellular
and surface dynamics of GABAARs in an activity–dependent manner



Fig. 6. Cued fear learning of PX-RICS/RICS–deficient mice is ameliorated by potentiating GABAAR–mediated signaling. (A, B) Vehicle- and CZP-injectedWT and KOmice were assessed for
activity (A) and averaged freezing rate (B) before tone presentation during the conditioning session. (C, D) CZP has no significant effect on context–dependent fear learning. Freezing
responses during contextual tests were analyzed based on a 300-s bin (C) or in 30-s bins over the time course of the session (D). (E, F) Freezing responses were analyzed during the
pre-CS and CS phases (E) and as a time course across these two phases (F). CZP treatment produced significant improvement in the freezing response of KO mice during the CS phase
(E), particularly early in the CS phase (F). Data are shown as the mean ± SEM. NS, not significant; **P b 0.01. Comparisons between WT (Vehicle) and KO (Vehicle) and between KO
(Vehicle) and KO (CZP) are shown in (F). n = 30 (WT) and 30 (KO). Full statistical data are presented in Table S1.
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[21, 23–25]. During NMDAR–dependent GABAergic iLTP, activated
CaMKII phosphorylates target proteins such as gephyrin and the
GABAAR β3 subunit to trigger de novo surface delivery of GABAARs [21,
23–25, 37, 38, 49]. CaMKII-dependent phosphorylation at Ser305 of
gephyrin regulates GABAAR diffusion and synaptic scaling at GABAergic
postsynaptic sites [49, 58]. Similarly, phosphorylation of the GABAAR β3
subunit at Ser383 by CaMKII leads to reduced surface mobility and in-
creased synaptic recruitment of GABAARs [37, 38]. The present study
has revealed that this activity-dependent upregulation of the surface
GABAAR levels is carried out by the PX-RICS/GABARAP/14-3-3 traffick-
ing complex (Supplementary Fig. 7). We have also identified PX-RICS
as a downstream target of CaMKII. The phosphorylation–dependent in-
teraction between PX-RICS and 14-3-3ζ/θ is thus a crucial regulatory
point for GABAergic iLTP. Accumulating evidence has shown that
other cell surface proteins depend onGABARAP for their surface expres-
sion [3]. Thus, the PX-RICS/GABARAP/14–3-3 trafficking complex may
be widely implicated in the activity–dependent regulation of the mem-
brane protein dynamics relevant to neural plasticity.

PX-RICS, GABARAP and 14-3-3ζ/θ are localized in the specific den-
dritic compartments that are immunopositive for organelle markers
for the endoplasmic reticulum (ER), ER exit sites and the trans-Golgi
network [3]. This structure, termed the dendritic satellite secretory
pathway, is comprised of the dendritic ER and the Golgi outposts and
is involved in the local synthesis, processing and transport of
membrane-integral or secretory proteins in dendrites [59, 60]. The
rapid increase in surface-expressed GABAARs after NMDA stimulation
could be explained by the localization of the PX-RICS–dependent traf-
ficking machinery in the dendritic secretory compartments.

Several lines of evidence suggest that the dysregulation of GABA sig-
naling underlies atypical social behavior in autism [3–18]. However,
there has been no report describing deficits in GABAergic plasticity
that contribute to autistic features. The present study has shown that
PX-RICS is essential for GABAergic iLTP and that loss of the PX-RICS
function inmice leads to impaired cued fear learning. Cued fear learning
is closely associated with GABAAR–mediated activity and plasticity in
the amygdala [41, 42, 57] and is inversely correlated with the severity
of autistic symptoms [54–56]. Considering all of these findings, we
thus reason that PX-RICS–dependent GABAAR transport may play criti-
cal roles in emotional learning in the amygdala through the control of
GABAergic synaptic plasticity and that the impairment of this transport
mechanismmay lead to improper socio-emotional processing, resulting
in autistic-like atypical social behavior (Supplementary Fig. 7). Further
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elucidation of the functional link between GABAergic plasticity and
socio-emotional learning could lead to a better understanding of autism
pathogenesis and treatment.
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