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SUMMARY

Gephyrin interacts with various GABAergic synaptic
proteins to organize GABAergic synapse develop-
ment. Among the multitude of gephyrin-binding
proteins is IQSECS3, a recently identified component
at GABAergic synapses that acts through its ADP
ribosylation factor-guanine nucleotide exchange
factor (ARF-GEF) activity to orchestrate GABAergic
synapse formation. Here, we show that IQSEC3
knockdown (KD) reduced GABAergic synaptic den-
sity in vivo, suggesting that IQSEC3 is required for
GABAergic synapse maintenance in vivo. We further
show that IQSEC3 KD in the dentate gyrus (DG) in-
creases seizure susceptibility and triggers selective
depletion of somatostatin (SST) peptides in the DG
hilus in an ARF-GEP activity-dependent manner.
Strikingly, selective introduction of SST into SST in-
terneurons in DG-specific IQSEC3-KD mice reverses
GABAergic synaptic deficits. Thus, our data suggest
that IQSEC3 is required for linking gephyrin-GABA,
receptor complexes with ARF-dependent pathways
to prevent aberrant, runaway excitation and thereby
contributes to the integrity of SST interneurons and
proper GABAergic synapse maintenance.

INTRODUCTION

Synapses, the basic unit of neural circuits, are fundamental in
transferring, processing, and computing neural information
in the brain (Sudhof, 2017). They are formed at specific sites in
neurons and dynamically control and modify their plasticity, a
key property that supports essential brain functions. Various
classes of synaptic proteins are involved in distinct aspects of
synapse formation and serve to coordinate neuronal functions
by maintaining a proper balance of the excitation-to-inhibition
(E/l) ratio at neural circuits. An imbalanced E/I ratio in multiple
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brain regions is directly linked to deficits in neural information
processing by and between various microcircuits interspersed
throughout the brain and is associated with the onset and pro-
gression of various brain disorders (Ko et al., 2015; Steinberg
et al., 2015). Epilepsy is a prevalent brain disorder characterized
by recurrent seizures. Although non-synaptic mechanisms may
also be involved, one mechanism that can provoke epileptic
seizures is dysregulation of synaptic mechanisms, which in-
duces abnormal organization of neuronal connections and
thereby converts a normal neuronal network into a hyperexcit-
able network (Dudek et al., 1998; Jefferys, 2010). Substantial
efforts to develop relevant animal models and rigorous histolog-
ical studies have contributed to our current understanding of
the mechanisms of epileptogenesis, pinpointing key patholog-
ical features of various epilepsy types, which include mossy fiber
sprouting in the hippocampal dentate gyrus (DG) and loss of
various GABAergic interneurons (Leite et al., 2005).

Gephyrin, a master scaffold that interacts with dozens of
other GABAergic synaptic components, regulates synapse for-
mation, transmission, and plasticity at GABAergic synapses
(Alvarez, 2017; Choii and Ko, 2015; Groeneweg et al., 2018).
Multiple copy number variations and single-nucleotide mor-
phisms of gephyrin and its binding proteins collybistin
(ARHGEF9) and mammalian target of rapamycin (mnTOR) have
been strongly implicated in temporal lobe epilepsy (TLE) (Ko
et al., 2015). Notably, all TLE-associated gephyrin variants
exhibit irregular exon skipping in the N-terminal G-domain (For-
stera et al., 2010). Consistent with this, knockout mice deficient
for these proteins exhibit severe seizures (Ko et al., 2015). In this
context, we recently identified a molecular interaction of ge-
phyrin with IQSEC3, a GABAergic synapse-specific guanine
nucleotide exchange factor for ADP ribosylation factor (ARF-
GEF) (Um, 2017). IQSEC3 promotes GABAergic synapse devel-
opment in cultured hippocampal neurons in a manner that
requires its ARF-GEF activity (Um et al., 2016a). Similar to ge-
phyrin, IQSEC3 downregulation appears to be involved in a
subset of neuropsychiatric disorders (Choii and Ko, 2015; Ellis
et al., 2016). Moreover, given that molecular components
that have been linked to IQSECS (i.e., gephyrin, ARHGEF9, and
neuroligin-2) are commonly associated with epilepsy and that
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IQSECS specifically promotes GABAergic synapse develop-
ment, it is tempting to speculate that IQSEC3 may also be
involved in epileptogenesis.

In the present study, we performed extensive analyses to
probe whether and how loss of IQSECS3 results in abnormal
neuronal network activities that lead to epileptic seizure pheno-
types. Knockdown (KD) of IQSEC3 in the hippocampal DG
induced a significant decrease in GABAergic synapse density
and caused a massive reduction of somatostatin (SST) expres-
sion in the DG hilus. Surprisingly, expression of SST in DG-spe-
cific IQSEC3-KD mice was sufficient to rescue the IQSEC3
KD-mediated cellular pathologies, an effect that depended on
IQSEC3 ARF-GEF activity. Collectively, our results suggest
that IQSEC3 ARF activity is essential for maintaining normal
GABAergic synapse density and the integrity of SST-positive in-
terneurons (SST*-INs).

RESULTS

IQSECS3 Is Required for Maintenance of GABAergic
Synapse Structure in the DG of Mice

We previously showed that IQSEC3 KD decreases gephyrin
puncta size in cultured hippocampal neurons (Um et al.,,
2016a). However, whether this observation could be recapitu-
lated in vivo remained unknown. To probe whether IQSEC3
KD influences structural aspects of GABAergic synapse main-
tenance, we performed immunohistochemical analyses in
mice stereotactically injected in the hippocampal DG with
adeno-associated viruses (AAVs) expressing small hairpin
RNA (shRNA) targeting Igsec3 (sh-IQSEC3) or control shRNA
(sh-Control) (Figure 1A; Figure S1). Quantitative immunofluores-
cence analyses of the GABAergic synaptic markers GAD67
(glutamic acid decarboxylase 67 kDa), VGAT (vesicular GABA
transporter) and GABAARY2 revealed significant decreases in
the intensity and density of GAD67, VGAT, and GABAARY2
puncta in the DG granular cell layer, and the DG hilus and mo-
lecular layers, but not in the cortex (a control brain area in which
AAVs were not transduced; Figures 1B-1E; Figure S2). In
contrast, puncta intensity of VGLUT1 (vesicular glutamate
transporter 1), a glutamatergic synaptic marker, was not
changed in the DG or cortex (Figure S2). These changes in
GAD67, VGAT, and GABAARY2 intensity and density in the
DG of IQSEC3-KD mice were completely rescued by expres-
sion of IQSECS3 wild-type (WT) but not an ARF-GEF activity-
deficient IQSEC3 E749A mutant (Um et al., 2016a; Figures
1B-1E; see Figure S1C for validation of IQSEC3 E749A by
Arf6 activation assay). Collectively, these results demonstrate
that the ARF-GEF activity of IQSEC3 is required for the selective
regulation of GABAergic synapse formation and maintenance
by IQSECS in vivo.

IQSECS3 Loss Accelerates Seizure Susceptibility in an
ARF-GEF Activity-Dependent Manner

We next sought to determine whether IQSEC3 plays a role under
epileptogenic conditions, which, like various neurological
disorders, are often associated with impaired GABAergic syn-
apse formation and function (Hiester and Santy, 2013; Ko
et al.,, 2015) and a resulting imbalance in E/I ratio at synaptic

1996 Cell Reports 30, 1995-2005, February 11, 2020

and circuit levels. Thus, we performed 24 h tethered electroen-
cephalography (EEG) recordings in mice injected into the DG
with the indicated AAVs (Figure S3A). Ictal-like EEG discharges,
characterized by large amplitudes, long durations (>20 s), and
repetitive single or complex spike waveforms, were frequently
observed in IQSEC3-KD mice under drug-free conditions; no
electrographic signs of spontaneous recurrent seizures were
ever detected in control mice (Figures S3B and S3C). These
abnormal epileptiform spike patterns were completely rescued
by coexpression of IQSEC3 WT but not the IQSEC3 E749A
(Figures S3B and S3C). In addition, an analysis of interictal-like
epileptiform activity supported the same conclusions (Figures
S3D and S3E).

To elucidate in-depth mechanisms underlying IQSEC3-KD-
induced epileptic seizures and delineate the effect of IQSEC3
KD on susceptibility to epileptic seizures, we used an acute
kainic acid (KA)-induced epileptic mouse model, which has
been extensively used to dissect molecular mechanisms under-
lying initial epileptogenesis event(s) that transforms normal
neural networks into hypersynchronous networks (Marriott
et al., 2017). Mice injected with the indicated AAVs were intra-
peritoneally administered KA (15 mg/kg), and their seizure-
related behaviors were monitored by video recordings (Fig-
ure 2A). The severity of KA-induced convulsive seizures was
assessed by scoring responses on a scale from 0 (no abnormal
behavior) to 5 (death) using a revised Racine’s scale (Racine,
1972; Figures 2B-2F). Average seizure scores for the first
60 min after KA administration were ~1.5-fold higher in
IQSEC3-KD mice (3.08 + 0.15) than in control mice (1.96 +
0.39) (Figures 2B and 2C). Average seizure scores for the next
60 min were 3.65 +0.19and 2.31 + 0.16 in IQSEC3-KD and con-
trol mice, respectively, indicating that the severity of seizure be-
haviors persisted in these mice (Figures 2B and 2D). Impor-
tantly, the increased seizure susceptibility observed in
IQSEC3-KD mice was normalized by coexpression of IQSEC3
WT (2.33 £ 0.19 for first 60 min and 2.65 + 0.23 for the next 60
mi) but not by coexpression of IQSEC3 E749A (3.11 + 0.17 for
the first 60 min and 3.66 + 0.27 for the next 60 min) (Figures
2B-2D). IQSEC3 KD decreased seizure latency, in association
with an increase in the total time spent in seizures, both of which
were normalized by expression of IQSEC3 WT, but not IQSEC3
E749A (Figures 2B, 2E, and 2F). Similar behavioral profiles of
IQSEC3-KD mice were observed in the pilocarpine-induced ep-
ilepsy mouse model (Figure S3).

In line with these behavioral phenotypes, EEG and local field
potential (LFP) recordings in IQSEC3-KD mice revealed higher
amplitude and longer lasting KA-induced ictal activity
compared with control mice (Figure 2G). Moreover, the number
of seizure events per hour, determined from EEG activity, was
significantly increased in IQSEC3-KD mice compared with con-
trol mice. The number of interictal spikes, quantified from
240 min of EEG recordings, was higher in IQSEC3-KD mice
than in control mice (Figure 2H). This increased frequency of in-
terictal spikes in IQSEC3-KD mice was rescued by coexpres-
sion of IQSEC3 WT but not IQSEC3 E749A (Figure 2H). Consis-
tent with EEG recordings, the duration of interictal events was
increased in LFP recordings in IQSEC3-KD mice compared
with control mice, an effect that was completely normalized
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Figure 1. IQSEC3 KD in Mice Leads to Impaired GABAergic Synapse Maintenance in the DG

(A) Experimental protocols for quantitative immunohistochemistry experiments.

(B-D) Effects of IQSEC3 KD on synapse puncta in the DG granule cell layer (B), DG hilus (C), and DG molecular layer (MOL) (D). Representative images showing a
reduction in GAD67, VGAT, or GABAARY2 puncta intensity (red) in the DG in IQSEC3-KD neurons. Brain sections were immunostained for EGFP to show AAV-
infected neurons (green) and counterstained with DAPI to show cell nuclei (blue). Scale bar, 10 pm.

(E) Quantification of GAD67, VGAT, and GABAARY2 puncta intensity per tissue area (mean + SEM; n = 8 mice each after averaging data from four sections/mouse;

*p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001 versus controls).

by coexpression of IQSEC3 WT but not IQSEC3 E749A (Figures
2l and 2J). Spectrograms for LFP signals after KA injection
confirmed the enhanced power of high-frequency seizure activ-
ity in IQSEC3-KD mice, an effect that was again reversed by co-
expression of IQSEC3 WT but not IQSEC3 E749A (Figure 2K).
There are three well-characterized types of hippocampal oscil-

lations representing seizure activity, theta (3-5 Hz), fast gamma
(55-80 Hz), and slow gamma (30-45 Hz); disturbances in theta
and gamma rhythm coherence, in particular, are observed in
TLE and Alzheimer’s disease (Buzsaki and Silva, 2012). Strik-
ingly, normalized power spectral densities of theta (68.06 +
7.39) and fast gamma (130.44 + 19.50), but not slow gamma
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Figure 2. IQSEC3 KD Increases Induced Seizure Susceptibility in an ARF-GEF Activity-Dependent Manner

(A) Experimental scheme for seizure scoring and EEG recordings.

(B) KA-induced seizures in mice injected with the indicated AAVs were scored every 3 min for a total of 120 min, as described in Method Details in the STAR
Methods (mean + SEM; control, n = 11; IQSEC3 KD, n = 10; KD + WT [res.], n = 9; and KD + E749A [res.], n = 10 mice; *p < 0.05 and **p < 0.01 versus control).
(C and D) Quantification of mean score values for the first 60 min (C) and second 60 min (D) (n = 9-11 mice/condition; *p < 0.05 and **p < 0.01 versus controls).
(E) Quantification of latency to the first seizure after KA administration (n = 9-11 mice/condition; **p < 0.01).

(F) Quantification of time spent in seizure (n = 9-11 mice/condition; *p < 0.05 and **p < 0.01).

(G) Representative EEG and LFP traces. The expanded DG LFP traces in black boxes show typical epileptic seizure patterns after KA injection.

(H) The number of interictal events during 4 h, quantified from EEG signals (n = 8-11 mice/condition; **p < 0.01, **p < 0.001, and ***p < 0.0001).

(I) Time course of seizure activity in the DG LFP after KA injection (mean + SEM; control, n=11; IQSEC3 KD, n=10; KD + WT [res.], n=9; and KD + E749A [res.], n =
10 mice; *p < 0.05, **p < 0.01, and ***p < 0.001 versus controls).

(legend continued on next page)
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(30-45 Hz), bands were significantly increased in IQSEC3-KD
mice compared with control mice (theta, 33.83 + 11.89; fast
gamma, 44.12 + 6.36) (Figure 2L). The enhanced power in
fast gamma bands observed in IQSEC3-KD mice was reversed
to control level by coexpression of IQSEC3 WT (fast gamma,
50.10 = 14.22), but not IQSEC3 E749A (fast gamma, 182.37 =
45.88) (Figure 2L). The increased power in theta bands in
IQSEC3-KD mice appeared to be rescued (i.e., not statistically
different from controls) by coexpression of IQSEC3 WT or
IQSEC3 E749A (Figure 2L). Collectively, our data suggest
that the ARF-GEF activity of IQSECS is crucial for its anti-
epileptic function.

IQSECS3 Deletion in the Hippocampal DG Induces
Depletion of SST Peptides

There are scattered reports that SST*-INs in the DG hilus are
lost in patients with TLE and in animal models of this condition
(de Lanerolle et al., 1989; Kumar and Buckmaster, 2006). Thus,
we first quantified the number of neurons in the DG hilus of
IQSEC3-deficient mice that show positive immunostaining
for GAD67, SST, parvalbumin (PV), cholecystokinin (CCK), or
calretinin (Figure 3A). We found that the number of DG
hilar GABAergic interneurons (GAD67*-INs) was profoundly
decreased in IQSEC3-KD mice compared with control mice
(Figures 3B and 3C). Specifically, the number of SST* immuno-
reactive neurons was specifically and profoundly decreased
in the DG hilus of IQSEC3-KD mice (Figures 3D-3K). This selec-
tive reduction of the GABAergic cell type in the DG of IQSEC3-
KD mice was completely rescued by coexpression of IQSEC3
WT but not IQSEC3 E749A (Figures 3B-3K), suggesting that it
derives from a specific effect of IQSEC3 KD.

The reduced SST* immunoreactivity observed in the DG
hilus of IQSEC3-KD mice might reflect selective death of
SST*-INs, loss of SST peptides in the SST*-INs, or both. To
assess these possibilities, we injected IQSEC3-KD AAVs into
the DG of Sst-IRES-Cre mice (knockin mice expressing Cre re-
combinase in SST*-INs) crossed with the Rosa26!SL-tdTemato
(Ai9) reporter line, which selectively and robustly expresses
tdTomato fluorescence in SST*-INs (Figure 3L). We found
that IQSEC3 KD did not alter the number of cells with tdTo-
mato fluorescence (Figures 3M and 3N) but significantly
decreased SST* immunoreactivity in tdTomato-positive
SST*-INs (Figures 30 and 3P), suggesting that IQSEC3 KD
depletes SST peptides in the DG hilus of mice, rather than
inducing a loss of SST*-INs. However, IQSEC3 KD did not
influence the expression levels of SST receptor 2 (SSTR2)
and SST receptor 4 (SSTR4), which are abundantly expressed
in hippocampal DG neurons (Moneta et al., 2002; Figure S4).
Collectively, these data suggest that an IQSEC3 deficiency
accelerates the onset of epileptic seizures, presumably
through the concerted actions of a decreased number of func-
tional GABAergic synapses and loss of SST peptides as a
result of disrupted ARF signaling.

Expression of SST in DG-Specific IQSEC3-KD Mice
Rescues Deficits in GABAergic Synapse Density and
Enhanced Seizure Susceptibility

To directly assess whether the reduction in SST level observed in
DG-specific IQSEC3-KD mice causes IQSEC3 KD-induced
pathological phenotypes, we transduced Sst-IRES-Cre mice
with empty AAVs (control) or IQSEC3 KD or cotransduced
them with IQSEC3 KD and double-floxed, inverted open reading
frame (DIO) Cre-dependent AAVs expressing full-length human
SST14, the predominant form of SST in the central nervous
system (Figure 4A). We confirmed that the AAV-DIO-hSST
viral vector promoted selective expression of SST in neurons
derived from Sst-IRES-Cre mice (Figure S5). Strikingly, restricted
expression of SST in SST*-INs remarkably ameliorated the
impaired GABAergic synapse maintenance in granular cell
and molecular layers of the DG in IQSEC3-KD mice (Figures
4B-4E). Moreover, restricted introduction of SST into SST*-
INs rescued the decreased amplitude of evoked inhibitory
postsynaptic currents (elPSCs) in granule neurons of DG-spe-
cific IQSEC3-KD mice (Figures 4F-4H). Surprisingly, there were
marked increases in the frequency and amplitude of miniature
inhibitory postsynaptic currents (mIPSCs), whereas there
was no change in the frequency or amplitude of miniature
excitatory postsynaptic currents (MEPSCs) in the DG-specific
IQSEC3-KD mice (Figure S5). Consistent with this, the same mo-
lecular manipulations in IQSEC3-KD mice prevented the occur-
rence of KA-induced seizures, reducing them to a level similar
to that observed in control mice (Figures 41-4L). EEG recordings
consistently showed that the increased number of ictal and inter-
ictal events per hour and longer seizure duration in IQSEC3-KD
mice were rescued by restricted expression of SST in SST*-
INs (Figures 4M-4Q). Taken together, our results suggest that
expression of SST peptides per se is sufficient to reverse the
altered cellular pathophysiologies found in IQSEC3-KD mice
and that SST peptides support the maintenance of IQSEC3-
mediated GABAergic synapse and network activity.

SST Promotes Accumulation of Surface GABA,
Receptors in Cultured Hippocampal Neurons

To further delineate how SST peptide is able to restore the
impaired GABAergic synapse maintenance and enhanced
seizures in the IQSEC3-KD mice, we probed the effect of SST
action on surface GABAA receptor level in cultured hippocampal
neurons. Incubation of the SST peptides for 2 h significantly
increased the puncta density of surface GABAARY2 (Figure S6).
The increased surface GABAARY2* puncta by SST treatment
was completely abrogated by cotreatment of cyclosomatostatin
(10 uM; a SST antagonist) or SecinH3 (30 uM; an inhibitor of the
cytohesin ARF-GEF family), suggesting a molecular model
whereby SST secretion from SST* INs might activate SSTRs,
followed by positively facilitating the surface accumulation of
GABAARY2, possibly via mechanisms involving ARF signaling
cascades (Figure S6).

J) Total duration of seizures in the DG LFP over 240 min (mean + SEMs; n = 8-11 mice/condition; *p < 0.05 and ***p < 0.001).

(
(K) Representative spectrograms in the DG LFP signal after KA injection.
(

L) Normalized power spectral density for theta (3-5 Hz), slow gamma (30-45 Hz), and fast gamma (55-80 Hz) frequency bands (mean + SEM; control, n = 8;
IQSEC3 KD, n = 7; KD + WT [res.], n = 8; and KD + E749A [res.], n = 4 mice; *p < 0.05, **p < 0.01, and ***p < 0.005).
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DISCUSSION

Here, we present a series of experiments that provide evidence
that IQSECS is a key factor in controlling network activity in the
hippocampus under both physiological and pathological
conditions. Using molecular replacement experiments in vivo,
we found that KD-based IQSEC3 loss of function triggered a
variety of molecular and cellular alterations that frequently man-
ifest in numerous animal models of TLE and in human epilepsy
patients. We focused on the hippocampal DG in the present
study because it has historically served as a model for use in
extracting key hypothetical mechanisms underlying epilepto-
genesis (Dudek and Sutula, 2007). Because a subset of these
key characteristics have been repeatedly reported in animal
models deficient for the expression of GABAergic synaptic
molecules (Ko et al., 2015), our results reinforce the concept
that IQSECS is a central scaffold in GABAergic postsynaptic
neurons and that its ARF-GEF activity is required for most, if
not all, functional aspects examined.

We first demonstrated that IQSECS is required for GABAergic
synapse maintenance in vivo. IQSEC3 KD produces a reduced
number of GABAergic presynaptic terminals and postsynaptic
GABA, receptors, at least in cultured hippocampal neurons
(Um et al., 2016a) and hippocampal DG region, effects that are
likely to elicit both spontaneous and KA-induced epileptic
seizure development (Figure 2). In line with previous in vitro re-
sults (Um et al., 2016a), we found that IQSEC3 requires its
ARF-GEF activity to orchestrate GABAergic synapse mainte-
nance and network activity in vivo (Figures 1, 2, and 3). Consis-
tent with this, recent studies showed that ARF6 activation by
IQSECS is required for the correct alignment of pre- and post-
synaptic specializations at GABAergic synapses (Fruh et al.,
2018) and that active ARF6 plays an important role in
GABAergic synapse development (Kim et al., 2020).

Selective depletion of SST peptides was observed in DG-spe-
cific IQSEC3-KD mice (Figures 3 and 4). Induction of SST
expression in SST*-INs in the DG hilus completely reversed
the enhanced seizure susceptibility, reduced GABAergic
synapse puncta intensity, decreased GABAergic synaptic
strength, and even increased the spontaneous GABAergic
synaptic transmission characteristic of IQSEC3-KD mice (Fig-
ures 4 and S5). Although variability of mIPSC conductance in
epileptic DG granule neurons has been reported, it is possible
that augmented tonic inhibition keeps in check the enhanced

excitatory drive or altered distribution of GABARSs in IQSEC3-
deficient DG granule neurons (Gibbs et al., 1997; Buhl et al.,
1996; Cohen et al., 2003). Regardless of the precise mecha-
nisms, introduction of SST into SST*-INs completely compro-
mised the IQSEC3-KD-induced phenotype. SST has long been
implicated in epilepsy, on the basis of evidence for activity-
dependent SST release during seizures, modulation of SST
expression, and potent effects of SST on seizure control (Tallent
and Qiu, 2008). Secreted SST peptides activate SSTRs, particu-
larly those in mouse DG neurons (likely SSTR4; Moneta et al.,
2002); these pervasive anti-convulsant effects reduce the num-
ber of excitatory synapses (Hou and Yu, 2013) and/or diminish
presynaptic glutamate release within the hippocampus (Boehm
and Betz, 1997). However, prior studies have not clearly defined
the molecular mechanism(s) at GABAergic synapses that link
the seizure rescuing effect of SSTR activation with other
seizure-related pathologies. Because introduction of SST pep-
tides is capable of functionally recovering the pathological
phenotypes induced by IQSEC3 KD, it is tempting to speculate
that SST expression induces hyperpolarization of target granule
neurons by binding to SSTRs through a slow, but long-lasting,
inhibitory mechanism (Liguz-Lecznar et al., 2016). It is obvious
that activation of SSTRs are directly responsible for promoting
surface accumulation of GABA, receptors, as treatment of
the SSTR antagonist completely abrogated the effect of the
SST peptides (Figure S6). SSTRs are members of the G pro-
tein-coupled receptor superfamily that couple to different G-pro-
tein subunits (Gi,1, Gi,3, and G,,) to mediate diverse signal
transduction pathways (Lahlou et al., 2004). This intracellular
signal transduction mechanism may be instrumental to the ac-
tion of SSTRs in the current context, but how SSTRs and
ARFs are molecularly linked remains to be determined. Alterna-
tively, signaling crosstalk at glutamatergic and GABAergic
synapses initiated by SST secretion and expression may
contribute to this process, as supported by the previous obser-
vation that SSTRs directly interact with Shank family of excit-
atory scaffold proteins (Csaba and Dournaud, 2001; Sala et al.,
2015). Because the ARF-GEF activity of IQSEC3 is essential for
the integrity of SST*-INs (Figure 3), restoration of impaired
GABAergic synapse maintenance may be the pivotal step in
the chain of events that rescues the regulation of SST*-INs
survival and seizure susceptibility. Another area of future investi-
gation should be to understand how loss of SST peptides is trig-
gered by IQSEC3 deficiency. Addressing this important question

Figure 3. IQSEC3 Deficiency Reduces SST Expression in an ARF-GEF Activity-Dependent Manner

(A) Experimental scheme for immunohistochemical analyses.

(B—K) Representative images showing the numbers of GAD67* (B), PV* (D), CCK" (F), calretinin* (H), and SST* (J) neurons in DG hilus of mice injected with the
indicated AAVs. Brain sections were immunostained for EGFP (green) to identify neurons infected with the indicated AAVs or with antibodies against the indicated
cell type-specific markers (red) and counterstained with DAPI (blue). Scale bar, 100 um. The numbers of GAD67™* (C), PV* (E), CCK™* (G), calretinin® (I), and SST* (K)
neurons in DG hilus was quantitated (mean + SEM; n = 5 mice for all conditions; “p < 0.05 and **p < 0.01 versus controls).

(L) Experimental scheme for immunohistochemical analyses presented in (M)—(P).

(M) Representative images showing the number of cells with tdTomato fluorescence in DG hilus. Brain sections were immunostained for EGFP (green) to identify
neurons infected with AAVs and counterstained with DAPI (blue). Scale bar, 100 um.

(N) Number of cells with tdTomato fluorescence in DG hilus was quantitated (mean + SEM; n = 3 mice each after averaging data from six sections/mouse).
(O) Representative images showing SST expression in tdTomato* cells in DG hilus. Brain sections were immunostained for EGFP (green) to identify neurons
infected with AAVs and SST (blue) to label SST peptides. Scale bar, 20 um.

(P) Integrated intensity of SST fluorescence in tdTomato™ cells in DG hilus was quantitated (mean + SEM; n = 3 mice each after averaging data from six sections/
mouse; ***p < 0.0001 versus control).
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Figure 4. Expression of SST Peptides Normalizes GABAergic Synaptic Deficits and Increased Seizure Susceptibility Triggered by IQSEC3 KD
(A) Experimental scheme for immunohistochemistry, electrophysiology, seizure-scoring analyses, and EEG recordings presented in (B)—(Q).

(B and D) Representative images of the hippocampal DG granular cell layer (GCL) (B) or DG molecular layer (MOL) (D) of Sst-IRES-Cre mice 2 weeks after injection
of the indicated AAVs. Brain sections were immunostained for EGFP (green) to show neurons infected with indicated AAVs and with antibodies to anti-GAD67 or
anti-GABAARY2 (red). Scale bar: 20 um.

(C and E) Quantification of the integrated intensity of GAD67 and GABARY2 immunoreactivities in the DG GCL (C) and MOL (E) (mean + SEM; n = 6 mice each after
averaging data from four sections/mouse; *p < 0.05, **p < 0.01, and ***p < 0.001).

(F) Schematic configuration of electrophysiological recordings presented in (G) and (H).

(G and H) Representative elPSC traces (G) recorded from DG granule neurons in acute DG slices from Sst-IRES-Cre mice injected with the indicated AAVs. Bar
graphs (H) show summary of fitted linear input/output slopes (mean + SEM; control, n = 13 cells/4 mice; IQSEC3 KD, n = 17 cells/5 mice; and + DIO-SST, n=18
cells/5 mice; *p < 0.05 versus control).

(legend continued on next page)
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using conditional knockout mice deficient for IQSEC3 expres-
sion, selectively in SST*-INs, is warranted.

Because increased intracellular Ca®* concentration and
activation of CREB (cyclic AMP-responsive element binding
protein) and BDNF (brain-derived neurotrophic factor) were
previously reported to regulate SST gene transcription (San-
chez-Munoz et al., 2010, 2011), it is plausible that network hy-
peractivity triggered by IQSEC3 loss abnormally orchestrates
the machinery involved in the transcription of SST genes, lead-
ing to depletion of SST peptides. Importantly, dysregulation of
ARF signaling cascades upon IQSEC3 deletion could nega-
tively affect SST secretion or accelerate the degradation of
SST peptides. Together with other interneuron types, SST*-
INs have been strongly implicated in seizure disorders that
feature recurrent elevated activity in neuronal networks (Ur-
ban-Ciecko and Barth, 2016). Moreover, using various models
of epilepsy, previous reports have shown that SST*-INs in the
DG hilus receive stronger excitatory input compared with
healthy animals, a difference that may alter the ability to syn-
chronize network inhibition (Grosser et al., 2014; Halabisky
et al., 2010; Zhang et al., 2009). Thus, the increased seizure
susceptibility of IQSEC3-KD mice observed in the KA-induced
epilepsy model could reflect the loss of GABAergic synaptic
inhibition and network hyperexcitability prior to seizure
onset, similar to that shown in a genetic model of cortical mal-
formation (Trotter et al., 2006). Surprisingly, the relationship
between SST peptides and GABAergic synapse maintenance
and/or epileptogenesis has been largely elusive. On the basis
of previous studies (Fruh et al., 2018; Um et al., 2016a), it is
likely that although IQSEC3 KD-induced seizures ultimately
derive from an imbalanced E/I ratio initially triggered by the
loss of GABAergic postsynaptic organizer IQSEC3, depletion
of SST peptides may further aggravate the severity of various
pathophysiological phenotypes, underscoring the crucial
role of SST in regulating GABAergic synapse maintenance.
The N-terminal G-domain of gephyrin is required not only
for gephyrin trimerization but also for binding to IQSEC3 to
promote GABAergic synapse development. Because IQSEC3
is required for gephyrin clustering in cultured hippocampal
neurons (Um et al.,, 2016a), it is tempting to suggest that
the interaction of gephyrin with IQSECS is critical for formation
of gephyrin trimers, which provide protection against degrada-
tion resulting from seizure-related network hyperactivity and
excitotoxicity (Agarwal et al., 2008; Costa et al., 2016).
On the basis of the present findings, it is plausible that impair-
ment of IQSECS3 binding to gephyrin G-domain mutants asso-
ciated with epilepsy could lead to defective ARF signaling,
deficits in GABAergic synapse maintenance, decreased SST

expression, and network dysfunction in a sequential manner,
which collectively may explain how gephyrin mutants with
irregular exon skipping in the G-domain observed in TLE pa-
tients are linked to the etiology of the disease. Thus, our
data suggest the potential of SST peptides, through their abil-
ity to regulate GABAergic synapse maintenance through
enhanced surface trafficking of GABA, receptors to form the
basis for a novel therapeutic strategy for effective epilepsy
treatment.

In sum, our study provides framework for monitoring early,
specific molecular epileptogenic events on the basis of novel
mechanisms involving IQSEC3-mediated molecular compo-
nents (Dobolyi et al., 2014). Future efforts using IQSEC3-condi-
tional knockout mice are warranted to validate findings on the
basis of IQSEC3 KD and identify key neural circuits in the DG
and other brain regions that underlie IQSEC3-KD-relevant
epileptogenesis mechanisms.
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(I) KA-induced seizures were scored every 3 min for a total of 120 min (mean + SEM; control, n = 10; IQSEC3-KD, n = 7; IQSEC3-KD + DIO-SST, n = 9 mice; *p <

0.05 and **p < 0.01 versus control)

(J and K) Quantification of mean score values for the first 60 min (J)and second 60 min (K) (n = 7-10 mice/condition; *p < 0.05 and **p < 0.01 versus control).
(L) Quantification of latency to the first seizure after KA administration (n = 7-10 mice/condition; *p < 0.05 versus control).

(M) Representative EEG traces of ictal-like seizures recorded from the cortex.

(N) and (O) Quantification of the number of ictal-like seizures (N) and total duration of ictal-like seizures (O) per hour (n = 8-11 mice/condition; “p < 0.05 and **p <

0.01 versus control).
(P) Representative EEG traces of interictal events recorded from the cortex.

(Q) Quantification of the number of interictal events (n = 5 or 6 mice/condition; *p < 0.05 versus control).
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal Anti-IQSEC3

Mouse monoclonal Anti-GAD67

Rabbit monoclonal Anti-GABAARY2

Rabbit polyclonal Anti-VGAT

Guinea pig polyclonal Anti-VGLUT1

Mouse monoclonal Anti-PV

Rat monoclonal Anti-SST

Rabbit polyclonal Anti-CCK-8

Mouse monoclonal Anti-Calretinin

Rabbit polyclonal Anti-SSTR2

Rabbit polyclonal Anti-SSTR4

Goat polyclonal -Anti-EGFP

Rabbit polyclonal Anti-MAP2

Mouse monoclonal Anti-HA

Cy3-conjugated Donkey Anti-Rabbit IgG antibody
Cy3-conjugated Donkey Anti-Mouse IgG antibody
Cy3-conjugated Donkey Anti-guinea pig IgG antibody
Cy3-conjugated Donkey Anti-Rat IgG antibody
Cy5-conjugated Donkey Anti-Rat IgG antibody

Jaewon Ko’s lab

Millipore

Synaptic Systems

Synaptic Systems

Millipore

Swant

Millipore

Immunostar

Millipore

ThermoFisher

ThermoFisher

Abcam

Millipore

Biolegend

Jackson ImmunoResearch Laboratories
Jackson ImmunoResearch Laboratories
Jackson ImmunoResearch Laboratories
Jackson ImmunoResearch Laboratories
Jackson ImmunoResearch Laboratories

JKO79; RRID: AB_2687864

Cat #MAB5406; RRID: AB_2278725
Cat #224 003; RRID AB_2263066

Cat #131 003; RRID: AB_887869

Cat #AB5905; RRID: AB_2301751

Cat #PV235; RRID: AB_10000343

Cat #MAB354; RRID: AB_2255365

Cat #20078; RRID: AB_572224

Cat #MAB1568; RRID: AB_94259

Cat #PA3-109; RRID: AB_2196063
Cat #PA3-111; RRID: AB_2196370
Cat #ab5450; RRID: AB_304897

Cat #AB5622; RRID: AB_91939

Cat #MMS-101R-1000; RRID: AB_291262
Cat #711-165-152; RRID: AB_2307443
Cat #715-165-150; RRID: AB_2340813
Cat #706-165-148; RRID: AB_2340460
Cat #712-165-150; RRID: AB_2340666
Cat #711-175-152; RRID: AB_2340607

Chemicals, Peptides, and Recombinant Proteins

SecinH3 Tocris Cat #2849
Kainic acid Sigma Cat #K0250
Pilocarpine Sigma Cat #P6503
Neurobasal medium ThermoFisher Scientific Cat #21103049
B-27 supplement (50X) ThermoFisher Scientific Cat #17504-044
Pennicillin/Streptomycin ThermoFisher Scientific Cat #15140122
HBSS (Hanks’ Balanced Salt Solution) ThermoFisher Cat #14065056
GlutaMax Supplement ThermoFisher Scientific Cat #35050061
FBS (Fetal Bovine Serum) WELGENE Cat #PK004-01
Sodium pyruvate ThermoFisher Scientific Cat #11360070
Poly-D-lysine hydrobromide Sigma Cat #P0899
Vectashield mounting medium Vector Laboratories Cat #H-1200
Somatostatin Tocris Cat #1157
Cyclosomatostatin Tocris Cat #3493
Experimental Models: Cell Lines

Cultured neuronal cells (from rat embryos) N/A N/A

HEK293T cells ATCC Cat # CRL-3216

Experimental Models: Organisms/Strains

Mouse: C57BL/6N mice
Mouse: Sst-IRES-Cre mice
Mouse: Rosa26-S--taTemato (ajo) reporter line

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

Cat #005304
Cat #013044
Cat #007905

Recombinant DNA

pAAV-U6-EGFP
pAAV-U6-sh-IQSEC3-EGFP

Cell Biolabs
This study
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REAGENT or RESOURCE SOURCE IDENTIFIER

pAAV2/9-IQSEC3 WT This study N/A

pPAAV2/9-IQSEC3 E749A This study N/A
pPAAV2/9-hSyn-DIO-hSST-mCherry This study N/A

Software and Algorithms

MetaMorph Molecular Devices https://www.moleculardevices.com
GraphPad Prism 7.0 GraphPad https://www.graphpad.com

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact. Plasmids
generated in this study are available from the Lead Contact, Ji Won Um (jiwonum@dgist.ac.kr), upon request. All unique/stable re-
agents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; WELGENE) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals) and 1% penicillin-streptomycin (Thermo Fisher) at 37°C in a humidified 5% CO, atmosphere.
All procedures were performed according to the guidelines and protocols for rodent experimentation approved by the Institutional
Animal Care and Use Committee of DGIST.

Animals

All C57BL/6N and Sst-IRES-Cre mice (purchased from Jackson Laboratory, ME, USA; stock number: 013044) were maintained and
handled in accordance with protocols (DGIST-IACUC-19052109-00) approved by the Institutional Animal Care and Use Committee
of DGIST under standard, temperature-controlled laboratory conditions. Mice were maintained on a 12:12 light/dark cycle (lights on
at 6:00 am and off at 6:00 pm), and received water and food ad libitum. All experimental procedures were performed on male mice.
Pregnant rats purchased from Daehan Biolink were used for in vitro culture of dissociated cortical or hippocampal neurons. All
procedures were conducted according to the guidelines and protocols for rodent experimentation approved by the Institutional
Animal Care and Use Committee of DGIST. All procedures were conducted according to the guidelines and protocols for rodent
experimentation approved by the Institutional Animal Care and Use Committee of DGIST. All experimental procedures were
performed on male mice. There was no specific reason for rejecting female mice in the current study apart from a general desire
to minimize experimental variability.

METHOD DETAILS

Construction of Expression Vectors

1. IQSEC3. The shRNA AAV against mouse /gsec3 (GenBank accession number: NM_207617.1) was constructed by annealing,
phosphorylating, and cloning oligonucleotides targeting mouse Igsec3 (5'-GAA CTG GTG GTA GGC ATC TAT GAG A-3') into the
BamH| and EcoRl sites of the pAAV-U6B-GFP vector (Cell BioLabs, Inc.) AAVs encoding full-length shRNA-resistant rat /gsec3 WT
and the E749A point mutant were generated by ampilification of the full-length region by PCR and subsequent subcloning into the
pAAV-T2A-tdTomato vector (a gift from Hailan Hu; [see (Li et al., 2013)]) at Xbal and BamHl| sites. 2. Others. The DIO-human SST
fragment (GenBank accession number: BC032625.1) was PCR-amplified and subcloned into the pAAV-hSYN-DIO-mCherry vector
using the Nhel site. The GW1-HA-ARF6 construct was previously described (Choi et al., 2006).

Antibodies

The following commercially available antibodies were used: goat polyclonal anti-EGFP (Rockland), mouse monoclonal anti-GAD67
(clone 1G10.2; Millipore), rabbit polyclonal anti-VGAT (Synaptic Systems), guinea pig polyclonal anti-VGLUT1 (Millipore), rabbit
polyclonal anti-GABAARY2 (Synaptic Systems), mouse monoclonal anti-parvalbumin (clone PARV-19; Swant), rat monoclonal
anti-somatostatin (clone YC7; Millipore), rabbit polyclonal anti-CCK-8 (Immunostar), mouse monoclonal anti-Calretinin (clone
6B8.2; Millipore), rabbit polyclonal anti-SSTR2 (Thermo Fisher Scientific), rabbit polyclonal anti-SSTR4 (Thermo Fisher Scientific),
mouse monoclonal anti-HA (clone 16B12; Biolegend), and rabbit polyclonal anti-MAP2 (Millipore). Rabbit polyclonal anti-IQSEC3
(JKO79) (Um et al., 2016a) was previously described.
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ARF6 Activation Assay

HE293T cells were transfected with HA-ARF6 alone or together with IQSEC3 WT or IQSEC3 E749A, and lysed 48 hours later. Cell
extracts were subjected to an ARF6 activation assay according the manufacturer’s instructions (Cell Biolabs). Cell extracts
were immunoprecipitated with the provided GGA3 PBD agarose (recognizes GTP-bound ARF6), and ARF6 proteins were detected
by immunoblot analysis using anti-HA antibodies.

Production of Recombinant Adeno-associated Viruses (AAVs)

Recombinant AAVs were packaged with pHelper and AAV1.0 (serotype 2/9) capsids for high efficiency. HEK293T cells were cotrans-
fected with pHelper and pAAV1.0, together with pAAV-U6-EGFP alone (Control), pAAV-U6-shIQSEC3 (IQSEC3 KD), pAAV-IQSEC3
WT-2A-tdTomato (IQSEC3-WT), pAAV-IQSEC3 E749A-2A-tdTomato (IQSEC3-E749A), pAAV-hSYN-DIO-hSST-mCherry (DIO-
hSST), or pAAV-hSYN-DIO-mCherry (Control). Transfected HEK293T cells were harvested 72-108 hours post transfection.
After addition of 0.5 M EDTA to the media, cells were washed three times with phosphate-buffered saline (PBS) and collected by
centrifugation. Cells were then resuspended in PBS and lysed by subjecting to four freeze-thaw cycles in an ethanol/dry ice bath
(7 minutes each) and 37°C water bath (5 minutes). Lysates were centrifuged, and supernatants were collected and incubated with
a solution containing 40% poly(ethylene glycol) (Sigma) and 2.5 M NaCl on ice for 1 hour and centrifuged at 2000 rcf. for 30 minutes.
The pellets were resuspended in HEPES buffer (20 mM HEPES pH 8.0, 115 mM NaCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 2.4 mM
KH>PO,), mixed with chloroform, and centrifuged at 400 rcf. for 10 minutes. The supernatant was collected and concentrated using
Amicon Ultra Centrifugal Filters (0.5 ml, 3K MWCO; Millipore). Viruses were assessed for infectious titer by RT-PCR, and used for
infections at 1 x 10'°-10"2 infectious units/pl.

Stereotaxic Surgery and Virus Injections

For stereotaxic delivery of recombinant AAVs, 9-week-old C57BL/6N mice were anesthetized by inhalation of isoflurane (3%-4%) or
intraperitoneal injection of 2% 2,2,2-tribromoethanol (Sigma), dissolved in saline, and secured in a stereotaxic apparatus. Viral
solutions were injected with a Hamilton syringe using a Nanoliter 2010 Injector (World Precision Instruments) at a flow rate of
100 nl/min (injected volume, 0.6 pl). The coordinates used for stereotaxic injections into hippocampal DG of mice were as follows:
anteroposterior (AP), —2.1 mm; medial-lateral (ML), + 1.2 mm; and dorsal-ventral (DV), 2.2 mm from bregma. Each injected mouse
was returned to its home cage and used for scoring seizure-like behaviors, immunohistochemical analyses, or electrophysiological
recordings after 2 weeks.

Seizure Behavior Scoring

9-week-old male C57BL/6N mice stereotactically injected with the indicated AAVs were administered KA (20 mg/kg; Sigma Cat. No.
K0250), pilocarpine (290 mg/kg; Sigma Cat. No. P6503) or saline (control), and the resulting seizure behaviors were video-recorded
for the next 2 hours. Seizure susceptibility was measured by rating seizures every 3 min on a scale of 0 to 5 as follows: no abnormal
behavior (0), reduced motility and prostate position (1), partial clonus (2), generalized clonus including extremities (3), tonic-clonic
seizure with rigid paw extension (4), and death (5).

EEG Recordings and Analyses

For EEG recordings, 6-week-old male C57BL/6N mice were anesthetized with isoflurane (3%-4%) and secured in a stereotaxic
apparatus to ensure no limb-withdrawal response to a noxious foot pinch. After injection of the indicated concentrated AAVs into
the hippocampal DG of experimental mice as described above, four additional holes were drilled in the skull without puncturing
the meninges, and electrodes were carefully attached with prefabricated headmounts and secured with dental acrylic. Recording
electrodes were placed in parietal lobe; AP —2.4 mm and ML + 1.4 mm, and reference electrodes were placed in the occipital
lobe. After a 2-week recovery period, mice connected to EEG/EMG three-channel monitoring SYSTEM (composed of preamplifier
and a commutator for data acquisition system; Pinnacle Technology) with time-lock video recording, were transferred to an acrylic
cage (25 x 25 x 45 cm). Each mouse was subjected to a 24-hour recording session for measuring spontaneous seizures and a 4-hour
recording session for measuring KA-induced seizures. Data were recorded at a sampling rate of 400 Hz, with application of a 100-Hz
loss-pass filter. Offline EEG analyses were performed manually in MATLAB (MathWorks) using EEGlab or LabChart 8.0 software
(ADInstruments). For manual analyses of electrographic seizures, the following previously described criteria were used, with minor
modifications (Baraban et al., 2009): grade |, basic background, no epileptiform spikes; grade Il, mostly normal background, some
high-voltage spikes; grade lll, mostly abnormal background with low-frequency, high-voltage spiking; and grade IV, high-frequency,
high-voltage, synchronized polyspike waves with amplitudes > 3-fold baseline. Only ictal seizures (grade Il or grade IV) lasting
longer than 3 s were included in the analysis. For automated quantification of interictal spikes, selected frequencies (0-60 Hz)
were digitally filtered using low-pass filter in LabChart 8.0 software (ADInstruments) and amplitudes > 3-fold baseline discharges
were automatically calculated using the native LabChart function.

Local Field Potential (LFP) Recordings and Analyses

9-week-old male mice were anaesthetized with 2% tribromoethanol (20 ml/kg, intraperitoneal injection) and placed on a stereotaxic
device (David Kopf Instruments). AAVs expressing sh-Control or sh-IQSEC3 were injected bilaterally into the hippocampal DG
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(AP, —1.94 mm; lateral, = 1.0 mm; ventral, —2.0~-2.2 mm) using a microsyringe pump (KDS Legato 130 Syringe Pump Control Box
788130; KDS Scientific). For hippocampal local field recordings, a Teflon-coated, stainless steel electrode was positioned unilaterally
at the same coordinates as the virus injection site, and an epidural electrode for EEG recording was implanted in the contralateral
parietal lobe (AP, —1.9 mm; lateral, +1.6 mm). As a reference electrode, an epidural screw was implanted into the occipital region
of the skull. All electrodes were connected to a socket and fixed to the skull with dental acrylic resin. After 2 weeks of recovery
from surgery, mice were placed in a clean cage and allowed to habituate. Seizures were induced in mice by intraperitoneal injection
of KA (15 mg/kg in saline; Tocris, 0222) after performing LFP/EEG recordings for 10 minutes to measure baseline amplitude; animals
were monitored for 240 minutes following injection. LFP/EEG signals were amplified (QP511 Quad AC Amplifier System, Grass
Technologies) and digitized (sampling frequency, 500 Hz) using an Axon DigiData 1440A analog-digital converter (Molecular
Devices). LFP/EEG signals were recorded simultaneously with video recordings for all groups. In LFP signals, epileptiform discharges
(spikes and sharp waves), defined as high-amplitude (> 2 x baseline) and high-frequency (> 10 Hz) discharges that lasted for a
minimum of 5 s, were quantified over 10-minute intervals using MATLAB. Spectrograms were obtained by filtering signals with a
third-order Butterworth infinite impulse response (IIR), high-pass filter with a 10-Hz cutoff frequency prior to fast Fourier transforma-
tion, and were visualized using 0.5-Hz frequency resolution and 0.05 s time resolution. Normalized power spectral densities were
summed for the three frequency ranges of hippocampal oscillations: theta (3-5 Hz), slow gamma (30-45 Hz), and fast gamma
(55-80 Hz).

Immunohistochemistry and Imaging

11-week-old mice were anesthetized and immediately perfused, first with PBS for 3 minutes and then with 4% paraformaldehyde for
5 minutes. Brains were dissected out, fixed overnight in 4% paraformaldehyde, incubated overnight with 30% sucrose (in PBS), and
then sliced into 30-um-thick coronal sections using a vibratome (Model VT12008S; Leica Biosystems) or a cryotome (Model CM-3050-
S; Leica Biosystems). Sections were permeabilized by incubating with 1% Triton X-100 in PBS containing 5% bovine serum albumen
and 5% horse serum for 30 minutes. For immunostaining, sections were incubated for 8-12 hours at 4°C with primary antibodies
diluted in the same blocking solution. The following primary antibodies were used: anti-IQSEC3 (JK079, 2 ug/ml), anti-GABA;RY2
(1:200), anti-GAD67 (1:100), anti-VGAT (1:300), anti-PV (1:500), anti-SST (1:50), anti-CCK-8 (1:300), anti-Calretinin (1:300), anti-
SSTR2 (1:100), and anti-SSTR4 (1:2000). Sections were washed three times in PBS and incubated with appropriate Cy3- or fluores-
cein isothiocyanate (FITC)-conjugated secondary antibodies (Jackson ImmunoResearch) for 2 hours at room temperature. After
three washes with PBS, sections were counterstained with DAPI (4’,6-diamidino-2-phenylinodole) and mounted onto glass slides
(Superfrost Plus; Fisher Scientific) with Vectashield mounting medium (H-1200; Vector Laboratories). Tiled Z stack images were
acquired in standard mode with a laser-scanning confocal microscopy (Zeiss LSM800 with Airyscan module) equipped with 40x
or 63x objective (0.156 um/pixel; X-Y dimension 1024 x 1024) and Zen2.6 Software (Zeiss). Z stacks were configured using Acqui-
sition dimensions, and 8-10 slices with a 2-um interval setting. For quantifications, MetaMorph Software (Molecular Devices) was
used as follows: region of interest (ROI) was manually chosen, calibrated (using the Length Calibration function), and thresholded
(using the Threshold function; 100 minimum and 255 maximum) to remove background signals. Synaptic puncta in the size range
0.1~10 um? were counted using the Histogram function.

Electrophysiology

Transverse hippocampal slices (300 um) were prepared from 10-12-week-old male mice, as previously described (Um et al.,
2016b). Mice were anesthetized with isoflurane and decapitated. The brains were rapidly removed and placed in ice-cold, oxygen-
ated (95% O, and 5% CO,) low-Ca®*/high-Mg?* solution containing the following: 3.3 mM KCI, 1.3 mM NaH,PO,, 26 mM
NaHCO3;, 11 mM D-glucose, 0.5 mM CaCl,, 10 mM MgCl,, and 211 mM sucrose. Hippocampal slices were cut with a
VT1000s vibratome (Leica) and transferred for recovery to a holding chamber containing oxygenated artificial cerebrospinal fluid
(aCSF) consisting of the following: 124 mM NaCl, 3.3 mM KClI, 1.3 mM NaH,PO,4, 26 mM NaHCO3;, 11 mM D-glucose, 2.5 mM
CaCl,, and 1.5 mM MgCl,. Slices were stored at 30°C for at least 60 minutes, and all slices were used within 5 hours of prepa-
ration. After recovery, slices were placed in the recording chamber, where they were perfused continuously with normal aCSF
bubbled with 95% O, and 5% CO.. All experiments were performed at 28-29°C. Whole-cell recordings of miniature postsynaptic
currents were carried out on DG granule neurons, with voltage clamped at —70 mV. For mIPSC recordings, glass pipettes (3-5 MQ)
were filled with an internal solution containing the following: 145 mM CsCl, 5 mM NaCl, 10 mM HEPES, 10 mM EGTA, 4 mM Mg-
ATP, and 0.3 mM Na-GTP. The osmolarity of the internal solution was 290-300 mOsm and the pH was 7.3 (adjusted with CsOH);
1 uM TTX, 10 uM CNQX and 50 uM AP-5 were added to block Na* currents, AMPARs and NMDARSs, respectively. For mEPSC
recordings, 1 uM TTX and 50 uM picrotoxin were added to block Na* currents and GABA, receptors, respectively. Evoked inhib-
itory synaptic responses were induced in the DG by placing a concentric bipolar electrode (FHC) at the DG molecular layer for
dendritic inhibition. For evoked inhibitory postsynaptic current recordings, glass pipettes were filled with an internal solution con-
taining the following: 130 mM Cs-methanesulfonate, 5 mM TEA-CI, 8 mM NaCl, 0.5 mM EGTA, 10 mM HEPES, 4 mM Mg-ATP,
0.4 mM Na-GTP, 2.5 mM QX-314, and 10 mM disodium phosphocreatine. The osmolarity of the internal solution was 290-300
mOsm and the pH was 7.3 (adjusted with CsOH). If access resistance changed more than 20% or exceeded 30 MQ, data
were discarded.

Cell Reports 30, 1995-2005.e1-e5, February 11, 2020 e4

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

Neuron Culture, Imaging, and Quantification

Cultured hippocampal rat neurons were prepared from E18 rat embryos, as previously described (Ko et al., 2003, 2011), cultured on
coverslips coated with poly-D-lysine (Sigma), and grown in Neurobasal medium supplemented with B-27 (Thermo Fisher), 0.5% FBS
(WELGENE), 0.5 mM GlutaMAX (Thermo Fisher), and sodium pyruvate (Thermo Fisher). The rat embryonic cortices were dissected
and isolated in Hank’s Balanced Salt Solution (HBSS) containing 10 mM HEPES (pH 7.4), and incubated in HBSS containing 14 U/mi
papain (Worthington) and 100 ug/ul DNase | for 15 minutes at 37°C. After washing, tissues were dissociated by pipetting, plated
on poly-D-lysine and laminin-coated coverslips (Corning) in Neurobasal media (Invitrogen) supplemented with B27 (Invitrogen),
Glutamax (Invitrogen), FBS (2.5%, Invitrogen), and penicillin/streptomycin (0.5x, Invitrogen). After 1 week, half of the medium was
replaced with FBS-free medium. For immunocytochemistry, cultured neurons were fixed with 4% paraformaldehyde/4% sucrose,
permeabilized with 0.2% Triton X-100 in PBS, immunostained with the indicated primary antibodies, and detected with the indicated
Cy3- and fluorescein isothiocyanate (FITC)-conjugated secondary antibodies (Jackson ImmunoResearch). Images were acquired
using a confocal microscope (LSM780, Carl Zeiss) with a 63x objective lens; all image settings were kept constant. Z stack images
were converted to maximal projection and analyzed to obtain the size, intensity, and density of puncta immunoreactivities derived
from marker proteins. Quantification was performed in a blinded manner using MetaMorph software (Molecular Devices).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as means + SEM. All experiments were repeated using at least three independent cultures, and data were
statistically evaluated using a Mann-Whitney U test, analysis of variance (ANOVA,) followed by Kruskal-Wallis test followed by Dunn’s
pairwise post hoc test. Prism7.0 (GraphPad Software) was used for analysis of data and preparation of bar graphs. P-values < 0.05
were considered statistically significant (individual p-values are presented in figure legends).

DATA AND CODE AVAILABILITY

This study did not generate datasets.
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