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GARLH family proteins stabilize GABA, receptors at synapses
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Summary

lonotropic neurotransmitter receptors mediate fast synaptic transmission by functioning as ligand-
gated ion channels. Fast inhibitory transmission in the brain is mediated mostly by ionotropic
GABA receptors (GABAARS), but their essential components for synaptic localization remain
unknown. Here, we identify putative auxiliary subunits of GABAARS, which we term GARLHSs,
consisting of LH4 and LH3 proteins. LH4 forms a stable tripartite complex with GABAaRs and
neuroligin-2 in the brain. Moreover, LH4 is required for the synaptic localization of GABAARS
and inhibitory synaptic transmission in the hippocampus. Our findings propose GARLHS as the
first identified auxiliary subunits for anion channels. These findings provide new insights into the
regulation of inhibitory transmission and the molecular constituents of native anion channels /n
vivo.

Introduction

The major inhibitory transmitter in the brain is -y-aminobutyric acid (GABA), and fast
inhibitory transmission is mediated by GABA, receptors (GABARS), pentameric anion
channels consisting of a., p and non- a/f subunits. GABAARS localized postsynaptically
regulate membrane potentials to mediate signalling, and the mechanisms for the synaptic
localization of GABAARS have been extensively studied. When y2, the non- o/ GABAAR
subunit, is disrupted in primary cortical neurons, synaptic localization of the GABAAR al
subunit is impaired (Alldred et al., 2005; Essrich et al., 1998). Given that GABAARS likely
require protein interactions for their synaptic localization, several proteins have been
identified as interacting with GABAAR, including gephyrin and GABA pR-associated
protein (Collingridge et al., 2004; Jacob et al., 2008; Kowalczyk et al., 2013; Maric et al.,
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2011; Mukherjee et al., 2011; Wang et al., 1999). Among these interactors, gephyrin is the
most characterized. Elimination of gephyrin by gene targeting or antisense resulted in a
reduction in the clustering of some, but not all, GABAAR subunits (Essrich et al., 1998;
Kneussel et al., 2001; Kneussel et al., 1999; Levi et al., 2004) and a modest 23% reduction
in mIPSC amplitude was observed in gephyrin-deficient primary cultured neurons without
changes in mIPSC frequency (Levi et al., 2004). These findings indicate a gephyrin-
independent mechanism for GABAaR-mediated transmission. In contrast, neuroligins (NLs)
may play a more direct role in the synaptic activity or localization of GABAARS. In
Caenorhabditis elegans, there is only one NL isoform and disruption of NL substantially
reduced synaptic localization and activity of GABAAR (Maro et al., 2015; Tu et al., 2015).
Knocking out three NL isoforms (NL1/2/3) in mice caused a robust reduction in both
inhibitory and excitatory transmission in various neurons (Varogqueaux et al., 2006; Zhang et
al., 2015). Even though it has been shown that the NL2 isoform preferentially localizes at
inhibitory synapses (Chih et al., 2005; Graf et al., 2004; Varoqueaux et al., 2004) and
interacts with collybistin and gephyrin (Poulopoulos et al., 2009; Soykan et al., 2014), it
remains unclear if and how NLs and GABAARS associate at synapses.

One plausible mechanism for -y2-dependent, gephyrin-independent GABAAR synaptic
localization is through an as yet unidentified GABAAR auxiliary subunit. Although
ionotropic neurotransmitter receptors were once thought to function independently in the
brain, the recent discovery of auxiliary subunits for ionotropic glutamate receptors has
changed the understanding of receptor regulation in excitatory transmission. In the brain and
neurons, the auxiliary subunits TARP and CNIH determine the localization and properties of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARS) (Brockie et
al., 2013; Chen et al., 2000; Herring et al., 2013; Jackson and Nicoll, 2011; Kato et al.,
2010; Schwenk et al., 2009; Tomita et al., 2005; Yan and Tomita, 2012), whereas Neto
auxiliary subunits control the properties of kainate receptors (KARs) (Straub et al., 2011;
Tang et al., 2011; Zhang et al., 2009). Disrupting auxiliary subunits impairs mouse
behaviour and survival (Hashimoto et al., 1999; Yan et al., 2013). Therefore, it is clear that
tetrameric ligand-gated cation channels, such as AMPARs and KARs, function with their
auxiliary subunits /n vivo. However, it remains unclear whether anion channels likewise have
auxiliary subunits that form complexes with the pore-forming subunit of the receptor and
that determine their function in the brain.

Here, we identified the GABAAR regulatory Lhfpl (GARLH) family proteins, currently
consisting of lipoma HMGIC fusion partner-like 3 and 4 (LH3 and 4), as putative auxiliary
subunits of GABAaRS. GABAARS in the brain form a tripartite complex with
transmembrane GARLH family proteins and NL2. The y2-containing GABAARS stabilize
GARLH expression in the brain. Disrupting GARLH expression reduces the synaptic
localization of the y2-containing GABAaRsS and GABAaR-mediated synaptic transmission.
This identification of the first putative auxiliary subunit of a pentameric ligand-gated anion
channel provides a molecular mechanism underlying the synaptic localization of GABAARS
to control inhibitory transmission in the brain.
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Results

GABAAaRs form a tripartite complex in the brain

To examine whether native GABAARS form complexes with other proteins, we compared
the molecular weights of native and reconstituted GABAARS using blue native
polyacrylamide gel electrophoresis (BN-PAGE), a method that preserves protein complexes
(Schagger et al., 1994). We expressed GABAARS in Xenopus laevis oocytes by injecting
them with cRNAs of three GABAAR subunits (a1, B2 and y2) (Figure 1A). Using sodium
dodecyl sulphate (SDS)-PAGE, the molecular weight of each subunit was found to be
approximately 50 kDa, whereas using BN-PAGE, the recombinant GABAR solubilized
with Triton X-100 formed a 520 kDa complex (Fig. 1A), indicating that GABAAR subunits
form a hetero-oligomer. The endogenous mouse cerebellar GABAaRS containing a1, y2 or
2/3 subunits formed two distinct complexes, one at 720 kDa and the other at 500 kDa
(Figure 1A). When the cerebellum was solubilized with maltose-neopentyl glycol (MNG),
native GABAARs migrated mostly to 720 kDa, with a weak band observed at 480 kDa
(Figure 1A). The modest differences observed in the migration of proteins from oocytes and
cerebellar tissue using BN-PAGE were consistent with those in the molecular weights of the
proteins determined using SDS-PAGE (Figure 1A). Similarly, a2- and a3-containing
GABAARs migrated to 720 kDa in the mouse hippocampus and cerebral cortex, respectively
(Figure S1A). Interestingly, a6-containing GABARSs in the cerebellum migrated mainly to
500 kDa (Figure 1A). The difference in the molecular weights of native GABAARS at 720
kDa and recombinant GABAARs at 500 kDa suggests that the native GABAAR complex
contains other protein components.

To identify these missing components, we immunopurified the GABAAR complex from rat
cerebellum using an anti-GABAAR al antibody and conducted BN-PAGE (Figure 1B). A
rabbit normal IgG and an anti-AMPAR GIluA2/3 antibody did not immunoprecipitate the
720 kDa band (Figure 1B). The resulting band at 720 kDa was excised, and its components
were analysed using mass spectrometry. Besides GABAAR subunits (a1, B2, y2, and p3),
we identified NL2 and lipoma HMGIC fusion partner-like 4 (LH4) above a6, which mainly
formed a complex at 500 kDa (Table and Table S1). LH4 is a four membrane-spanning
protein, and its function is currently unknown (Petit et al., 1999). LH4 mRNA is strongly
expressed in the hippocampus and cerebellum. In cerebellum, its homologue, LH3, shows
complementary expression (Figure 1C). We generated an anti-LH4 antibody that selectively
recognized LH4 among three other related proteins (Lhfpl2/3/5) and detected a band at the
expected molecular weight of 22 kDa in the brain and primary hippocampal neurons, but not
in neurons treated with LH4 shRNA lentivirus (Figure 1D-F and Figure S1B). In addition,
with a surface biotinylation assay using acute cerebellar slices, we found that LH4 as well as
GIuN1 were detected in the biotinylated cell surface fraction, whereas tubulin was detected
in the intracellular fraction (non-biotinylated fraction) (Figure S1C). Both anti-LH4 and
anti-NL2 antibodies recognized the cerebellar GABAAR complex purified using the anti-a.l
antibody, and pre-incubation with an anti-B2/3 antibody increased the molecular weight,
indicating that the complex also contained p2/3 subunits (Figure 1G). In addition, the a1
subunit from rat cerebellum co-immunoprecipitated LH4, NL2 and y2, but not with
gephyrin and Neto2, whereas the GluA2/3 AMPARSs did not coimmunoprecipitate LH4,
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NL2 and y2 (Figure 1H). These results indicate that the cerebellar GABAAR complex
observed at 720 kDa contains NL2 and LH4 as well as the GABAAR subunits (a1, p2/3, and

Y2).

LH4-like GARLHSs bridge y2-containing GABAaRs and NL2

We next investigated the interactions of the GABAAR components using cRNA-injected
oocytes. The co-expression of three GABAAR subunits (a1, 2 and -y2) with LH4 and NL2
reconstituted the GABAAR complex at 720 kDa observed in the brain as determined using
BN-PAGE with Triton X-100 solubilization (Figure 2A, Lane 3). When either LH4 or NL2
were eliminated, the 720 kDa complex failed to form (Figure 2A, Lane 4 and 2). When
membranes from cRNA-injected oocytes were solubilized with MNG, the GABAAR al
subunit was detected at 500 and 870 kDa (Figure 2B). Because the band detected at 870 kDa
was observed in neither the cerebellar lysate nor the Triton X-100-solubilized membranes
(Figure 1A and Figure 2A), this band was considered an artifact of the heterologous
overexpression system with MNG solubilization. Upon co-expression with LH4 (22 kDa)
and LH4 tagged with GFP at its C-terminus (49 kDa), the GABAAR band at 500 kDa shifted
to 520 kDa and 550 kDa, respectively (Figure 2B and S2A). Furthermore, anti-GFP antibody
recognized the GABAAR band with LH4-GFP at 550 kDa as well as the artificial band
around 870 kDa (Figure 2B). These results indicate an interaction of GABAaRSs with LH4.

NL2 expressed in cRNA-injected oocytes was detected as two distinct broad bands at 800
kDa and 460 kDa (Figure 2C). Since NL2 is 100 kDa on SDS-PAGE, such large molecular
weights on BN-PAGE suggest formation of NL2 oligomers as reported previously (Arac et
al., 2007; Dean et al., 2003; Fabrichny et al., 2007; Koehnke et al., 2008). NL2 co-expressed
with LH4 and LH4-GFP was detected primarily as a single band at 330 and 360 kDa,
respectively (Figure 2C and S2B), suggesting binding of LH4 or LH4-GFP to NL2 disrupts
large NL2 oligomers. Because a shift to lower molecular weight upon binding is
counterintuitive, we next examined interactions of NL2 with LH4 using a co-
immunoprecipitation assay from cRNA-injected oocytes. NL2 co-immunoprecipitated LH4,
but not TARPy-2, in cRNA-injected oocytes (Figure S2C). To determine which NL2
domains are responsible for the LH4 interaction, we generated various deletion construct of
HA-tagged NL2 (Figure S2D). All deletion mutants as well as LH4-GFP were co-expressed
in oocytes, although the NL2 full length (FL) and the extracellular domain deletion mutant
(AN) expressed at lower levels (Figure S2E, input). Since expression levels were variable,
we used co-immunoprecipitation assay instead of BN-PAGE for evaluating their interaction.
We found that NL2 FL, AN, and AC, but not ATM, were co-immunoprecipitated with LH4-
GFP using an anti-GFP antibody (Figure S2E). These results indicate the TM domain of
NL2 is required for its interaction with LH4.

In order to test which other LH4 homologues assemble with GABAaRS and NL2, we
evaluated Lhfpl 2, 3 and 5 (amino acid sequence identities to LH4, 26.1%, 78.5%, and
61.8%, respectively) based on phylogenetic analysis (Figure 2D). We tagged the C-terminus
of each LH isoform with a FLAG epitope and co-expressed these FLAG-tagged LH
isoforms with NL2 and GABAAR subunits in oocytes using cRNA injections. Co-expression
of al and p2 with FLAG-LH4 and NL2 failed to reconstitute the native GABAAR complex
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at 720 kDa, but the additional co-expression of extracellularly HA-tagged y2 succeeded
(Figure 2E). Similar to FLAG-LH4, FLAG-LH3 formed a complex at 720 kDa with NL2
and the y2-containing GABAARS (Figure 2E). Despite expression levels of FLAG-LH2 and
-LH5 higher than that of FLAG-LH4 in oocytes injected with the corresponding cRNAS on
SDS-PAGE, FLAG-LH2 and -LH5 failed to form the 720 kDa complex (Figure 2E). The
Lhip/family genes were named based on their sequence similarity (Petit et al., 1999);
however, our results show that the protein properties of LH3 and LH4 are distinct from those
of the other LH genes. To reflect these distinct protein properties we defined a family protein
termed GABAAR regulatory Lhfpl (GARLH), comprised of LH3 and LH4 (Figure 2D).
Overall, these results indicate that GARLHSs form a complex with NL2 and y2-containing
GABARs.

GABAAR 2 subunit stabilizes the expressions of LH4 and NL2 proteins

Kainate- and AMPA-type glutamate receptors stabilize the protein expressions of Neto and
CNIH auxiliary subunits, respectively (Kato et al., 2010; Zhang et al., 2009); therefore, we
next asked whether GABAARSs affect LH4 expression in the brain. Because the -y2 subunit is
required for formation of the tripartite complex NL2/LH4/GABAAR (Figure 2E), and
because most conventional y2 knockout (KO) mice show postnatal lethality (Gunther et al.,
1995), we used cerebellar granule cell (GC)-specific y2 KO mice generated by crossing the
Gabra6 promoter Cre recombinase transgenic mice with conditional -y2 KO mice
(Funfschilling and Reichardt, 2002; Schweizer et al., 2003). In cerebella from the -y2 GC-
KO mice, 2 was reduced as expected; the residual y2 likely originates from cerebellar
Purkinje cells, in which y2 expression was not disrupted. Moreover, the total amounts of
both LH4 and NL2 were reduced (Figure 3A). Cerebellar granule cells form GABAergic
synapses with axons from cerebellar Golgi cells on cerebellar glomeruli. To further examine
whether LH4 and NL2 are reduced at postsynapses in the -y2 KO mice, we purified the
mouse glomeruli-enriched fraction and then isolated the Triton X-100-soluble extrasynaptic
and insoluble postsynaptic fractions as described previously (Viennot et al., 1991; Wu and
Siekevitz, 1988). We found that LH4 and NL2 co-fractionated with y2, a1 and f2/3 in
glomeruli-enriched postsynaptic fractions in WT mice (Figure 3B). Furthermore, in the y2
GC-KO mice, LH4 and y2 expression levels in the postsynaptic fraction were reduced to a
similar extent as the total glomeruli proteins, and NL2 and a1 expression was significantly,
but modestly, reduced (Figure 3C). Taken together, these results suggest that -y2-containing
GABAARRs stabilize LH4 protein expression in the cerebellum.

LH4 does not modulate surface expression or agonist/antagonist sensitivity of GABAxRS

Auxiliary subunits modulate trafficking and/or properties of receptors (Boulin et al., 2012;
Yan and Tomita, 2012). Thus, we investigated the potential modulation of surface expression
or properties of GABAARS by LH4/NL2 using cRNA-injected oocytes. We expressed al,
B2, and extracellularly HA-tagged y2 (HA-y2) with or without LH4 and NL2 in oocytes by
corresponding cRNA injections. In this condition these proteins form the 720 kDa complex
(Figure 2E). We then measured GABA-evoked currents using two-electrode voltage clamp
recording and surface expression of HA-y2 using a chemiluminescence assay with cell non-
permeable labelling of the extracellular HA epitope (Tomita et al., 2004; Zerangue et al.,
1999). In these assays, GABA-evoked currents and surface expression of HA-y2 were not
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altered by co-expressions of LH4 and NL2 (Figure 4A). To further examine whether LH4
modulates the pharmacology of GABAARS, we measured dose response of the full agonist
GABA, the partial agonist THIP, and the antagonist picrotoxin for a1/p2/HA-y2-containing
GABAARs with or without LH4 and/or NL2. We did not see any obvious changes in dose
response and estimated EC50/IC50 and Hill coefficient of GABA, THIP and Pictrotoxin
(Figure 4B, C, D and Table S2).

LH4 regulates synaptic clustering of y2-containing GABAARS in primary neurons

We next examined the role of LH4 associated with GABAARS by reducing LH4 expression
using shRNA. To avoid potential confounding redundancy by LH3 (Figure 2D and E), we
focused on the hippocampus, which expresses a low level of LH3 (Figure 1C). Similar to the
results observed using the cerebellum (Figure 1), both the y2 and a1 subunits formed two
distinct complexes at 480 kDa and 720 kDa in primary hippocampal neurons treated with
lentivirus containing GFP alone (Mock, Figure 5A). In neurons treated with lentivirus
containing LH4 shRNA, LH4 was undetectable (Figure 1E), the 720 kDa complex was
absent, and the intensity of the 480 kDa band was increased (Figure 5A). ShRNA may have
off target effects. To confirm that loss of the 720 kDa complex in LH4 shRNA-treated
neurons was due to loss of LH4, we expressed a C-terminal GFP-tagged LH4 mutant
carrying silent mutations in the shRNA target sequence (LH4mut-GFP) in LH4 shRNA-
treated neurons. Overexpression of LH4Amut-GFP rescued the native GABAAR complex at
740 kDa; this molecular weight was slightly higher than that for the native 720 kDa
GABAAR complex due to the addition of GFP (Figure 5A). Moreover, in neurons treated
with LH4mut-GFP, the ratio of the 720 to 480 kDa complex was increased (Figure 5A),
consistent with overexpression of LH4Amut-GFP and suggesting that LH4 limits the complex
formation in primary cultured neurons. Total protein expression levels of a1 and y2 as
determined using SDS-PAGE were not altered (Figure 5A).

We next examined the role of LH4 on the synaptic localization of y2-containing GABAARS.
The y2 subunit was co-localized with inhibitory presynaptic GADG5 in neurons treated with
lentivirus containing only GFP (Mock, Figure 5B). The number of y2-immunoreactive
puncta was markedly reduced in LH4 shRNA-treated neurons (Figure 5B and C and Figure
S3A) without changes in the size or signal intensity of the remaining puncta (Figure 5C). y2
puncta were restored by overexpression of LH4mut-GFP (Figure 5B and C), confirming that
loss of -y2 puncta was due specifically to loss of LH4. Moreover, GADG65 and the y2 subunit
partially co-localized with overexpressed LH4mut-GFP that was diffuse along the dendrites,
where it could be associated with extrasynaptic y2-containing receptors, alone or associated
with other uncharacterized partners (Figure S3B).

The localization of NL2 and gephyrin was also examined in primary hippocampal neurons
with different levels of LH4. We observed a drastic reduction in the number of
immunoreactive puncta of gephyrin as well as y2 in LH4 shRNA-treated neurons (Figure
6A and B). The number of gephyrin-immunoreactive puncta was restored by overexpressing
LH4mut-GFP into LH4 shRNA-treated neurons (Figure 6B), indicating that the loss of the
gephyrin puncta number was due to a specific loss of LH4. However, the size and signal
intensity of gephyrin puncta restored by LH4mut-GFP were partially rescued (Figure 6B).
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On the other hand, the reduction in the number of NL2-immunoreactive puncta was
significant, but modest (Figure 6C and D). Similarly, the size and the intensity of NL2
puncta were reduced modestly, and were restored by expressing LH4mut-GFP (Figure 6D).
Thus, a substantial amount of NL2 can localize to synapses without LH4, -y2-containing
GABAARs or gephyrin. Notably, excitatory postsynaptic PSD-95 was not obviously altered
by changes in LH4 expression (Figure 6E and F).

We next examined GABAR-mediated synaptic transmission in primary hippocampal
neurons with various expression levels of LH4 using lentiviruses (Figure 5A) and measured
miniature synaptic events (Figure 7A). Synaptic events were measured under whole-cell
voltage-clamp configurations (Vh = =70 mV), and miniature inhibitory postsynaptic currents
(mIPSCs) were isolated by adding 20 uM CNQX and 100 uM d-APV with 1 pM
tetrodotoxin (TTX) (Figure 7A). All mIPSCs were eliminated by further addition of 100 uM
picrotoxin (PTX) (Figure 7A). The frequency of mIPSCs was markedly reduced in LH4
shRNA-treated neurons and was partially restored by overexpressing LH4mut-GFP into
these LH4 shRNA-treated neurons (Figure 7A and B). No changes in the decay kinetics of
the mIPSCs were observed (Figure 7C). The frequency and amplitude of mEPSCs isolated
by adding 100 uM PTX and 1 uM TTX were not altered in neurons treated with LH4
shRNA (Figure 7A and D). Unexpectedly, overexpression of LH4mut-GFP in LH4 shRNA-
treated neurons increased the mEPSC frequency (Figure 7D). While the reason for this
increase is unclear, it is possible that overexpressed LH4mut-GFP induces changes in NLs or
other molecules that increase mEPSCs (Chih et al., 2005; Graf et al., 2004). The decay
kinetics of the mEPSCs was unaltered in neurons at various LH4 expression levels (Figure
7E). Since the reduction in the mIPSCs upon LH4 knockdown could be due to changes in
surface expression or synaptic stabilization of GABAARS, we measured 100 uM GABA-
evoked currents in primary cultured neurons treated with shRNA lentivirus and 1 uM
tetrodotoxin. No significant differences were observed in GABA-evoked currents in neurons
at different LH4 expression levels (Figure 7F). From these, we conclude that the main
function of endogenous LH4 is to localize GABAARS to synapses, without affecting the
GABAAR surface expression.

LH4 regulates GABApR-mediated synaptic transmission in vivo

To examine whether LH4 is required for GABAAR transmission and clustering in adult
hippocampus, we used stereotaxic injections of adeno-associated virus (AAV) carrying Cre
recombinase and single guide RNA (sgRNA) against LH4 into Cre-dependent Cas9 knockin
mice as described previously (Platt et al., 2014). AAVs carrying Cre recombinase and
SgRNAs (control, sgLH4-1 and sgLH4-2) into Cre-dependent Cas9 knockin mice at 3—4
weeks. Three to nine weeks after AAV injections we prepared acute hippocampal slices and
measured under whole-cell voltage-clamp configurations (Vh = 0 mV) electrically evoked
IPSCs (elPSC), mIPSCs, and surface GABAR activity upon GABA bath application in
CA1 pyramidal cells with GFP signal that indicate expressions of both sgRNA and Cas9
(Platt et al., 2014). In this condition, a 90% reduction in LH4 expression was observed in
hippocampi expressing two distinct SgRNAs against LH4 (sgLH4-1 and -2) (Figure S4A).
To examine elPSCs, we placed a stimulating pipette in the middle of the stratum pyramidale
150 pum away from the recorded cell (Jurgensen and Castillo, 2015). IPSCs were elicited
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upon stimulation and the elPSC amplitude was saturated at 24 uA in CA1 neurons
expressing sgLH4-1 (Figure 8A). We stimulated at the saturated level (26 pA) for
comparison of eIPSCs, and found that elPSC amplitudes were reduced 40% and 60% in
CAL neurons expressing sgLH4-1 and sgLH4-2, respectively, compared to those expressing
control sgRNA (Figure 8B). The decay kinetics of elPSCs (Figure 8C) and the paired-pulse
ratio with 50 ms inter-stimulus intervals (Figure 8D) were no different. The mIPSCs were
measured with 1 uM TTX, and showed a 90% reduction in mIPSC frequency without
changes in amplitudes (Figure 8E and F). Furthermore, bath application of 1 mM GABA
showed no difference in GABA-evoked currents from neurons expressing each sgRNA
compared to controls (Figure 8G). These results are consistent with the results using LH4
shRNA-treated neurons (Figure 7). A robust reduction in mIPSC frequency without changes
in mIPSC amplitude and a partial reduction in elPSC amplitude were also observed in the
NL1/2/3 triple knockout mice (Varoqueaux et al., 2006), supporting that LH4 functions with
NLs in vivo.

We next examined GABAAR clustering in adult hippocampus, and found that both sgLH4s
strongly reduced the number, and slightly reduced size and intensity, of -y2-immunoreactive
puncta in the hippocampus 2-5 months after the AAV injection (Figure 8H and I; area
quantified is shown in low magnification images in Figure S4B, box). No obvious changes
in the signal of NMDA receptor GIuN1 subunit (Figure 8H and J), GADG65 (Figure S4C and
D) and PSD-95 (Figure SA4E and F) were detected. These results strongly suggest that LH4 is
required for the synaptic clustering of GABAARS in vivo. Thus, LH4 regulates the synaptic
activity and clustering of GABAARS, but not GABAR activity at the neuronal surface.
These results indicate that LH4 controls synaptic stabilization of GABAARS.

Discussion

This study identified the first example of putative auxiliary subunits for pentameric ligand-
gated anion channels. We found that the LH4-like GARLH family proteins are putative
auxiliary GABAAR subunits that control GABAAR synaptic localization and GABA-
mediated synaptic transmission by anchoring the GABAAR to synaptically localized NL2.

GARLH is a putative GABAAR auxiliary subunit

Auxiliary subunits are non-pore-forming subunits that directly and stably interact with a
pore-forming subunit, modulate receptor trafficking and/or function, and are necessary for
endogenous receptor function /n vivo (Yan and Tomita, 2012). We found that most of the y2
subunit-containing GABAaRS form a stable complex with LH4 in the cerebellum and
hippocampus, that LH4 is not necessary for pore formation because GABA-evoked currents
were detected without LH4 in cRNA-injected oocytes (Fig. 4A), that LH4 interacts with
pore-forming subunits of GABARS and that LH4 is necessary for the synaptic localization
of GABAARS in vivo. Therefore, LH4 could be called as an auxiliary subunit of y2-
containing GABAARs. GABAARS also form a complex with LH3. Because LH3 and LH4
display properties distinct from the other four Lhfp-like homologues, we categorized LH3
and LH4 as GABAAR regulatory Lhfpl family proteins (GARLHS).
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Auxiliary subunits often modulate channel properties of ion channels. For example, TARP
AMPAR auxiliary subunits and Neto KAR auxiliary subunit modulates receptor sensitivity
to agonists, antagonists or potentiators (Jackson and Nicoll, 2011; Yan and Tomita, 2012).
However, we did not observe obvious difference in the sensitivity to GABA, THIP, and PTX
of GABARSs by LH4 co-expression in Xenopus laevis oocytes (Figure 4 and Table S2).
This may suggest that GARLHSs interact with GABARSs outside of the channel ligand-
binding domains or gating domain, although some types of modulation of GABAAR channel
properties by GARLHSs cannot be ruled out. Modulation of channel properties/functions is
one of criteria for auxiliary subunits of ionotropic glutamate receptors (Jackson and Nicoll,
2011; Yan and Tomita, 2012). Here the term “functions” could indicate not only ion channel
activity, but also biological functions including their synaptic localization. GARLH is
tentatively called as a putative auxiliary subunit of GABAARS here, and could be called as
an auxiliay subunit upon characterization of GARLH-modulation of GABAAR channel
properties or clarification of definition of auxiliary subunits.

Auxiliary subunits have been identified for tetrameric ligand-gated cation channels (Jackson
and Nicoll, 2011; Yan and Tomita, 2012). Here, GARLH could be the first example of
auxiliary subunits for pentameric ligand-gated anion channels. This finding supports the
proposition that other types of vertebrate pentameric ligand-gated channels, such as the
native glycine receptor, serotonin receptor and nicotinic acetylcholine receptor, may contain
auxiliary subunits still unidentified in native environments. The levamisole-sensitive
acetylcholine receptor in C. efegans functions with single-pass transmembrane proteins
LEV-10 and MOLO-1 and the secreted protein LEV-9 (Boulin et al., 2012; Gally et al.,
2004; Gendrel et al., 2009), though their mammalian functional homologues have not been
identified yet. On the other hand, Neto functions as an auxiliary subunit of the KAR to
determine its channel properties in the brain (Zhang et al., 2009), and Neto shares the
highest homology with the C. elegans SOL-2, which is indeed an auxiliary subunit for the C.
elegans ionotropic glutamate receptor (Wang et al., 2012). Interestingly, GARLHSs share
similarity with the C. elegans F26D10.11 protein, which may function as a GABAAR
auxiliary subunit in C. elegans. Functional preservation of molecular machinery for synaptic
transmission during evolution may support similar fundamental mechanisms of synaptic
transmission among various species.

The cell biology of inhibitory synapses

We demonstrated that a GARLH isoform, LH4, interacts specifically with -y2-containing
GABAARs and NL2, and determines the synaptic localization and activity of GABAARS.
Prior work showed that total protein expression levels of cerebellar GABAARS were
unchanged in NL KO mice (Zhang et al., 2015). Similarly, here we found no detectable
changes in total GABAAR protein levels or activity at the neuronal surface in LH4 shRNA
treated neurons and in adult hippocampus disrupting LH4 expressions, despite a loss of
synaptic GABAAR clusters. These results suggest that GABAaRs diffuse laterally at the
neuronal surface and are stabilized at inhibitory synapses by NL2 and LH4.

Our findings open a number of unexpected questions, the answers to which will provide
insight in the cell biology of inhibitory synapses. For example, it remains unclear if specific
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GARLH-NL pairs interact preferentially, potentially defining a code to tune synaptic
function. Moreover, we found that cell surface GABAAR activity does not depend on LH4,
indicating that LH4 does not play a critical role in the intracellular trafficking of GABAARS.
Nonetheless, detailed studies defining the subcellular compartment in which GARLHSs and
NLs first interact with GABAARS will reveal crucial information about synaptic
development. Furthermore, GABAARS are comprised from a pool of 19 subunits, and the
rules governing the combinatorial assembly of these subunits into pentamers with distinct
functions have been extensively studied (Fritschy et al., 2012; Olsen and Sieghart, 2008;
Sigel and Steinmann, 2012). These rules will need to be updated to account for assembly
with GARLHSs and NLs.

Our study renews focus on NL2 as an upstream factor in determining inhibitory synapse
identity and function, and opens many new questions regarding the NL2 function. NL2
overexpressed in neurons localizes preferentially at inhibitory synapses (Chih et al., 2005;
Graf et al., 2004), supporting the suggestion that at least NL2 and perhaps other NLs have a
signal for localizing at inhibitory synapses, presumably through an interaction with neurexin
in vertebrates (Ichtchenko et al., 1995; Missler et al., 2003). Although neurexin was
previously reported to interact directly with the GABAARS (Zhang et al., 2010), we did not
detect neurexin in the native NL2-LH4-GABAAR complex. In Caenorhabditis elegans,
MADD4 interacts with NL to recruit GABAARS at synapses (Maro et al., 2015; Tu et al.,
2015). Further identification of NL interactors and reconstitution of native NL-containing
complexes at synapses may ultimately provide a unifying model relating synapse
development, synaptic adhesion and neurotransmitter receptor localization. During revision
of this manuscript, 174 proteins including LH4 were reported in immunoprecipitants of
GFP-tagged a.2-containing GABAAR complexes (Nakamura et al., 2016). Among these
proteins, 7 proteins (Cull, Ephexin, KCTD12, Mfn2, mGIuR5, PAK5/7) were confirmed as
potential direct interactors using a GST pulldown experiment. It would be interesting to
precisely map the direct physical protein interactions.

Inhibitory presynaptic GAD65 is not changed in LH4 CRISPRed hippocampus even months
after AAV injections (Figure S4C), suggesting that presynaptic GADG65 clustering is
independent from LH4 clustering, although LH4 deletion in the CRISPRed hippocampus
was incomplete (Figure S4A). Surprisingly, we observe a loss of synaptic cluster number of
postsynaptic gephyrin as well as GABAAR y2 subunit in LH4 knockdown neurons (Figure
6), suggesting a molecular signal downstream of GARLH promotes gephyrin clustering.
However, the size and signal intensity of gephyrin puncta were partially rescued by LH4-
GFP overexpression (Figure 6A and B). These results suggest that gephyrin molecule
number/synapse is reduced in LH4-GFP overexpressed neurons. Considering that gephyrin
is proposed to form a hexagonal lattice (Kneussel and Betz, 2000), our results may suggest
that gephyrin lattice formation might be reduced at synapses in LH4mut-GFP overexpressed
neurons. Gephyrin is reported to bind to NLs (Poulopoulos et al., 2009) and we showed that
LH4 modulates oligomeric states of NL2 (Figure 2C). Thus, altered oligomeric states of NLs
by an excess amount of LH4mut-GFP may modulate machinery that controls gephyrin
lattice formation at synapses. LH4mut-GFP overexpression also rescued the mIPSC
frequency partially. Because NLs are reported to modulate the expression of presynaptic
proteins (Varogqueaux et al., 2006), the change in oligomeric states of NLs may also
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indirectly modulate presynaptic functions. In summary, our results suggest that formation of
inhibitory synapses might occur through GARLH-dependent recruitment of GABAARS,
followed by recruitment of gephyrin via direct interactions with GABAAR a and/or
subunits proposed previously (Kowalczyk et al., 2013; Maric et al., 2011; Mukherjee et al.,
2011). Perhaps, the NL/IGARLH/GABAAR complex initially localizes to inhibitory synapses
and recruits gephyrin, followed by formation of a gephyrin lattice with additional
GABAARs. Precise mechanisms should be tested 7 vivo.

STAR Methods
CONTACT FOR REAGENET AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Susumu Tomita (Susumu.Tomita@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal handling was in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Yale University. Animal care and
housing were provided by the Yale Animal Resource Center (YARC), in compliance with
the Guide for the Care and Use of Laboratory Animals (National Academy Press,
Washington, D.C., 1996). Animals were maintained in a 12 hr light/dark cycle with ad
libitum access to food and water. Wild-type (C57BL/6J, Stock# 000664), the Cre-dependent
Cas9 knockin mice (Platt et al., 2014) (Stock # 024857), and the conditional Gabrg2 (Stock#
016830) were obtained from the Jackson Laboratory. The transgenic Cre mouse under the
GABAAR a6 promoter (ID# 015966-UCD) was obtained from MMRRC. Sprague Dawley
rats were obtained from the Charles River Laboratories. Sample sizes were estimated by
previous studies and/or preliminary data. Both male and female animals were used, and were
randomly assigned to experimental groups. For analysis of knockout mice, littermates of the
same sex were randomly assigned to experimental group. Mice (2-3 month old) and rats
(retired breeders) were used for biochemistry. Mice (3—4 week-old) were used for AAV
injection. Mice (PO) were used for preparing primary cultured neurons. Female Xenopus
laevis frogs were obtained from Nasco, and used for oocyte preparation.

Cell lines—HEK (ATCC, CRL-1573), HEK293FT (Life Technologies), and 293AAV (Cell
Biolab, Inc.) were obtained directly from each source listed. Cells were grown at 37 °C, 5%
CO». HEK cells were transfected by using Lipofectamine 2000 (ThermoFisher Scientific)
for Fig. 1D.

Primary cultured hippocampal neurons—Primary cultured hippocampal neurons
were prepared as described previously (Tomita et al., 2004). Specifically, PO mice were
anesthetized on ice and decapitated. Hippocampi were dissected, treated with papain (1.4
mg/ml at 37 °C for 30 min), triturated with fire-polished glass pipet and cells were plated on
poly-D-lysine (PDL) coated glass coverslips and cultured at 37 °C, 5% CO» in Neurobasal
medium containing fetal bovine serum, GlutaMax, B27 supplement and Penicillin
Streptomycin. Culture media were replaced to Neurobasal medium containing L-Glutamine,
B27 supplement and Penicillin Streptomycin 6 hours later. Neurons were infected with
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lentivirus at 3 DIV, and half of culture media were refreshed at 7, 11, 15 DIV. Biochemistry,
immunocytochemistry (DIV17-21) and electrophysiology (16-21 DIV) were performed.

METHOD DETAILS

Antibodies—The following antibodies were used with indicated dilutions: rabbit
polyclonal antibodies to GABAAR a1 (1:3,000 for IB), -y2 (1:2,000 for IB), a6 (1:1,000 for
IB), GIuA2/3 (1:1,000 for IB) (Millipore), GABAAR -y2 (1:2,000 for ICC, 1:500 for IHC),
Neuroligin-2 (1:3,000 for 1B, 1:200 for ICC) (Synaptic systems), rabbit normal 1gG (Santa
Cruz), Neto2 (0.1 ug/mL for IB) (Zhang et al., 2009), a.2 (1:500 for IB) (Abcam) and a.3
(1:500 for IB) (Novus Biologicals): mouse monoclonal antibodies to a1l (1:2,000 for I1B),
PSD-95 (1:2,000 for 1B, 1:1,000 for ICC and IHC) (NeuroMab), p2/3 (1:1,000 for IB),
Actin (1:5,000 for IB) (Millipore), NR1 (1:2,000 for IB, 1:500 for IHC), Gephyrin (1:1,000
for IB), GADG65 (1:1,000 for IHC) (BD Biosciences), Gephyrin (1:1,000 for ICC) (Synaptic
Systems), Synaptophysin (1:5,000 for IB), Tubulin (1:5,000 for I1B), FLAG (1:1,000 for 1B)
(Sigma), HA (1:1,000 for IB) (Covance): guinea pig polyclonal antibodies to GFP (0.1
pg/mL for IB, ICC and IHC) (Kim et al., 2010). Polyclonal antisera to Lhfpl4 proteins
(GARLH4) were raised by injecting rabbits with a GST-LH4 fusion protein encoding last 52
amino acids of LH4. Antisera were affinity purified on Affi-gel columns (Bio-Rad)
containing the His-tagged LH4 fusion proteins (0.1 pg/mL for I1B).

Plasmid—GABAAR al, B2, y2, neuroligin-2, Lhfpl2, Lhfpl3, Lhfpl4, Lhfpl5 (Open
Biosystems), TARPy-2/stargazin (Tomita et al., 2003), Neto2 (Zhang et al., 2009) cDNAs
were cloned into appropriate vectors ()GEM-HE, pcDNA3.1)(Liman et al., 1992). Epitope
tags were inserted using the Quick Change mutagenesis (Stratagene). Truncated forms of
neuroligin-2 (AN, deleted amino acid 30-671; AC, deleted amino acid 709-836; ATM,
deleted amino acid 671-836) were cloned from HA-tagged neuroligin-2 using the Quick
Change mutagenesis (Stratagene). Lhfpl4 ShRNA (GCAACACTGCTACTGTCTACA) was
inserted into FUGW-H1 vector (a gift from Dr. Sally Temple through Addgene, # 25870)
(Fasano et al., 2007). The “Lhfpl4 silent mutant” carries six mutations
(GCAATACGGCCACGGTTTATA), which do not alter amino acids encoded. The construct
was fused with GFP at its C-terminus and replaced with GFP alone in FUGW-H1 vector. For
CRISPR, single guide RNAs (sgRNAs) were designed using the CRISPRtool (http://
crispr.mit.edu)(Ran et al., 2013) and cloned into AAV:ITR-U6-sgRNA(backbone)-pCBh-
Cre-WPRE-hGHpA-ITR (a gift from Dr. Feng Zhang through Addgene #60229) (Platt et al.,
2014). sgRNA sequences are:

BN-PAGE—BN-PAGE was performed as described previously (Kim et al., 2010; Schagger
et al., 1994). Specifically, membrane fractions of cRNA-injected oocytes, primary neurons
and cerebella crude homogenate were solubilized with 1% Triton X-100 or 1% Lauryl
Maltose-neopentyl glycol (MNG) (Anatrace, NG310) in 40 mM Tris-Cl (pH 8.0) buffer with
Halt inhibitor cocktail (ThermoFisher Scientific). 5 mM EGTA was added to oocyte
membrane solubilization. The solubilized proteins were then resolved on BN-PAGE (4—
12%), which was followed by Western blot analysis. Molecular weights were determined
using the NativeMark Unstained Protein Standard (Life Technologies). For antibody shift,
proteins were pre-incubated with anti-p2/3 antibody for 2 hours before BN-PAGE.
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Immunoprecipitation and mass spectrometry—Rat cerebella crude homogenate in
0.32 M Sucrose, 10 mM HEPES-Na (pH 7.4) was suspended in 9 volumes of lysis buffer (40
mM Tris-HCI [pH 8.0], 1% MNG) and Halt protease inhibitors (ThermoFisher Scientific),
and centrifuged at 100,000 g for 1 hr. Supernatants were then incubated with an anti-a.1
antibody (Millipore) and protein A sepharose beads (GE healthcare). Bound proteins were
washed with wash buffer containing 0.5% MNG, 150 mM NaCl, 40 mM Tris-HCI (pH 8.0)
and eluted by elution buffer containing 1 mM of the a1 antigen peptide
QPSQDELKDNTTVFTC synthesized (Genscript), 1% MNG, 40 mM Tris-HCI (pH 8.0),
followed by separation on BN-PAGE. The corresponding band was excised and subjected to
analysis by mass spectrometry (MS Bioworks LLC, Michigan).

Biochemical fraction—Total cerebellar homogenate and the glomerular postsynapse-
enriched fraction were isolated as described with slight modifications (Viennot et al., 1991).
Mouse cerebella were homogenized with a Dounce homogenizer, and solubilized with 1%
SDS as the total protein fraction. For the glomerular postsynapse-enriched fraction,
homogenate was filtered through 150, 125, 80, and 52 pm nylon mesh (Component Supply
Company), sequentially, and centrifuged at 0.9 g for 10 min twice. The pellet was
resuspended in 20% Ficoll, 0.32 M Sucrose, 1 mM MgCls, and applied to a five-layer Ficoll
Gradient (25%, 20%, 15%, 10% and 5% Ficoll with 0.32 M Sucrose, 1 mM MgCl,). The
layered sample was centrifuged at 80,000 g for 2 hrs. The 15-20% and 20-25% interfaces
were collected, diluted into homogenization buffer and centrifuged at 100,000 g for 1 hour,
and the pellet was recovered. The pellet was treated with 0.5% Triton X-100, followed by
centrifugation at 32,600 g for 20 min. The pellet was recovered as the glomerular
postsynapse-enriched fraction. Protein concentrations were measured using the BCA protein
assay (Pierce). For quantification, protein amounts were adjusted to 5 pg/lane for Fig. 3A, 1
ug/lane for Fig. 3B, C and run on SDS-PAGE. Intensities of signals in western blotting were
measured by ImageJ (Schneider et al., 2012).

GABAAR complex using Xenopus laevis oocytes—Oocytes were prepared from
Xenopus laevis with collagenase (Tomita et al., 2004). The cRNAs were transcribed /n vitro
using T7 Message mMachine (Ambion) and injected into Xenopus laevis oocytes. The
cRNA amounts per oocyte were as follows; 1.0 ng of a1, B2 and y2 (Fig. 1A); 0.2 ng of a1,
B2 and y2, 0.1 ng of TARP+y-2 and LH4, 0.5 ng of NL2 (Fig. 2A); 0.2 ng of a1, 2 and HA-
v2, 0.1 ng of LH4 and LH4-GFP (Fig. 2B); 2.0 ng of NL2, 0.4 ng of LH4, 0.8 ng of LH4-
GFP (Fig. 2C, S2B); 0.2 ng of a1, B2 and HA-y2, 0.1 ng of LH4-FLAG, 0.5 ng of LH2-
FLAG, 0.33 ng of LH3-FLAG, 1.0 ng of LH5-FLAG, 1.0 ng of NL2 (Fig. 2E); 0.033 ng of
al, p2 and HA-y2, 0.2 ng of LH4 and 0.5 ng of NL2 (Fig. 4); 2.0 ng of NL2, 0.4 ng of LH4
and TARP~y-2 (Fig. S2C); 2.0 ng of HA-NL2 FL, AN and AC, 3.0 ng of HA-NL2 ATM, 1.0
ng of LH4-GFP and TARP+y-2 (Fig. S2E). After 3-5 days post-injection, 10-14 oocytes
were pooled and protein lysates were prepared. Two-electrode voltage clump recording
(TEVC) and measurements of surface expression using Xenopus laevis oocytes were
performed as described previously (Tomita et al., 2004). After 3-5 days post-injection,
TEVC analysis was performed at room temperature in ND96 containing 90 mM NacCl, 2
mM KCI, 1.8 mM CaCl2, 1 mM MgCI2, 5 mM HEPES (pH 7.5). The membrane potential
was held at =40 mV using GeneClamp 500B (Axon Instruments). Data were acquired and
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analyzed by LabChart (ADInstruments). For measurements of surface expression, HA-
tagged proteins at the cell surface were labeled with Rat anti-HA antibody (Roche) and
horseradish-peroxidase (HRP) conjugated secondary antibody (GE Healthcare).
Chemiluminescence assay was performed using SuperSignal ELISA Femto Maximum
Sensitivity Substrate (Thermo) and signals were measured by GloMax-Multi+Detection
System (Promega).

Stereotaxic injection of AAV—Under sterile conditions, 3—4 week-old animals were
anesthetized with isoflurane and secured in a stereotaxic frame, holes the size of the
injection needle were drilled into the skull, and injections were done unilaterally with 1 pL
of AAV per brain region. Coordinates (in millimeters; caudal to bregma, right to midline,
ventral to pial surface) were (2.0, 1.9, 2.2), (2.0, 1.9, 1.9), and (2.0, 1.9, 1.6).

Immunostaining—Primary neurons were fixed and stained as described previously
(Tomita et al., 2003). After 2-5 months post-injection of AAV, adult mice were deeply
anesthetized with pentobarbitul and perfused transcardially with 4% paraformaldehyde in
0.1 M phosphate buffer pH 7.4. After post-fixation, 40 pm sections were prepared using a
vibratome (Leica). Sections were incubated with 1 mg/ml pepsin (Dako) in 0.2 N HCI at
37 °C to enhance signal from synaptic proteins (Fukaya and Watanabe, 2000), followed by
staining with appropriate antibodies and imaged using confocal microscopy (Zeiss LSM
710). We acquired data by using Plan-APOCHROMAT 63x/1.40 oil DIC objective lens or
Plan-APOCHROMAT 20x/0.8 lens (Zeiss). For quantification, sets of cells and sections
were prepared and stained simultaneously. Compared images were acquired at the same time
using identical acquisition settings. The numbers of puncta was analyzed using ImageJ
(Schneider et al., 2012) in a blinded manner.

Virus production—Lentivirus was prepared as described previously (Zhang et al., 2009).
HEK293FT cells (Life Technologies) were transfected with FUGW-H1 with LH4 shRNA,
psPAX2 (a gift from Dr. Didier Trono through Addgene, #12260) and pVSVG (Stewart et
al., 2003) using the calcium phosphate method. After overnight incubation, medium was
changed, and cells were incubated 36—40 hrs. Then supernatant was collected, filtered and
concentrated by ultracentrifugation (80,000 g for 2 hours at 4 °C). The viral pellet was
resuspended in PBS and stored at —80 °C. Neurons were infected with lentivirus at DIV3.

Adeno-associated virus (AAV) was prepared as described previously (McClure et al., 2011).
Briefly, three plasmids of pAAV-DJ, pHelper (Cell Biolabs, Inc.) and AAV-U6-sgRNA-
pCBh-Cre encoding LH4 sgRNAs were co-transfected into 293AAV cells (Cell Biolab, Inc.)
using the calcium phosphate method. 48—60 hours after transfection, cells were solubilized
and AAVs were purified using a HiTrap Heparin column (GE healthcare).

Electrophysiology in primary hippocampal neurons—Cultured neurons at
DIV16-21 were transferred to a recording chamber continuously perfused with a bath
solution saturated with 95% O,/5% CO», and containing (in mM): 125 NaCl, 2.4 KCl, 2
CaCl,, 1 MgClsy, 25 NaHCOg3, 1.2 NaH,PO,4 and 25 Dextrose (301 mOsm, pH 7.4 adjusted
with NaOH). Patch pipettes with tip resistances between 10-15 MQ were filled with internal
solution containing (in mM): 145 CsCl, 5 NaCl, 10 HEPES, 5 EGTA, 5 QX-314, 4 Mg-ATP
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and 0.3 Na-GTP (271 mOsm, pH 7.2 adjusted with CsOH). Miniature postsynaptic currents
were monitored at room temperature in whole-cell configuration for 3—15 minutes, using a
Multiclamp 700B amplifier (Axon Instruments), at a holding potential of =70 mV. To
monitor mIPSCs, APV (100 pM), CNQX (20 uM) and tetrodotoxin (1 uM) were added to
the bath solution. In these conditions, mIPSCs manifested as inward currents. To isolate the
MEPSCs, picrotoxin (100 pM) and tetrodotoxin (1 uM) were used. Recordings with series
resistances > 30 MQ were rejected. Signals were filtered at 3 kHz and sampled at 25 kHz.
Offline analysis was performed using custom Matlab code and Mini Analysis (http://
www.synaptosoft.com, Decatur, GA, USA), with a threshold >5pA, a rise time between 0.1-
3 ms, decay time >0.5 ms and a half-width of = 0.1 ms. Double exponential equations of the
form /(=1 *exp(-th g + I *exp(-t/zs), where /rand /;are the amplitudes of the fast and
slow components, and zrand zsare their respective decay time constants, were used to fit the
normalized mIPSCs. A weighted decay tau ty, = (z¢* /¢t 75> 19/ (I¢+ 15 was used to
compare the decay time between the different groups.

Whole-cell recordings in acute hippocampal slices—Transverse hippocampal
slices with a thickness of 300 um were prepared from P45-P90 mice after 3-9 weeks post
AAV injection. Animals were deeply anesthetized with isoflurane and killed by decapitation.
Slices were prepared as described (Ting et al., 2014). Briefly, slices were cut with a
VT1200S microtome (Leica), and transferred to a chamber containing choline aCSF at room
temperature for 10-15 min (in mM: 92 choline chloride, 2.5 KCI, 26 NaHCO3, 1 NaH,POy,
10 MgSQy, 20 HEPES, 10 dextrose, 0.5 CaCl,, equilibrated with 95% 0,/5% CO»),
followed by transferring to a chamber containing HEPES aCSF at room temperature (in
mM: 92 NaCl, 2.5 KClI, 26 NaHCOg3, 1 NaH,POy, 1.3 MgSQy,, 20 HEPES, 10 dextrose, 2
CacCly, equilibrated with 95% O,/5% CO,). Slices were allowed to recover for at least 1 h
before being transferred to a recording chamber containing aCSF at room temperature (in
mM: 124 NaCl, 2.5 KCI, 26 NaHCOg3, 1 NaH,POy4, 1.3 MgSOy, 10 dextrose, 2.5 CaCl,,
equilibrated with 95% O,/5% CO,, 300 mOsm). GFP-positive CA1 hippocampal neurons
were identified using an upright epifluorescence microscope. Voltage-clamp recordings
(Vhotd = 0 mV) were performed using patch pipettes with tip resistances between 7-10 MQ,
filled with internal solution containing (in mM): 123 D-Gluconic acid, 8 NaCl, 10 EGTA, 10
HEPES, 10 dextrose, 1 CaCl, (270 mOsm, pH 7.2 adjusted with CsOH). The series
resistance was continuously monitored, and recordings with series resistances > 40 MQ were
rejected. To isolate GABAaR-mediated currents, the aCSF contained APV (100 pM),
CNQX (20 uM), CGP 52432 (5 uM), and strychnine (0.3 uM). To evoke inhibitory
postsynaptic currents (IPSCs), square-wave current 200-us-wide pulses were delivered
through a A365 stimulus isolator (WPI) connected to a 1-2 MQ micropipette filled with
aCSF. This stimulating pipette was located in the middle of the stratum pyramidale 150 pm
away from the recorded cell. After recording evoked IPSCs, mIPSCs were recorded for 3
min with 1 pM TTX before the subsequent addition of 1 mM GABA and 1 uM TTX to the
perfusion system in order to elicit GABA-evoked currents from the same cells. Signals were
sampled at 25 kHz, and downsampled at 2.5 kHz.

Surface cell biotinylation of cerebellar slices—Cerebellar slices were prepared from
6-8 week mice as described (Yan et al., 2013). Surface expression of LH4 and GIuN1 was
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quantitated as described (Tomita et al., 2004). Briefly, acute cerebellar slices were labeled
for 30 min at 4 °C with 1.5 mg/ml sulfo-NHS-SS biotin (ThermoFisher Scientific).
Membranes were prepared and the biotinylated proteins were precipitated with Neutravidin-
agarose (ThermoFisher Scientific) and detected by western blotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical details of experiments can be found in the figure legends or
Method Details section. All data are given as mean + s.e.m. Statistical significance between
means was calculated using Mann-Whitney U-test or Kruskal-willis test followed by Dunn’s
post-test; *P< 0.05; **P< 0.01; *** P<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The -y2-containing GABAaRs form a tripartite complex with LH4 and
neuroligin-2.

GARLHSs are GABAAR putative auxiliary subunits consisting of LH3 and LH4.
The GABAAR 2 subunit regulates protein expressions of LH4 and neuroligin-2.

GARLH is required for the synaptic GABAAR localization and inhibitory
transmission.
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Figure 1. Native GABAAR complexes contain Lhfpl4 and neuroligin-2
(A) Recombinant GABAAR expressed in Xenopus laevis oocytes (0O0) by injection of

cRNAs of al, 2 and y2 GABAAR subunits migrated as a single band of 520 kDa using
BN-PAGE when solubilized with Triton X-100 (Tx100). By contrast, the native GABAAR
obtained from the cerebellum (Cb) migrated as two bands of 720 kDa and 500 kDa,
respectively, with Tx100 solubilization. Using maltose-neopentyl glycol (MNG)
solubilization, the native Cb GABAAR migrated as a strong band of 720 kDa and a weak
band of 480 kDa. Immunoblots (I1B) with antibodies against a1, y2 and p2/3 subunits
showed similar results, whereas the a6-containing Ch GABAAR migrates predominantly to
500 kDa and 480 kDa in Tx100 and MNG, respectively. (B) Immunopurified (IP) native
GABAAR complexes obtained using an anti-a.1 antibody from MNG-solubilized cerebella
migrates to 720 kDa. A normal rabbit IgG and an anti-AMPA receptor GIuA2/3 antibody
were used as control. (C) The distribution of Lhfpl (LH) 4 and 3 mRNAs in mouse brain
according to the Allen Brain Atlas (http://www.brain-map.org/). Nissl staining shows
anatomy of the mouse brain (Nissl). LH4 is strongly expressed in hippocampus and
cerebellum, whereas LH3 is expressed in cerebellum. (D) The antibody against LH4
recognized LH4 specifically, whereas the anti-HA antibody recognized all HA-tagged
LH2/3/4/5 expressed in transfected HEK cells. (E) The anti-LH4 antibody recognized a band
in lysate prepared from primary hippocampal neurons, which is eliminated in neurons
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treated with LH4 shRNA. (F) Among various mouse tissues, the anti-LH4 antibody
recognized a 22 kDa band only in the brain. (G) Immunopurified al-containing cerebellar
GABAARs contain LH4 and neuroligin-2 (NL2). Pre-incubation of the immunopurified
GABARs with an anti-p2/3 antibody (Ab) increases the molecular weight. (H) On SDS-
PAGE, LH4, NL2 and y2 co-immunoprecipitated (IP) specifically with a1, but not with the
AMPA receptor GluA2/3. Gephyrin (Geph) and Neto?2 also failed to co-immunoprecipitate
with al.
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Figure 2. LH4-like GARLH family proteins bridge y2-containing GABAaRS and neuroligin-2
(A) Recombinant GABAARS, consisting of a1, B2 and y2 subunits in cCRNA-injected

oocytes, migrated to 520 kDa using BN-PAGE with Triton X-100 (Tx100) solubilization.
Co-expression of recombinant GABAARS with Lhfpl4 (LH4) and neuroligin-2 (NL2)
increased the molecular weight to 720 kDa, similar to that for cerebellar GABAARS,
whereas co-expression of recombinant GABARS with LH4 alone or NL2/TARP+y-2 failed
to similarly increase the molecular weight. (B) Co-expression of LH4 (22 kDa) and LH4
tagged with GFP (LH4-GFP, 49 kDa) shifted recombinant GABARs at 500 kDa (arrow) to
520 kDa (arrow) and 550 kDa (arrowhead), respectively, in cRNA-injected oocytes
solubilized with maltose-neopentyl glycol (MNG). Notably, oocyte membranes solubilized
with MNG show a background band (asterisk) and an artificial band of oligomeric
GABARs with LH4 (#). (C) NL2 expressed in oocytes migrates as two bands, a strong
band at 800 kDa and weak bands at 460-520 kDa representing various NL2 oligomers. The
co-expression of NL2 with LH4 induced the collapse of the NL2 oligomers and emergence
of a strong band at 330 kDa, which was shifted up with LH4-GFP co-expression. Asterisk
shows non-specific signal. (D) Phylogenetic tree of LH4- homologous proteins. LH4 and 3
proteins are classified here as GABAAR regulatory Lhfpl (GARLH) family proteins. (E) In
the cRNA-injected oocyte system, recombinant GABARS consisting of a1, f2 and
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extracellularly HA-tagged -y2 with NL2 and FLAG-tagged LH4 reconstituted to 720 kDa, as
do native GABAARS, whereas GABAARS containing al and p2 without HA-y2 failed to
reconstitute to this molecular weight. Similarly, FLAG-LH3, but not LH2 and LH5,
reconstitute cerebellar GABAARS of 720 kDa.
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Figure 3. The GABAAR 2 subunit modulates expression of Lhfpl4 and neuroligin-2 in vivo
(A) Protein levels in the total cerebella from wild-type (WT) and granule cell (GC)-specific

2 knockout (KO) mice. The amounts of LH4, y2 and NL2 proteins were significantly
reduced in the y2 GC-KOs without changes in gephyrin (Geph) and PSD-95. Bar graph
shows relative expressions to WT mice. (B) Biochemical fractionation of mouse cerebella
shows co-segregation of Lhfpl4 (LH4) with GABAAR subunits (a1, y2 and p2/3) and
neuroligin-2 (NL2). The cerebellar homogenate (Total) was fractionated into the cerebellar
glomerulus-enriched fraction (Glomeruli, Total) and then separated into the Triton X-100-
soluble fraction (Tx100) and the Triton X-100-insoluble postsynaptic fraction (PS).
Synaptophysin (Sph) was used as a presynaptic marker. Gephyrin (Geph) and PSD-95 were
used as inhibitory and excitatory postsynaptic markers, respectively. (C) Protein levels in the
PS fraction of cerebella from WT and GC-y2 KO mice. The amounts of LH4, y2, al and
NL2 proteins were significantly reduced in the GC-y2 KOs without changes in Geph and
PSD-95. Data are mean + s.e.m.; n = 4 animals; Mann-Whitney U-test; *P < 0.05.
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Figure 4. LH4 does not modulate GABAAR surface expression or sensitivity to agonists or an
antagonist

(A) Oocytes were injected with cRNAs encoding a1, 2 and extracellularly HA-tagged y2
with or without Lhfpl4 (LH4) and neuroligin-2 (NL2). GABA (10 uM)-evoked currents and
surface expression of HA-y2 were measured by two electrode voltage clamp (TEVC)
recording and chemiluminescence assay, respectively. Co-expression of LH4 and NL2 does
not modulate surface expression (green bars) or GABA-evoked currents (black bars) of a1/
B2/HA-y2 containing GABAARS (n = 5 oocytes). (B-D) The cRNAs of al, B2, and HA-y2
with combinations of LH4 and NL2 were injected into oocytes, and dose responses were
measured with TEVC. Co-expression of LH4 and NL2 does not alter GABAAR sensitivity
to the agonists, GABA (B) and 4,5,6,7-tetrahydroisoxazole(5,4-c)pyridin-3-ol (THIP) (C) or
an antagonist, picrotoxin (PTX) (D) with 10 upM GABA. Data are mean = s.em. (n=5-6
oocytes).
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Figure 5. Lhfpl4 is essential for synaptic GABAAR clustering
(A) In primary hippocampal neurons, infection of Lhfpl4 (LH4) shRNA lentivirus reduces

the molecular weight of the native GABAAR complex from 720 kDa to 480 kDa, as
determined using BN-PAGE. Expressing a GFP-tagged LH4 mutant resistant to LH4 shRNA
restores the GABAAR complex to 740 kDa. The amounts of -y2 and a1 subunit proteins are
not altered, as determined using SDS-PAGE (n = 3 samples from three independent
cultures). (B) GABAAR -y2 subunits co-localize with GAD-65 in primary hippocampal
neurons infected with a GFP lentivirus. The y2 subunit signal was decreased in neurons
infected with an LH4 shRNA lentivirus and restored by reintroducing LH4mut-GFP in LH4
shRNA-treated neurons. GFP signals indicate infected neurons, and under these conditions,
almost all neurons showed GFP signals. (C) Quantification of -y2 subunit immunolabelling
shows a significant reduction in the cluster number/10um dendrite, but not size or intensity,
of y2 clusters in LH4 shRNA-treated neurons. Sample numbers (dendritic segments/
clusters) for each condition (Mock, LH4 shRNA, LH4 shRNA/LH4mut-GFP) are as follows;
n = 24/168, 22/11, 8/71, respectively, from two independent cultures. Dendritic areas were
chosen randomly for analysis of cluster numbers and all detected clusters were subsequently
analysed for sizes and signal intensities. Data are mean * s.e.m.; Kruskal-Wallis test
followed by Dunn’s post-test; ***P < 0.001.
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Figure 6. Lhfpl4 modulates the distribution of gephyrin and Neuroligin-2
Primary hippocampal neurons at various Lhfpl4 (LH4) expression levels were stained for

inhibitory postsynaptic proteins gephyrin (Geph) and neuroligin-2 (NL2). (A) Gephyrin co-
localizes with the GABAAR -y2 subunit in primary hippocampal neurons infected with a
control GFP lentivirus (Mock). Gephyrin as well as y2 were reduced in neurons infected
with an LH4 shRNA lentivirus, and were restored by overexpressing LH4mut-GFP in LH4
shRNA-treated neurons. (B) The number of gephyrin clusters per 10 um dendrite was
robustly reduced in neurons treated with LH4 shRNA and restored in neurons treated with
LH4 shRNA with LH4mut-GFP expression. The substantial reduction in gephyrin puncta in
LH4 shRNA-treated neurons precluded the precise evaluation of the size and signal intensity
of gephyrin (N.D.). The size and signal intensity of gephyrin puncta were not fully restored
by over-expression of LH4mut-GFP in LH4 shRNA-treated neurons. Sample numbers
(dendritic segments/clusters) for each condition (Mock, LH4 shRNA, LH4 shRNA/LH4mut-
GFP) are as follows; n = 17/148, 18/13, 16/158, respectively, from two independent cultures.
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Dendritic areas were chosen randomly for analysis of cluster numbers and all detected
clusters were subsequently analysed for sizes and signal intensities. (C) NL2 co-localizes
with GAD-65 in primary hippocampal neurons infected with a GFP alone lentivirus (Mock).
The NL2 signal was reduced in LH4 shRNA-treated neurons and restored by overexpressing
LH4mut-GFP in LH4 shRNA-treated neurons. (D) The cluster number and signal intensity
of NL2 were modestly, but significantly reduced in LH4 shRNA-treated neurons, and
restored by overexpressing LH4mut-GFP. Sample numbers (dendritic segments/clusters) for
each condition (Mock, LH4 shRNA, LH4 shRNA/LH4mut-GFP) are as follows; n = 15/130,
18/71, 16/168, respectively, from two independent cultures. (E and F) PSD-95 shows a
punctate pattern in primary hippocampal neurons infected with lentivirus carrying GFP
alone (Mock), LH4 shRNA or an LH4 mutant resistant to LH4 shRNA (LH4mut-GFP). No
significant difference was observed in the cluster number/10 pm dendrite, size and signal
intensity of PSD-95. Sample numbers (dendritic segments/clusters) for each condition
(Mock, LH4 shRNA, LH4 shRNA/LH4mut-GFP) are as follows; n = 36/373, 36/339,
37/327, respectively, in two independent cultures. Dendritic areas were chosen randomly for
analysis of cluster numbers and all detected clusters were subsequently analysed for sizes
and signal intensities. Data are mean + s.e.m.; Kruskal-Wallis test followed by Dunn’s post-
test; *P< 0.05; **P< 0.01; *** P<0.001.
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Figure 7. Lhfpl4 is required for GABAaR-mediated synaptic transmission
(A-E) Miniature synaptic events were measured using whole-cell voltage-clamp (Vh = =70

mV) recordings in primary cultured hippocampal neurons treated with GFP lentivirus
(Mock), LH4 shRNA lentivirus and lentivirus carrying LH4 shRNA and a GFP-tagged LH4
mutant resistant to LH4 shRNA (LH4mut-GFP). Miniature inhibitory postsynaptic currents
(mIPSCs) were isolated by application of TTX (1 uM), CNQX (20 uM) and APV (100 uM),
and all events were blocked by further application of picrotoxin (PTX; 100 uM). Scale bar,
20 pA/1 s. Miniature excitatory postsynaptic currents (MEPSCs) were measured by
application of TTX (1 uM) and PTX (100 uM). Scale bar, 20 pA/0.5 s. (B) Quantitation of
frequency and amplitude of mIPSCs (n=11 — 14 from three independent cultures). (C)
Representative traces of mIPSC decay normalized at the peak and quantitation of the mIPSC
weighted decay tau estimated by fitting the decay to a biexponential function. Scale bar 50
ms. (D) Quantitation of frequency and amplitude of mMEPSCs (n= 8 — 9 neurons from three
independent cultures). (E) Representative traces of mEPSC decay normalized at the peak
and quantitation of the mMEPSC weighted decay tau estimated by fitting the decay to a
biexponential function. Scale bar 20 ms. (F) Representative traces and quantitation of peak
amplitudes of the GABA-evoked currents upon 5 s applications of 100 uM GABA on
primary cultured hippocampal neurons with 1 uM TTX (n = 4 neurons each from two
independent cultures). Scale bar, 250 pA/2 s. Data are mean * s.e.m.; Kruskal-Wallis test
followed by Dunn’s post-test; * £< 0.05, ** £<0.01.
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Figure 8. GABAaR-mediated synaptic transmission requires LH4 in adult hippocampus
Synaptic properties and GABAAR localization were measured in hippocampi from Cas9

knockin mice injected with an AAV virus carrying Cre recombinase and two independent
SgRNAs for LH4 (sgLH4-1 and sgLH4-2). (A) Representative traces and quantitation of
peak amplitudes of evoked IPSCs with various stimulus intensities in CA1 hippocampal
neurons, showing saturation of the elPSC amplitude beyond 24 pA stimulus intensity (n =
10 neurons from four mice injected with sgLH4-1). Scale bar: 10 pA/100 ms. (B-D)
Representative traces and quantitation of peak amplitude (B), weighted decay tau with traces
normalized at the peak (C) and the paired-pulse ratio with 50 ms inter-stimulus interval with
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traces normalized at the peak (D) of IPSCs evoked at 26 PA stimulus intensity from mice
injected with each AAV (n = 7 neurons from four animals for control, n = 12 neurons from
five animals for sgLH4-1, n = 13 neurons from five animals for sgLH4-2). The amplitude of
evoked IPSCs was significantly reduced in neurons expressing sgLH4s compared to control,
whereas the decay kinetics and paired-pulse ratio were not. Scale bar: 25 pA/50 ms (B), 50
ms (C), 50 ms (D). (E) Representative traces of miniature IPSCs measured before and after
picrotoxin (PTX) (100 uM) application. Scale bar: 20 pA/1.2 sec. (F) Quantitation of
frequency and amplitude of mIPSCs from mice injected with each AAV (n = 5 neurons from
three animals for control, n = 5 neurons from three animals for sgLH4-1, n = 6 neurons from
four animals for sgLH4-2). The frequency, but not the amplitude, of the mIPSCs was
significantly reduced in neurons expressing sgLH4s compared to control. (G) Representative
traces and quantitation of the 1 mM GABA-evoked currents. Scale bar: 50 pA/1 min. No
significant differences were found in the amplitude of the GABA-evoked currents (n = 4
neurons from four animals for control, n = 6 neurons from three animals for sgLH4-1,n =7
neurons from four animals for sgLH4-2). (H) Punctate localization of -y2 is reduced in
hippocampi expressing SgRNAs for LH4. By contrast, GIuN1 is not altered. (I) Numbers of
y2-immunolabelled cluster per 100 um? are strongly reduced in dendritic area of dentate
gyrus from animals carrying sgLH4-1 and sgLH4-2, while slight reductions are observed in
v2-cluster sizes and signal intensities (n = 12 areas from three animals). (J) The cluster
number, size and signal intensity of GIuN1 were unaltered. Data are mean + s.e.m.; Kruskal-
Wallis test followed by Dunn’s post-test; *~ < 0.05; **P< 0.01; ***P< 0.001.
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