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SUMMARY

Normal brain functions depend on the balanced
development of excitatory and inhibitory synapses.
Our knowledge of the molecular mechanisms
underlying inhibitory synapse formation is limited.
Neuroligin-2 (NL2), a transmembrane protein at
inhibitory postsynaptic sites, is capable of initiating
inhibitory synapse formation. In an effort to search
for NL2 binding proteins and the downstream mech-
anisms responsible for inhibitory synapse develop-
ment, we identify LHFPL4/GARLH4 as a major NL2
binding partner that is specifically enriched at inhib-
itory postsynaptic sites. LHFPL4/GARLH4 and NL2
regulate the protein levels and synaptic clustering
of each other in the cerebellum. Lhfpl4/Garlh4�/�

mice display profound impairment of inhibitory
synapse formation as well as prominent motor
behavioral deficits and premature death. Our find-
ings highlight the essential role of LHFPL4/GARLH4
in brain functions by regulating inhibitory synapse
formation as a major NL2 binding partner.

INTRODUCTION

Neurons in the central nervous system (CNS) process and trans-

mit information predominantly through two distinct categories of

synapses: glutamatergic excitatory synapses and g-aminobuty-

ric acid (GABA)ergic inhibitory synapses. a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)-type glutamate re-

ceptors (AMPARs) mediate the majority of fast excitatory synap-

tic transmission, whereas ionotropic type A GABA receptors (-

GABAARs) mediate most of the fast inhibitory synaptic

transmission in the CNS (Olsen and Sieghart, 2008; Traynelis

et al., 2010). Normal brain functions depend on the balanced

development of excitatory and inhibitory synapses, as demon-

strated in studies of brain disorders such as epilepsy, autism,

and schizophrenia (Foss-Feig et al., 2017; Fritschy, 2008; Hoft-

man et al., 2017; Krystal et al., 2017; Lee et al., 2017; Tatti

et al., 2017). Thus, achieving a better understanding of the mo-

lecular mechanisms of synapse development through identifying
C
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the molecular organizers of both excitatory and inhibitory synap-

ses could provide insight into brain disorders.

Synaptogenesis is a tightly regulated process involving

three characteristic steps: target recognition and initial physical

contact, presynaptic and postsynaptic component assembly,

and maturation (Shen and Scheiffele, 2010; Siddiqui and Craig,

2011). To explore the molecular mechanisms of synapse forma-

tion, extensive studies have been conducted to identify protein

components of the excitatory glutamatergic postsynaptic

density (PSD) using either yeast two-hybrid (Y2H) screening or

purification coupled with mass spectrometry analysis (Greger

et al., 2017; Sheng and Kim, 2011). Hundreds of protein constit-

uents in the excitatory PSD have been identified, including

receptor proteins, receptor auxiliary proteins, adhesion mole-

cules, scaffold proteins, cytoskeletal elements, and cytoplasmic

signaling proteins (Greger et al., 2017; Sheng and Kim, 2011). In

contrast, the protein list of currently known molecular organizers

specific to the inhibitory PSD is sparse (Krueger-Burg et al.,

2017). Given the diversity of GABAAR subtypes and the

complexity of interneurons (Kepecs and Fishell, 2014; Olsen

and Sieghart, 2008), a large number of inhibitory synaptic pro-

teins likely remain to be identified.

Neuroligin-2 (NL2) is well known for its specific role in inhibitory

synapse formation and its function as a cell adhesion molecule

(Chih et al., 2005; Graf et al., 2004; Varoqueaux et al., 2004).

NL2 functions through trans-synaptic binding to its presynaptic

partner neurexin aswell as intracellular interactions with collybis-

tin and the inhibitory postsynaptic scaffold protein gephyrin

(Poulopoulos et al., 2009; S€udhof, 2008). Functionally, NL2-

deficient mice display increased neuronal excitability and behav-

ioral defects caused by the reduction of synaptic gephyrin and

GABAAR clusters as well as impairment of inhibitory synaptic

transmission (Babaev et al., 2016; Blundell et al., 2009; Chubykin

et al., 2007; Gibson et al., 2009; Hoon et al., 2009; Jedlicka et al.,

2011; Liang et al., 2015; Poulopoulos et al., 2009; Wöhr et al.,

2013; Zhang et al., 2015). Furthermore, mutations in the NL2

(Nlgn2) gene have been reported to be associated with schizo-

phrenia, anxiety, and autism in humans (Parente et al., 2017;

Sun et al., 2011). Thus, NL2 is essential for the functional integrity

of inhibitory synapses.

In this study,we sought to identify inhibitory PSDproteins asso-

ciated with NL2. Using immunoprecipitation coupled with mass

spectrometry analysis, we identified a four-transmembrane
ell Reports 23, 1691–1705, May 8, 2018 ª 2018 The Authors. 1691
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Figure 1. LHFPL4/GARLH4 and NL2 Form Tight Complexes In Vitro and In Vivo

(A) Co-immunoprecipitation of GFP-LHFPL4 and NL2 in transfected HEK293T cells. An irrelevant protein, GFP-IPO5, was used as a negative control.

IP, immunoprecipitation.

(B) In the mouse tissues examined, LHFPL4 Ab#1 detected the predicted band of approximately 22 kDa only in the brain and spinal cord.

(C) In vivo immunoprecipitation with an anti-NL2 antibody. LHFPL4/GARLH4 co-immunoprecipitated strongly with NL2 in brain homogenates from theWTmouse

but not the NL2 KO mouse.

(D) In vivo immunoprecipitation with LHFPL4 Ab#1. LHFPL4/GARLH4 co-immunoprecipitated NL2, GABAAR g2, GABAAR a1, and a small amount of NL1 and

NL3. LHFPL4/GARLH4 did not co-immunoprecipitate GluA2, gephyrin (Geph), or PSD-95. NL2, GABAAR g2, GABAAR a1, NL1, and NL3 were not pulled down

when LHFPL4 Ab#1 was preblocked by the antigenic peptide.

(E) LHFPL4/GARLH4 was depleted from mouse brain homogenates by two consecutive immunoprecipitation experiments using LHFPL4 Ab#1. Input was

defined as brain homogenates before immunoprecipitation. AIP1 and AIP2 were defined as brain homogenates after the first and second immunoprecipitation,

respectively.

(F) Quantification of the protein level in (E). The chemiluminescence intensity of the input was normalized to 1. When LHFPL4/GARLH4 was almost completely

depleted (7.77% ± 0.78% in AIP2), there was 73.21% ± 3.11% of NL2 left in AIP2 (n = 6 mice). Therefore, 29% of NL2 was associated with LHFPL4/GARLH4 in

mouse brain homogenates.

(legend continued on next page)
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domain protein, lipoma HMGIC fusion partner-like 4 (LHFPL4)

(Longo-Guess et al., 2005; Petit et al., 1999) as a major NL2 bind-

ing protein. LHFPL4 is also termed GABAAR regulatory Lhfpl4

(GARLH4) because it has recently been reported to regulate the

synaptic localization of GABAAR and inhibitory transmission

(Yamasaki et al., 2017). We found that LHFPL4/GARLH4 is

exclusively expressed in the nervous system and specifically

enriched at inhibitory postsynaptic sites. Significant proportions

of LHFPL4/GARLH4 and NL2 are associated with each other in

the brain, and they regulate the protein levels and the synaptic

clustering of each other in the cerebellum. Deficiency of

LHFPL4/GARLH4 results in impairment of inhibitory synapse

formation andmotor behavior deficits as well as increased penty-

lenetetrazole (PTZ)-induced seizure susceptibility and premature

death in Lhfpl4/Garlh4�/� mice.

RESULTS

Identification of LHFPL4/GARLH4 as a Major NL2
Binding Partner by Immunoprecipitation-Mass
Spectrometry
To identify inhibitory synaptic proteins that interact with NL2,

mouse brain homogenates were subjected to immunoprecipita-

tion using an anti-NL2 antibody followed by mass spectrometry

analysis. To improve the specificity, the same experimental pro-

cedures were conducted in parallel with brain homogenates

from NL2 knockout (KO) mice. Only proteins identified in the

immunoprecipitated products of brain homogenates from wild-

type (WT) mice, but not those from NL2 KO mice, were consid-

ered to be specific NL2-interacting proteins. In addition, the

experiments coupling immunoprecipitation with mass spec-

trometry (IP-MS) were repeated twice to obtain a list of NL2-

interacting proteins with high confidence. Only proteins repeat-

edly identified in all three immunoprecipitation-mass spectrom-

etry experiments were selected for further study. With these

criteria, we confirmed the presence of well characterized inhibi-

tory synaptic proteins in the NL2-associated protein complexes

(Table S1), including gephyrin, collybistin, Magi2, and GABAAR

subunits (a1, a2, a3, a6, b1, b2, b3, g2, and g3) (Olsen and

Sieghart, 2008; Poulopoulos et al., 2009; Sumita et al., 2007).

In addition, we identified LHFPL4/GARLH4 as an NL2 binding

protein with high peptide counts (Table S1).

The interaction between LHFPL4/GARLH4 and NL2 was first

verified by conducting in vitro co-immunoprecipitation experi-

ments using transfected HEK293T cells. When LHFPL4/

GARLH4 was pulled down, NL2 co-immunoprecipitated with

LHFPL4/GARLH4 (Figure 1A, lane 2). In the reciprocal co-immu-

noprecipitation experiment, LHFPL4/GARLH4 co-immunopre-

cipitated with NL2 (Figure 1A, lane 3).

To study the endogenous LHFPL4/GARLH4 protein, we

generated two rabbit anti-LHFPL4/GARLH4 antibodies: LHFPL4

antibody (Ab) #1 and LHFPL4 Ab#2. Both antibodies selectively

recognized LHFPL4/GARLH4 but not other LHFPL4/GARLH4
(G) NL2 was depleted from mouse brain homogenates as described in (E) using

(H) Quantification of the protein level in (G). When NL2 was almost completely dep

left in AIP2 (n = 3 mice). Therefore, 33% of LHFPL4/GARLH4 was associated wi

One-way ANOVA followed by Dunnett’s multiple comparisons test; ***p < 0.001 co
homologs, including LHFPL 1, 2, 3, and 5 (Figures S1A and

S1B). LHFPL4 Ab#1 detected a band with a predicted molecular

weight of approximately 22 kDa in the mouse brain and spinal

cord and cultured rat hippocampal neurons (Figure 1B; Fig-

ure S2B). In contrast, the band was undetectable in the brain

and spinal cord from LHFPL4/GARLH4 KO mice (Figure 1B).

LHFPL4 Ab#1 also detected a few other bands in non-neuronal

tissues, such as the liver, but these bands were non-specific

because they were still present in LHFPL4/GARLH4 KO mice

(Figure S1C). The in vivo interaction between LHFPL4/GARLH4

and NL2 was then verified. We first used an anti-NL2 antibody

to pull down NL2. LHFPL4/GARLH4 co-immunoprecipitated

robustly with NL2 in brain extracts from WT mice but not from

NL2 KO mice (Figure 1C). In the reverse direction, we used

LHFPL4 Ab#1 to pull down LHFPL4/GARLH4. NL2 was found

to co-immunoprecipitate strongly with LHFPL4/GARLH4 (Fig-

ure 1D). In the control experiment, NL2 was undetectable in

the pull-down when LHFPL4 Ab#1 was preblocked by the anti-

genic peptide (Figure 1D, lane 3). A small amount of NL1 and

NL3 also co-immunoprecipitated with LHFPL4/GARLH4 from

mouse brain homogenates (Figure 1D).

Based on the protein amount in the input and immunoprecipi-

tation samples (Figure 1D, lanes 1 and 2), approximately 30% of

NL2 but only approximately 1% of NL1 and NL3 were estimated

to be associated with LHFPL4/GARLH4. To quantify the percent-

ages of NL2 and LHFPL4/GARLH4 that were associated with

each other in vivo, we conducted quantitative co-immunoprecip-

itation. First, LHFPL4 Ab#1 was used to completely deplete

LHFPL4/GARLH4 from the mouse brain homogenates by two

consecutive immunoprecipitation experiments. By quantifying

the chemiluminescence intensity of the resulting proteins on

immunoblots, we determined that 29% of NL2 was depleted

when LHFPL4/GARLH4 was completely depleted from the brain

homogenates (Figures 1E and 1F). Similarly, 33% of LHFPL4/

GARLH4 was depleted when NL2 was completely depleted

from the brain homogenates using an anti-NL2 antibody (Figures

1G and 1H). These results suggested that 29% of NL2 was asso-

ciatedwith LHFPL4/GARLH4, whereas 33%of LHFPL4/GARLH4

was associated with NL2 in the mouse brain. In addition, immu-

noprecipitation studies showed that LHFPL4/GARLH4 also co-

immunoprecipitated GABAAR g2 and a1 subunits but did not

co-immunoprecipitate gephyrin, GluA2, or PSD-95 (Figure 1D).

Taken together, we identified LHFPL4/GARLH4 as a major NL2

binding partner that is also associated with GABAARs.

LHFPL4/GARLH4 Is Specifically Enriched at Inhibitory
Postsynaptic Sites
We subsequently examined the subcellular localization of

LHFPL4/GARLH4. Endogenous LHFPL4/GARLH4 in primary

cultured neurons immunolabeled by LHFPL4 Ab#1 exhibited a

punctate pattern (Figures 2A and 2B) that resembled the localiza-

tion pattern of inhibitory synapses. These puncta were undetect-

able in neurons infected with adeno-associated viruses (AAV)
an anti-NL2 antibody.

leted (2.33% ± 0.42% in AIP2), there was 67.69% ± 1.88% of LHFPL4/GARLH4

th NL2 in mouse brain homogenates.

mpared with the input. Data aremean ±SEM. See also Figure S1 and Table S1.

Cell Reports 23, 1691–1705, May 8, 2018 1693



A

C

B

10 μm

0
10
20
30
40
50
60
70
80
90

100

P
er

ce
nt

ag
e 

of
 L

H
FP

L4
 c

lu
st

er
s

D

10 0 00 μmμmμmμmmμ10 μm

LHFPL4 Gephyrin

2 μm 0.2 μm 2 μm

LHFPL4 GAD65

0.2 μm

NL2LHFPL4 NL2LHFPL4

LHFPL4

NL2

LHFPL4 NL2

10 μm

PSD-95LHFPL4 PSD-95LHFPL4

LHFPL4

PSD-95

LHFPL4 PSD-95
10 μm10 μm

γ2LHFPL4 γ2LHFPL4

LHFPL4

γ2

LHFPL4

PSD-95

γ2

GephyrinLHFPL4 GephyrinLHFPL4

LHFPL4

Gephyrin

LHFPL4 Gephyrin

PSD-95

(legend on next page)

1694 Cell Reports 23, 1691–1705, May 8, 2018



expressing short hairpin RNA (shRNA) that was able to knock

down LHFPL4/GARLH4 (Figure S2D). Quantitative analysis of

the co-immunostaining results showed that the majority of

LHFPL4/GARLH4 puncta co-localized with clusters of inhibitory

postsynaptic proteins, including NL2, gephyrin, and the

GABAAR g2 subunit (Figures 2A and 2C). In contrast, LHFPL4/

GARLH4 puncta hardly co-localized with the excitatory post-

synaptic scaffold protein PSD-95 (Figures 2B and 2C). Further

investigation using a two-color super-resolution localization

microscope showed that LHFPL4/GARLH4 puncta substantially

overlapped with the postsynaptic gephyrin puncta but not with

the presynaptic glutamic acid decarboxylase GAD65 puncta (Fig-

ure 2D). Thus, these data indicate that endogenous LHFPL4/

GARLH4 is specifically enriched at inhibitory postsynaptic sites.

Knockdown of LHFPL4/GARLH4 Reduces the Number of
Inhibitory Synapses in Cultured Hippocampal Neurons
We then addressed whether LHFPL4/GARLH4 was involved in

inhibitory synapse formation by disrupting LHFPL4/GARLH4

expression using shRNA-mediated knockdown in primary

cultured neurons. Two shRNAs against LHFPL4/GARLH4,

sh-LHFPL4#1 and sh-LHFPL4#2, reduced both the exogenous

expression of LHFPL4/GARLH4 in HEK293T cells and the endog-

enous expression of LHFPL4/GARLH4 in cultured neurons (Fig-

ure S2). Neurons with LHFPL4/GARLH4 knockdown by either

sh-LHFPL4#1 or sh-LHFPL4#2 displayed a dramatic decrease

in the number of NL2 and GABAAR g2 clusters compared with

neurons infectedwith AAV expressing the control shRNA (sh-Con)

(Figures S3A and S3B). Co-expression of a shRNA-resistant

Venus-tagged LHFPL4/GARLH4 mutant (Venus-LHFPL4*) was

able to fully rescue the reduction in NL2 and GABAAR g2 clusters

causedby sh-LHFPL4#1 (Figures S2A, S3A, andS3B). In addition,

knockdown of LHFPL4/GARLH4 also reduced the density of

inhibitory synapses defined as vesicular GABA transporter

(VGAT)-positive gephyrin clusters in neurons, which was then fully

rescued by co-expression of Venus-LHFPL4* (Figure S3C). In

contrast, knockdown of LHFPL4/GARLH4 did not affect the

density of excitatory synapses defined as vesicular glutamate

transporter 1 (VGLUT1)-positive PSD-95 clusters (Figure S3D).

These data indicate that LHFPL4/GARLH4 selectively regulates

inhibitory synapse formation in cultured neurons.

LHFPL4/GARLH4 KO Mice Die Prematurely
To further explore the role of LHFPL4/GARLH4 in vivo, we gener-

ated LHFPL4/GARLH4 KOmice using CRISPR-Cas9 technology

(Figure 3A). Five independent Lhfpl4/Garlh4 mutant mouse lines

were obtained, among which the homozygous mutant mice in

mouse lines 1, 2, and 3 survived to adulthood and were fertile,
Figure 2. Endogenous LHFPL4/GARLH4 Localizes to Inhibitory Postsy

(A and B) Cultured rat hippocampal neurons were immunostained for LHFPL4/GA

(A, bottom) or PSD-95 (B) at 16 days in vitro (DIV). LHFPL4/GARLH4 puncta co-loc

did not co-localize with PSD-95 at excitatory synapses. Scale bars represent 10

(C) Quantification of the percentage of LHFPL4/GARLH4 clusters co-localized w

One-way ANOVA, p < 0.0001, n = 6–11 cells. Data are mean ± SEM.

(D) Super-resolution images of cultured hippocampal neurons co-immunostaine

0.2 mm, as indicated.

See also Figures S2 and S3.
whereas the homozygous mutant mice in mouse lines 4 and 5

died prematurely (Table 1). Among the three viable mouse lines,

although the originally proposed translation start codon would

suggest that no LHFPL4/GARLH4 protein would be expressed

with these three Lhfpl4/Garlh4 mutations (Table S2, frame 1),

an additional weak protein band migrating at a lower molecular

weight than the WT LHFPL4/GARLH4 protein band was de-

tected in the homozygous mutant mice brains (Figure S4A).

This band may correspond to an N-terminal truncated

LHFPL4/GARLH4 protein translated from the downstream start

codon (Table S2, frame 2). Thus, the homozygous Lhfpl4/Garlh4

mutant mice in these three viable mouse lines were incomplete

LHFPL4/GARLH4 KOmice; the small amount of N-terminal trun-

cated LHFPL4/GARLH4 protein in these mice may have been

able to compensate for LHFPL4/GARLH4 function to certain de-

gree and been sufficient for the mice to survive to adulthood.

Neither of the two mouse lines in which the homozygous mutant

mice died prematurely expressed any residual LHFPL4/GARLH4

protein (Figures 3B–3D; Figures S4A and S4B), indicating that

they were complete LHFPL4/GARLH4 KO mice.

Lhfpl4/Garlh4+/� (mouse line 4 with a 7-bp deletion) breeding

pairs produced offsprings with Lhfpl4/Garlh4+/+, Lhfpl4/Garlh4+/

�, and Lhfpl4/Garlh4�/� genotypes in a 1:2:1Mendelian ratio, sug-

gesting that ablation of the LHFPL4/GARLH4 protein during

embryogenesis is not lethal. Western blots using both anti-

LHFPL4/GARLH4 antibodies determined that the LHFPL4/

GARLH4 protein was undetectable in Lhfpl4/Garlh4�/� mouse

brains (Figures 3C and 3D; Figures S4A and S4B), confirming the

complete ablation of LHFPL4/GARLH4 in Lhfpl4/Garlh4�/� mice.

There was no observable difference in the appearance

or behavior of Lhfpl4/Garlh4�/� mice compared with Lhfpl4/

Garlh4+/+ and Lhfpl4/Garlh4+/� littermates at birth. However,

all Lhfpl4/Garlh4�/�mice died prematurely, with amedian survival

time of 25 days (Figure 3E). The body weights of Lhfpl4/Garlh4�/�

mice gradually increased until post-natal day 15 and then gradu-

ally decreased (Figure 3F). From post-natal day 11, the body

weights of Lhfpl4/Garlh4�/� mice were found to be obviously

less than thoseofLhfpl4/Garlh4+/+andLhfpl4/Garlh4+/�mice (Fig-

ure 3F). Around post-natal day 24, Lhfpl4/Garlh4�/� mice

were much smaller in size (�50% reduction in body weight) than

their WT littermates (Figure 3G). These results demonstrate that

LHFPL4/GARLH4 is essential for postnatal survival.

LHFPL4/GARLH4 Is Highly Enriched in the Cerebellar
Granular Layer and Regulates Inhibitory Synapse
Formation In Vivo

Next, the expression profile of LHFPL4/GARLH4 in the mouse

brain was investigated by western blot analysis. We dissected
naptic Sites

RLH4 using LHFPL4 Ab#1 and NL2 (A, top), gephyrin (A, center), GABAAR g2

alized with clusters of NL2, gephyrin, andGABAAR g2 at inhibitory synapses but

mm.

ith NL2, gephyrin, GABAAR g2, and PSD95 clusters based on double labeling.

d for LHFPL4/GARLH4 and gephyrin or GAD65. Scale bars represent 2 mm or
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Figure 3. Lhfpl4/Garlh4�/� Mice Die Prematurely

(A) Schematic diagram of the Cas9/single guide RNA (sgRNA) targeting site in exon 2 of the Lhfpl4/Garlh4 gene. The underlined sequence was targeted by

sgRNA, and the red sequence is the protospacer-adjacentmotif (PAM). The bold and capitalized sequence is the NspI restriction enzyme site used for the founder

screening.

(B) Genotyping analysis of the mice in mouse line 4. The specific PCR products for the Lhfpl4/Garlh4 WT and KO allele were 100 bp and 179 bp, respectively.

A common band of 246 bp was produced by both WT and KO alleles.

(C and D) western blot analysis with LHFPL4 Ab#1 (C) and LHFPL4 Ab#2 (D) showed the absence of the LHFPL4/GARLH4 protein in brain homogenates from

Lhfpl4/Garlh4�/� mice.

(E) Kaplan-Meier survival curves of Lhfpl4/Garlh4+/+ (n = 37), Lhfpl4/Garlh4+/� (n = 75), and Lhfpl4/Garlh4�/� (n = 40) mice. The median survival time of

Lhfpl4/Garlh4�/� mice was 25 days. Log rank (Mantel-Cox) test, p < 0.0001.

(F) The body weights of Lhfpl4/Garlh4�/�mice were obviously less than those of WTmice starting from post-natal day 11. No significant difference was detected

between Lhfpl4/Garlh4+/+ and Lhfpl4/Garlh4+/� mice. One-way ANOVA (n > 12 mice) followed by Dunnett’s multiple comparisons test. Data are mean ± SEM;

*p < 0.05, **p < 0.01, and ***p < 0.001 compared with WT mice.

(G) Lhfpl4/Garlh4�/� mice were much smaller in size than Lhfpl4/Garlh4+/+ littermates at post-natal day 24.
the mouse brain into seven sub-regions, including the cortex,

cerebellum, hippocampus, midbrain, olfactory bulb, pons plus

medulla, as well as the rest of the brain. LHFPL4/GARLH4 and

NL2 proteins were detected in all seven brain sub-regions (Fig-

ure 4A). We then performed immunohistochemical analysis to
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examine the localization pattern of LHFPL4/GARLH4 in the

mouse brain. A strong specific signal of LHFPL4/GARLH4 was

observed in the cerebellar granular layer (Figure 4B). LHFPL4/

GARLH4 immunoreactivity with a punctate pattern was also

observed in the cerebellar molecular layer (Figure 4B). In both



Table 1. Information Regarding the Five Lines of Lhfpl4/Garlh4

Mutant Mice Generated by CRISPR-Cas9

Mouse

Line

Mutation

Type

Homozygous Mice

Viability and Fertility

LHFPL4/GARLH4 KO

Efficiency

Line 1 14-bp deletion survive to adulthood

and are fertile

incomplete

LHFPL4/GARLH4 KOLine 2 8-bp deletion

Line 3 1-bp insertion

Line 4 7-bp deletion die prematurely complete

LHFPL4/GARLH4 KOLine 5 19-bp deletion

Detailed information regarding the predicted protein sequence for each

Lhfpl4/Garlh4mutant allele is provided in Table S2. Western blot analysis

of whole-brain homogenates is provided in Figures S4A and S4B.
the cerebellar molecular layer and granular layer, LHFPL4/

GARLH4 clusters co-localized with gephyrin at inhibitory synap-

tic sites (Figure 4C). LHFPL4/GARLH4 clusters also co-localized

with gephyrin in the cortex and hippocampus (Figures S4C and

S4D).

Strikingly, we observed a complete absence of the NL2 immu-

noreactivity in the cerebellar granular layer of Lhfpl4/Garlh4�/�

mice compared with WT mice (Figure 4D). Interestingly, it

seemed like NL2 immunoreactivity was not changed in the cere-

bellar molecular layer of Lhfpl4/Garlh4�/� mice (Figure 4D). We

then performed quantitative immunohistochemical analysis of

NL2 as well as other synaptic proteins on cerebellum cryosec-

tions from Lhfpl4/Garlh4+/+, Lhfpl4/Garlh4+/�, and Lhfpl4/

Garlh4�/� mice. Notably, both the NL2 and GABAAR g2 cluster

area were dramatically smaller in the cerebellar granular layer

of Lhfpl4/Garlh4�/� mice than in that of WT mice, and a signifi-

cant reduction was also observed in the cerebellar granular layer

of Lhfpl4/Garlh4+/� mice (Figure 5). Lhfpl4/Garlh4�/� mice also

exhibited a smaller gephyrin cluster area than WT mice in the

cerebellar granular layer (Figure 5A) but no difference in the

NL2, GABAAR g2, or gephyrin cluster area in the cerebellar

molecular layer (Figure 5). We also examined excitatory postsyn-

aptic receptor GluA2 (Figure 5B), the excitatory presynaptic

marker VGLUT1, and the inhibitory presynaptic marker VGAT

(Figure S5A), but no obvious change was observed in the

cerebellum of Lhfpl4/Garlh4�/� mice. These data indicate that

LHFPL4/GARLH4 plays a vital role in inhibitory synapse develop-

ment in vivo by being involved in the clustering of inhibitory post-

synaptic proteins.

LHFPL4/GARLH4 and NL2 Regulate Each Other’s
Protein Levels in the Cerebellum
We next examined whether LHFPL4/GARLH4 could regulate the

protein levels of different inhibitory postsynaptic proteins,

including NL2, GABAARs, and gephyrin, in the cerebellum of

Lhfpl4/Garlh4�/� mice by western blot analysis. We detected

an approximately 30% reduction in NL2 protein expression in

Lhfpl4/Garlh4�/� mice compared with Lhfpl4/Garlh4+/+ mice

and a slight but significant reduction in NL2 protein in Lhfpl4/

Garlh4+/� mice (Figure 6A). Similarly, an approximately 30%

reduction in NL2 protein was also detected in the cortex and

hippocampus of Lhfpl4/Garlh4�/� mice (Figure S6). An approxi-
mately 10% reduction in NL2 protein was detected in the

midbrain of Lhfpl4/Garlh4�/� mice, but no significant difference

was detected in the olfactory bulb, pons plus medulla, or the

rest of the brain (Figure S6). Ablation of LHFPL4/GARLH4 had

no effect on the protein expression of NL1, NL3, or the

GABAAR a1 or g2 subunits (Figure 6A; Figure S6).

We also investigated whether NL2 could regulate the LHFPL4/

GARLH4 protein level in the cerebellum. The cerebellum of NL2

KO mice contained significantly less LHFPL4/GARLH4 protein

than the cerebellum of WT mice (Figure 6B). In contrast, ablation

of both NL1 and NL3 did not affect LHFPL4/GARLH4 expression

in the cerebellum of NL1/3 double KO mice (Figure 6B). We did

not detect any significant difference in LHFPL4/GARLH4 expres-

sion in brain sub-regions other than the cerebellum fromWT, NL2

KO, and NL1/3 double KO mice (Figure S7A). In addition, immu-

nohistochemical analysis revealed that the LHFPL4/GARLH4

cluster area as well as the GABAAR g2 cluster area were dramat-

ically smaller in both the cerebellar granular layer and molecular

layer of NL2 KO mice than in those of WT mice (Figures 6C and

6D). Ablation of NL2 moderately reduced the VGAT cluster area

in the cerebellar molecular layer, but no obvious change was de-

tected for excitatory presynaptic VGLUT1 clusters (Figure S5B).

Taken together, these results demonstrate that LHFPL4/GARLH4

and NL2 regulate each other’s protein levels in the cerebellum

and that NL2 is required for the synaptic clustering of LHFPL4/

GARLH4 in the cerebellum.

LHFPL4/GARLH4 KO Mice Exhibit Motor Behavioral
Deficits
To further investigate whether impairment of inhibitory synapse

formation in the cerebellum could result in behavioral deficits in

Lhfpl4/Garlh4�/� mice, we examined cerebellum-related motor

behaviors. When characterizing the phenotypes of Lhfpl4/

Garlh4�/� mice, we noted abnormal limb clasping and altered

gait. All Lhfpl4/Garlh4�/� mice displayed abnormal limb clasp-

ing when suspended by the tail that contrasted with the normal

splaying behavior observed in Lhfpl4/Garlh4+/+ and Lhfpl4/

Garlh4+/� mice (Figure 7A). Lhfpl4/Garlh4�/� mice also had

gait abnormalities, characterized by a markedly shorter stride

length and a slightly smaller hindpaw base width compared

with WT mice (Figure 7B). In addition, the fine motor coordina-

tion and hindlimb balance of the mice were assessed using

the beam-walking test. Lhfpl4/Garlh4�/�mice showed poor per-

formance on the beam, as they took significantly longer to cross

the beam and exhibitedmore hindlimb foot slips during crossing

than Lhfpl4/Garlh4+/+ and Lhfpl4/Garlh4+/� mice (Figure 7C;

Video S1). Besides examining the above cerebellum-related

motor behaviors, we also investigated the effect of LHFPL4/

GARLH4 deficiency on PTZ-induced seizure susceptibility in

mice (PTZ is a GABAAR antagonist). The latency to both

the first behavioral seizure and maximal tonic seizure in

Lhfpl4/Garlh4�/� mice was significantly shorter than in Lhfpl4/

Garlh4+/+ and Lhfpl4/Garlh4+/� mice, and the latency to both

seizure stages in Lhfpl4/Garlh4+/� mice was also significantly

shorter than in Lhfpl4/Garlh4+/+ mice (Figure S7B). Together,

these results suggest that deletion of LHFPL4/GARLH4 in-

creases seizure susceptibility and leads to motor impairment

as a result of reduction in inhibitory synapse number.
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DISCUSSION

The molecular mechanisms underlying synaptogenesis are not

completely elucidated. This is especially true for the inhibitory

synapses; the meager list of inhibitory PSD proteins has

impeded the understanding of the molecular mechanisms

underlying inhibitory postsynaptic regulation and related brain

disorders. In this study, we identified LHFPL4/GARLH4 as a

major NL2 binding partner using immunoprecipitation coupled

with mass spectrometry analysis. By conducting quantitative

co-immunoprecipitation experiments, we found that significant

proportions (approximately 30%) of LHFPL4/GARLH4 and NL2

are associated with each other in the mouse brain (Figures 1E–

1H). The tight association between LHFPL4/GARLH4 and NL2

is important for their mutual regulation of the protein level and

synaptic clustering because loss of one led to significant reduc-

tions of the other protein’s level and synaptic clustering (Figures

5A and 6). LHFPL4/GARLH4 is specifically enriched at inhibitory

synapses but not at excitatory synapses, and super-resolution

imaging further revealed postsynaptic localization of LHFPL4/

GARLH4 (Figure 2). The functional specificity of LHFPL4/

GARLH4 at inhibitory synapses, as suggested by the subcellular

localization, is also supported by the selective loss of the

GABAAR g2 clusters as well as the NL2 and gephyrin clusters,

but not the excitatory synaptic protein clusters, in the cerebellar

granular layer of Lhfpl4/Garlh4�/� mice (Figure 5). Interestingly,

ablation of LHFPL4/GARLH4 did not affect the presynaptic

VGAT clusters in the cerebellum (Figure S5A). These results sug-

gest a rather specific role for LHFPL4/GARLH4 at postsynaptic

sites, and it may not regulate inhibitory synapse formation

trans-synaptically. Thus, LHFPL4/GARLH4 is likely to function

as an organizing protein at the inhibitory postsynaptic site and

act in concert with NL2 to recruit or stabilize GABAARs.

Different GABAAR subtypes display different regional brain

distributions, subcellular localizations, and functional properties

(Olsen and Sieghart, 2008). Interestingly, we observed a dra-

matic decrease in the number of NL2 and GABAAR g2 puncta

in the cerebellar granular layer of Lhfpl4/Garlh4�/� mice but no

change in the cerebellar molecular layer (Figures 4D and 5).

This could be due to the different types of postsynaptic neurons

expressing LHFPL4/GARLH4 in the granular and molecular

layers of the cerebellum. In the granular layer, GABAergic synap-

ses are mainly formed onto excitatory neurons (Sassoè-Pog-

netto and Patrizi, 2013). This is in contrast to the molecular layer,

where GABAergic synapses are mainly formed onto inhibitory

neurons. As reported by Davenport et al. (2017), LHFPL4/

GARLH4 is essential for GABAAR clustering only in excitatory
Figure 4. LHFPL4/GARLH4 Is Highly Enriched in the Cerebellar Granul

(A) Widespread distribution of the LHFPL4/GARLH4 protein in different mouse b

(B) Immunostaining of the cerebellumwith LHFPL4 Ab#2. The nuclei were labeled

granular layer of WT mice. Specific immunoreactivity with a punctate pattern was

only a background signal.

(C) Immunofluorescence for LHFPL4/GARLH4 and gephyrin in the cerebellum. LH

layer, and these clusters co-localized with gephyrin.

(D) Immunofluorescence for NL2 in the cerebellum of Lhfpl4/Garlh4+/+, Lhfpl4/Gar

of NL2 immunoreactivity in the granular layer comparedwithWTmice. Lack of NL2

GL, granular layer; ML, molecular layer. Scale bars represent 200 mm (B, left, an
neurons. Thus, LHFPL4/GARLH4 may regulate inhibitory syn-

apse formation in an excitatory neuron-specific manner in the

brain. However, given the complexity of inhibitory interneurons

(Kepecs and Fishell, 2014), it remains to be determined whether

all or only a subset of the interneurons are resistant to LHFPL4/

GARLH4 deletion. In contrast to LHFPL4/GARLH4, the adhesion

molecule IgSF9b was found to be abundantly expressed in

GABAergic interneurons and to preferentially promote inhibitory

synapse formation onto inhibitory interneurons by coupling to

NL2 via S-SCAM (Woo et al., 2013). These findings suggest

that NL2 works in parallel with different proteins to drive neuron

type-specific inhibitory synapse development.

We found that approximately 30% of LHFPL4/GARLH4 and

NL2 are associated with each other in the mouse brain (Figures

1E–1H) and that loss of one leads to a significant reduction of

the other protein’s level only in specific brain sub-regions (Fig-

ures 6A and 6B; Figures S6 and S7A). Together with the

above-described granular layer-specific loss of NL2 and

GABAAR g2 clusters in the cerebellum of Lhfpl4/Garlh4�/�

mice, these data suggest that the association between

LHFPL4/GARLH4 and NL2 may be brain region-specific and

neuron type-specific. It is possible that LHFPL4/GARLH4 works

in concert with an array of synaptogenic adhesion molecules to

drive inhibitory synapse development in different brain regions

and neurons, whereas NL2 also works in concert with other

LHFPL4/GARLH4-like proteins. Therefore, further studies de-

signed to identify corresponding organizing proteins for a

defined GABAAR subtype expressed in specific neurons or in a

specific brain region could provide a more comprehensive pic-

ture of inhibitory synapse organization in the brain.

Accompanying the impairment of inhibitory synapse formation

in the cerebellum, we observed prominent motor behavioral

deficits in Lhfpl4/Garlh4�/� mice. In addition, LHFPL4/GARLH4

deficiency leads to greater seizure susceptibility, suggesting an

increase in neuronal excitability. These results strongly support

an essential role for LHFPL4/GARLH4 in brain functions. Further-

more, the premature death of Lhfpl4/Garlh4�/� mice indicates

that LHFPL4/GARLH4 is dispensable for embryonic develop-

ment but essential for postnatal survival. However, a detailed ex-

amination is required to determine the reason for the death of the

Lhfpl4/Garlh4�/� mice. More comprehensive and systematic

analyses of the behavior and synapse development in neuron-

specific or brain region-specific LHFPL4/GARLH4 KO mice

would provide insight into the precise role of LHFPL4/GARLH4

in brain functions.

Mice lacking NL2 also exhibit deficits in synaptic GABAAR

clusters as well as increased neuronal excitability (Babaev
ar Layer and Regulates the Synaptic Clustering of NL2

rain sub-regions at post-natal day 21 (P21) and P90.

by DAPI. Strong LHFPL4/GARLH4 immunoreactivity was found in the cerebellar

also observed in the cerebellar molecular layer. Lhfpl4/Garlh4�/�mice showed

FPL4/GARLH4 formed clusters in the molecular layer as well as in the granular

lh4�/� and NL2 KOmice. Lhfpl4/Garlh4�/� mice exhibited a complete absence

immunoreactivity in the NL2 KOmice confirmed the specificity of the antibody.

d D), 20 mm (B, right), and 10 mm (C). See also Figure S4.
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γ2 GluA2 DAPI
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50 μm 50 μm

Figure 5. Lhfpl4/Garlh4�/� Mice Have Reduced Inhibitory Synapse Density in the Granular Layer of the Cerebellum

Immunohistochemical analysis of clusters of postsynaptic proteins in the cerebellum from Lhfpl4/Garlh4+/+, Lhfpl4/Garlh4+/�, and Lhfpl4/Garlh4�/� mice.

The nuclei were labeled by DAPI. The area (mm2 per 1,000 mm2) of clustered NL2 (A) and GABAAR g2 (B) showed a marked reduction in the cerebellar granular

layer of Lhfpl4/Garlh4�/� mice compared with WT mice. A significant reduction in the NL2 and GABAAR g2 cluster area was also observed in the cerebellar

granular layer of Lhfpl4/Garlh4+/� mice. The gephyrin cluster area (A) was decreased in the cerebellar granular layer of Lhfpl4/Garlh4�/� mice. The area of

clustered NL2, GABAAR g2, and gephyrin remained unchanged in the cerebellar molecular layer of Lhfpl4/Garlh4�/� mice. The GluA2 cluster area (B) was not

altered.

One-way ANOVA, n = 5–6 mice for each genotype. p < 0.0001 and p = 0.9353 for the NL2 cluster area, p = 0.0041 and p = 0.8581 for the gephyrin cluster area,

p < 0.0001 and p = 0.7577 for the GABAAR g2 cluster area, and p = 0.7374 and p = 0.8374 for the GluA2 cluster area in the granular layer and molecular layer,

respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with WTmice by Dunnett’s multiple comparisons test. Data are mean ± SEM. Scale bars represent

50 mm. See also Figure S5.
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et al., 2016; Blundell et al., 2009; Hoon et al., 2009; Jedlicka et al.,

2011; Poulopoulos et al., 2009). However, unlike LHFPL4/

GARLH4 KOmice, NL2 KOmice are able to survive to adulthood

with relatively subtle functional defects (Varoqueaux et al., 2006).

This difference may be explained by the existence of other syn-

aptogenic adhesion molecules, such as NL3 (Budreck and

Scheiffele, 2007), NL4 (Hoon et al., 2011), Slitrk3 (Takahashi

et al., 2012), Calsyntenin-3 (Pettem et al., 2013), and IgSF21

(Tanabe et al., 2017), which may control inhibitory synapse

formation and compensate for the loss of NL2 at inhibitory syn-

apses. Like NL2 KOmice, micewith ablation of NL3, NL4, Slitrk3,

Calsyntenin-3, or IgSF21 also show no obvious deficits in sur-

vival (Jamain et al., 2008; Pettem et al., 2013; Takahashi et al.,

2012; Tanabe et al., 2017; Varoqueaux et al., 2006), suggesting

a redundancy of cell adhesion molecules in the regulation of

inhibitory synapse formation. However, the retarded growth

and markedly decreased lifespan in LHFPL4/GARLH4 KO mice

suggest a more essential and indispensable role for LHFPL4/

GARLH4 in the formation of inhibitory circuits. A similar func-

tional importance of gephyrin and GABAAR g2 is also demon-

strated by a drastic reduction in the lifespan of gephyrin KO

mice and GABAAR g2 KO mice, respectively (Feng et al., 1998;

G€unther et al., 1995). GABAAR g2 is the most abundant

GABAAR subunit and exists in approximately 75% to 80% of

GABAARs in the CNS (Olsen and Sieghart, 2008), whereas ge-

phyrin is the core scaffolding protein anchoring glycine receptors

and GABAARs in the inhibitory PSD (Tyagarajan and Fritschy,

2014). Thus, LHFPL4/GARLH4 may also serve as a core orga-

nizing protein for inhibitory synapse formation, and, as a result,

its deficiency is detrimental to the survival of animals.

LHFPL4/GARLH4 has been reported to be associated with

GABAARs in two proteomics studies of inhibitory synapses (Hell-

er et al., 2012; Nakamura et al., 2016). However, the function of

LHFPL4/GARLH4 was not reported until recently, while our work

was ongoing. Usingmass spectrometry analysis, Yamasaki et al.

(2017) identified LHFPL4/GARLH4 as part of the 720-kDa

GABAAR complex and demonstrated that NL2 was also a part

of this complex. It is reassuring that, although Yamasaki et al.

(2017) and we started from different inhibitory PSD targets,

GABAAR a1 and NL2, respectively, we both demonstrated a

crucial role for LHFPL4/GARLH4 in inhibitory synapse formation.

Furthermore, our in vivo studies with Lhfpl4/Garlh4�/� mice re-

vealed an essential role for LHFPL4/GARLH4 in brain functions

and postnatal survival.

Davenport et al. (2017) recently reported a LHFPL4/GARLH4

KO mouse line that was viable until adulthood and fertile, in

contrast to the premature death of LHFPL4/GARLH4 KO mice

observed in our study. There are a number of potential explana-

tions for this discrepancy. First, among the five independent lines
Figure 6. LHFPL4/GARLH4 and NL2 Regulate Each Other’s Protein Le

(A) Expression levels of synaptic proteins in the cerebellum from Lhfpl4/Garlh4+/

(B) Expression levels of synaptic proteins in the cerebellum from WT, NL2 KO, a

(C andD) Immunohistochemical analysis of clusters of LHFPL4/GARLH4 andGAB

DAPI. The area (mm2 per 1,000 mm2) of clustered LHFPL4/GARLH4 (C) and GAB

molecular layer in NL2 KO mice compared with WT mice. Scale bars represent 5

n = 4 mice for each genotype; one-way ANOVA followed by Dunnett’s multiple

**p < 0.01, ***p < 0.001 compared with WT mice. Data are mean ± SEM. See als
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of Lhfpl4/Garlh4 mutant mice we obtained, three resulted in

homozygous mutant mice that were also viable (Table 1). The

viability of these mice was due to a small amount of N-terminal

truncated LHFPL4/GARLH4 protein that was expressed in the

homozygous mutant mice and was sufficient for the mice to sur-

vive to adulthood (Figure S4A). The LHFPL4/GARLH4 KO mice

reported by Davenport et al. (2017) may have similarly expressed

a small amount of N-terminal truncated LHFPL4/GARLH4 pro-

tein. Second, the discrepancy may be due to the different ge-

netic backgrounds of the mouse lines. We used CRISPR-Cas9

technology to generate mutant mice and C57BL/6J mice for

both embryo microinjection and backcrossing. The exact mouse

line used byDavenport et al. (2017) was not stated, but they used

a standard knockout technique that usually involves two

different mouse lines for microinjection and backcrossing. Third,

off-target mutations may have caused the premature death of

our mice. This is, however, very unlikely. Five independent lines

of Lhfpl4/Garlh4 mutant mice were generated in our study. Only

the homozygous mutant mice in the two lines with complete

deletion of LHFPL4/GARLH4 died prematurely. The chance

that a lethal off-target effect would only exist in the two

LHFPL4/GARLH4 complete KO mouse lines but not in the three

LHFPL4/GARLH4 incomplete KO mouse lines is extremely low.

Accumulating evidence has linked genes encoding inhibitory

synapse-organizing proteins to brain disorders (Krueger-Burg

et al., 2017). Thus, the assessment of LHFPL4/GARLH4 in brain

disorders is important. Considering that LHFPL4/GARLH4 dele-

tion in mice leads to motor behavioral deficits and increased

seizure susceptibility (Figure 7; Figure S7B), study of the

Lhfpl4/Garlh4 gene in patients with epilepsy or other brain

disorders characterized by motor behavioral deficits would be

informative. Moreover, analysis of LHFPL4/GARLH4 protein

expression or LHFPL4/GARLH4 puncta in post mortem brain

samples from patients with these disorders is also desirable.

EXPERIMENTAL PROCEDURES

Animals

All experimental procedures involving animals were conducted in compliance

with protocols approved by the Animal Ethics Committee at the Hong Kong

University of Science and Technology (HKUST). Animals were maintained in

a 12-hr light/dark cycle with free access to water and food. Sprague-Dawley

rats (strain code 400) were obtained from Charles River Laboratories. B6 WT

mice (C57BL/6J, stock no. 000664), NL1 KO mice (stock no. 008136), NL2

KO mice (stock no. 008139), and NL3 KO mice (stock no. 008394) were or-

dered from Jackson Laboratory. NL1/3 double KO mice were generated by

cross-breeding NL1 KO mice with NL3 KO mice. LHFPL4/GARLH4 KO mice

were generated using CRISPR-Cas9 technology. For the western blot analysis

involving NL1/3 double KO mice, age-matched (same day of birth) and sex-

matched WT mice and NL2 KO mice were used. LHFPL4/GARLH4 mice at

post-natal days 17–21 and NL mice at post-natal days 24–45 were used for
vels in the Cerebellum
+, Lhfpl4/Garlh4�/�, and Lhfpl4/Garlh4+/� mice.

nd NL1/3 double KO mice.

AAR g2 in the cerebellum fromNL2WT andKOmice. The nuclei were labeled by

AAR g2 (D) showed a marked reduction in the cerebellar granular layer and

0 mm.

comparisons test in (A) and (B) and unpaired t test in (C) and (D). *p < 0.05,

o Figures S5–S7.
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Figure 7. Lhfpl4/Garlh4�/� Mice Have Motor Behavioral Deficits

(A) All Lhfpl4/Garlh4�/� mice displayed abnormal limb clasping when suspended by the tail. Lhfpl4/Garlh4+/+ and Lhfpl4/Garlh4+/� mice displayed normal

splaying.

(legend continued on next page)
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biochemical and histochemical studies. LHFPL4/GARLH4 mice at post-natal

days 17–18 were used for behavior tests. Rat embryos at embryonic day 18

were used for the preparation of primary cultured neurons. Animals of either

sex were used.

Quantification and Statistical Analysis

The immunoblots were visualized using the ChemiDoc Touch Imaging

System (Bio-Rad), and protein band intensity was measured using Image

Lab software (Bio-Rad). For the quantifications shown in Figures 6A, 6B,

S4B, S6, and S7A, the chemiluminescence intensity of the protein was first

normalized by that of GAPDH on the same membrane, and then the value

of the WT mice was normalized to 1 for comparison. To measure the density

or the area of synaptic clusters in cultured neurons and brain slices,

compared images were thresholded using a constant threshold value in

ImageJ. The threshold value was calculated as the mean of the manually

selected threshold value, which was visually confirmed to select appropriate

clusters. The length of dendrites in cultured neurons was measured using

ImageJ with the NeuronJ plugin. The synapse density in cultured neurons

was measured as the number of clusters per micrometer, and the synapse

density in brain slices was measured as the cluster area (square microme-

ters) per 1,000 mm2. Adobe Photoshop CS6 was used to adjust the bright-

ness and contrast of the images and to choose the region of interest. The

Mendelian segregation ratio was analyzed with c2 test in RStudio. GraphPad

Prism 6 was used to perform all other statistical analyses and plot all data.

The sample sizes were determined based on previous studies in the field.

All reported values are mean ± SEM. The statistical analysis methods used

are indicated in the figure legends. Asterisks indicate a significant difference

(*p < 0.05, **p < 0.01, and ***p < 0.001).
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