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Gephyrin: a central GABAergic synapse organizer

Gayoung Choii! and Jaewon Ko!?

Gephyrin is a central element that anchors, clusters and stabilizes glycine and y-aminobutyric acid type A receptors at inhibitory
synapses of the mammalian brain. It self-assembles into a hexagonal lattice and interacts with various inhibitory synaptic
proteins. Intriguingly, the clustering of gephyrin, which is regulated by multiple posttranslational modifications, is critical for
inhibitory synapse formation and function. In this review, we summarize the basic properties of gephyrin and describe recent
findings regarding its roles in inhibitory synapse formation, function and plasticity. We will also discuss the implications for the
pathophysiology of brain disorders and raise the remaining open questions in this field.
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INTRODUCTION

Synapses, which are the fundamental information-processing
units of neural circuits, form the basis for all brain functions by
controlling the excitation-to-inhibition balance. Synapses form
via a coordinated process that orchestrates (sequentially or in
parallel) a variety of dynamically regulated cellular events.
Various molecular and cellular mechanisms underlying synapse
formation have been elucidated. For example, multiple synaptic
adhesion molecules have been shown to initiate physical
contact between axons and dendrites, recruit other synaptic
molecules (e.g., scaffolding proteins) to assemble nascent
synaptic sites and specify their properties to organize functional
synapses (reviewed in refs 1-3). Numerous studies have
examined the development of excitatory synapse, and the
identification of inhibitory synapse components has accelerated
in recent years. This has allowed researchers to establish a
conceptual framework for the organization of inhibitory
synapse development.

Postsynaptic scaffolding molecules are key components in
the organization of functional synapses. They ensure the
accurate accumulation of neurotransmitter receptors in precise
apposition to presynaptic release sites, as this is required for
reliable synaptic transmission. Scaffolding molecules also
interact with cytoskeletal anchoring elements to provide a
physical platform for maintaining receptors at synapses, and
regulate downstream signaling pathways to adjust the mole-
cular composition of the postsynaptic devices necessary to
sustain synaptic plasticity.

Gephyrin is the most extensively studied scaffold responsible
for organizing the inhibitory postsynaptic density, which is
essential for clustering of glycine and y-aminobutyric acid type
A (GABA,) receptors, inhibitory synaptic transmission and
long-term potentiation (reviewed in refs 4-6). Since the
discovery of gephyrin in 1982 by Heinrich Betz’s group,” its
biochemical and cellular properties have been extensively
studied. The protein has been shown to bind to various classes
of inhibitory synaptic molecules, thereby governing the
dynamic processes of inhibitory synapse formation, function
and plasticity. Although significant progress has been made in
elucidating the role of gephyrin at inhibitory synapses, many
unanswered questions remain. In the current review, we
describe the domain structure, expression profile and traffick-
ing of gephyrin, and link this information to its synaptic role.
We then describe various interacting partners of gephyrin and
their roles in inhibitory synapse development. Finally, we
discuss the possible implications of gephyrin dysfunctions in
some neurological disorders. Owing to space constraints, we
focus on recent advances on gephyrin and its interacting
proteins, and we also cite classic papers where needed. Other
excellent reviews provide detailed discussions regarding the
historical context of gephyrin.®’

DOMAIN STRUCTURE

Gephyrin was originally purified as a 93-kDa protein that
associated with glycine receptors (GlyRs) and copurified with
polymerized tubulin.!® Thus, it was thought to be an anchoring
protein of GlyRs. In vertebrates, gephyrin is composed of three
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Schematic domain structures of gephyrin
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Figure 1 Schematic depiction of gephyrin domains (G, C and E)
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with sites for posttranslational modifications (phosphorylation and

palmitoylation) and binding interactions with other synaptic proteins indicated. Gephyrin is phosphorylated at serine 268 and serine 270
by extracellular signal-regulated kinases 1 and 2 (ERK1/2) and glycogen synthase kinase-p (GSK-3p), respectively. In addition, gephyrin is
palmitoylated at cysteine 212 and cysteine 284. N, amino terminus; C, carboxyl terminus; ERK, extracellular signal-regulated kinase;
GABARAP, GABA, receptor-associated protein; GlyR, glycine receptor; GSK, glycogen synthase kinase; NL-2, neuroligin-2; Pinl, peptidyl-
prolyl isomerase NIMA interacting protein 1; RAFT1, rapamycin and FKBP12 target 1; VASP, vasodilator-stimulated phosphoprotein.

major distinct domains: the G, C and E domains (Figure 1).
Molecular cloning revealed that gephyrin shows similarity to a
group of invertebrate proteins that are essential to synthesize a
cofactor required for the activity of molybdenum.!! The G and
E domains of gephyrin are homologous to the Escherichia coli
enzymes MogA and MoeA, respectively, both of which are
involved in molybdenum cofactor biosynthesis, as demon-
strated by crystal structure analysis of the trimeric N-terminal
domain of gephyrin.!?> The C domain of gephyrin contains
numerous residues that act as sites for posttranslational
modification and binding to other synaptic proteins, such as
GABA, receptor-associated protein (GABARAP) and dynein
light chains 1 and 2.8 Thus, the C domain is believed to be
critical for the functions of gephyrin. However, other domains
also appear to be required for gephyrin function. For example,
individual gephyrin E domain monomers are bound by the
pB-loop of the GlyR B-subunit, where a serine residue within the
binding motif acts as a phosphorylation site that controls the
binding affinity to gephyrin.!3-!> Moreover, vertebrate-specific
sequences in the E domain have been shown to regulate
cytosolic aggregation and postsynaptic receptor clustering. The
enzymatic and cytosolic aggregations of gephyrin were found to
be independent,'® and crystal structure analysis of individual
gephyrin domains revealed that dimerization of gephyrin E
domains and trimerization of gephyrin G domains triggered
the formation of multimeric, hexagonal aggregates.!” The
multimeric conformations of gephyrin are thought to help
position it beneath the plasma membrane, where it forms an
anchor for inhibitory receptors.'® However, the structure for
full-length gephyrin protein has not yet been solved, in part
because certain properties of the C domain complicate the
crystallization of the full-length protein.

The gephyrin transcript is subject to extensive alternative
splicing!®1%2% in all three domains. Each domain contains at
least three variable expression cassettes, providing a regulatory
mechanism through which the signaling properties of specific
synapses may be altered. We do not yet know how the
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alternative splicing of gephyrin is regulated. However insertion
of the C3 cassette (corresponding to exon 9) was reported to be
regulated by Nova proteins, and the presence of Nova in
neurons has been correlated with alternative exon skipping in
gephyrin.??? Interestingly, the C3 cassette-containing splice
variant of gephyrin predominates in the mouse liver,?
indicating that the mechanisms of gephyrin splicing may be
tissue-specific. The function of the C4d cassette (corresponding
to exon 11) has been studied in the greatest detail. Although it
is located in the N-terminal domain of gephyrin, the presence
of C4d abolishes GlyR binding** A recent biochemical
study demonstrated that different splice variants of gephyrin
can form hexameric complexes that differ in their stabilities.?
However, additional systematic analyses are needed to explore
the significances of other gephyrin splicing variants in various
contexts.

EXPRESSION AND LOCALIZATION

Northern blot analysis identified gephyrin mRNA transcripts in
various tissues.!%%¢ Intriguingly, a high diversity of gephyrin
transcripts was observed in the skeletal muscle, heart, liver and
brain, all of which showed distinct patterns. This observation is
in accord with the notion that gephyrin has an important role
in both synaptic and metabolic pathways in the nervous
system.

In situ hybridization analyses with exon-specific probes
revealed that certain gephyrin transcripts are predominantly
expressed in specific tissues.’® For example, gephyrin tran-
scripts containing the C2 cassette (corresponding to exon 3)
were abundantly expressed at synapses, whereas those
containing the C3 and C4 «cassettes (corresponding to
exon 11) were not;?’ see also Fritschy et al® for revised
gephyrin splicing cassette nomenclature.

Immunohistochemical analyses have shown that gephyrin
proteins are primarily localized to GABAergic and glycinergic
synapses (but not glutamatergic synapses) in various brain
regions.?®3% Strikingly, the inhibitory synaptic localization of



gephyrin was not found to be affected by the depolymerizations
of microtubules or actin, suggesting that its targeting mechan-
ism is cytoskeleton-independent.’* Recently, quantitative nano-
scopy was used to calculate the number of gephyrin molecules
and inhibitory synaptic receptor binding sites.>> Purely
GABAergic synapses were found to harbor ~40-500 gephyrin
molecules and 30-200 GABA, receptors organized in micro-
clusters. In contrast, spinal cord synapses, which contain both
GlyRs and GABA, receptors, showed a twofold higher packing
density of gephyrin, suggesting that the binding to GlyRs
affected the compactness of the hexagonal gephyrin lattice.?
Moreover, although the phosphorylation of gephyrin is known
to modulate its binding affinity, clustering and receptor
association, it is not yet known whether increased gephyrin
cluster stability correlates with tighter packaging within the
lattice.*> Overall, these data suggest that gephyrin is tightly
packed beneath the GlyR-containing postsynaptic membrane.

CLUSTERING

Immunostaining of cultured neurons with an anti-gephyrin
antibody revealed the existence of discrete puncta that could be
categorized as large (0.4-10.0 pm?) or small (<0.2 pm?).?8 The
large puncta were restricted to inhibitory synaptic sites, whereas
the small puncta were found in extrasynaptic sites, suggesting
that high local concentrations of self-assembled gephyrin
molecules (i.e., clusters) are required to stabilize synaptic
sites.?8 Neuron-specific molecular mechanisms selectively tar-
get and cluster gephyrin molecules at inhibitory postsynaptic
sites, while preventing gephyrin from self-aggregating at extra-
synaptic sites (indeed, gephyrin forms intracellular microag-
gregates when overexpressed in non-neuronal cells).>® More
recently, specific splice variants of collybistin were shown to
promote gephyrin clustering in collaboration with Cdc42 via
phosphoinositide-mediated membrane anchoring (refs 37-39;
see ‘Interacting proteins of gephyrin’ subsection for more
details).

At inhibitory synapses, molecular diversity arises from
heterogeneity in the GABA, receptor subunit composition. It
can be also derived from the subcellular localization of
inhibitory synapses on perisoma, dendrites or axon initial
segment, as each of these cellular compartments provides a
distinct microenvironment where specific inhibitory synapses
are localized. Diverse mechanisms underlying gephyrin cluster-
ing may provide additional layer to the complex mode of
inhibitory synapse diversity.

POSTTRANSLATIONAL MODIFICATIONS

Historically, the posttranslational modifications of gephyrin
were not thought to be functionally significant, perhaps
because the protein was considered to be a structural compo-
nent of the inhibitory synapse. However, gephyrin has been
identified as a phosphoprotein when copurified with the GlyR
(which has kinase activity),*” and mass spectrometric analyses
of rat and mouse brains revealed that gephyrin has 22
phosphorylation sites, most of which are located within the
C domain (except for threonine 324, which lies in the E
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domain?>*=4%) (Figure 1). These modifications might induce
conformational changes by affecting the structure of the
C domain or the neighboring G and E domains, thereby
altering the clustering, trafficking and binding properties of
gephyrin. Interestingly, lithium chloride (an inhibitor of
glycogen synthase kinase-p (GSK3p)) enhances gephyrin clus-
tering in cultured neurons, and it has been speculated that the
mood-stabilizing effect of lithium may be mediated at least
partly via this mechanism.**

Serine 268 of gephyrin is phosphorylated by extracellular
signal-regulated kinases 1 and 2; this synergistically alters
gephyrin clustering and alters the amplitude and frequency of
miniature inhibitory postsynaptic currents*® (Figure 1). In
addition, cyclin-dependent kinase 5 mediates the collybistin-
dependent phosphorylation of Ser270, suggesting that multiple
signaling pathways converge at this residue of gephyrin.*? It is
less clear how gephyrin is dephosphorylated by phosphatases.
Puzzlingly, one study showed that protein phosphatase 1
directly interacted with gephyrin and that gephyrin clustering
was decreased by the application of broad-spectrum phospha-
tase inhibitors,*> whereas two other studies conversely found
that the dephosphorylation of gephyrin increased gephyrin
clustering.*>** In this context, it seems noteworthy that
acute application of tumor necrosis factor-o downregulates
inhibitory synaptic transmission via the protein phosphatase
1-dependent trafficking of GABA, receptors.*®

In addition to phosphorylation, gephyrin is subject to
palmitoylation?” (Figure 1). Gephyrin was initially postulated
as a potential substrate for palmitoyl acyltransferase,*® and later
work confirmed that cysteine 212 and cysteine 284 are
palmitoylated by the enzyme, Asp-His-His-Cys (DHHC)-12,
which is localized to the Golgi apparatus and dendritic shaft,
and directly interacts with gephyrin.¥’ The DHHC-12-
mediated palmitoylation of gephyrin, which is regulated by
GABA, receptor activity, is essential for the postsynaptic
membrane association and clustering of gephyrin, and has
been shown to increase inhibitory synaptic transmission.*” It is
possible that the palmitoylation of gephyrin may indirectly
impact its phosphorylation status, emphasizing the potential
complexity of the mechanisms that form the basis for gephyrin
clustering.

Gephyrin was found to interact directly with and be
subject to proteolysis by the Ca?"-dependent cysteine protease,
calpain-1, suggesting that this may be a gephyrin turnover
mechanism.** Intriguingly, gephyrin contains two PEST
sequences that may be exposed by a conformational change
upon its phosphorylation by GSK3p, perhaps facilitating the
calpain-1-mediated degradation of gephyrin.**

INTERACTING PROTEINS OF GEPHYRIN

Most of the known gephyrin-binding proteins have been
primarily identified by yeast two-hybrid screens. Although
some of the interactions have been validated in wvivo,
their significances remain largely unknown (see Table 1 and
Figures 1 and 2).
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Table 1 Summary of the synaptic functions of gephyrin-interacting proteins

Interactor Binding domain Synaptic function References
GIyR p-subunit E domain Mediates rapid synaptic inhibition in mammalian spinal cord and brainstem 49-58
59-65

GABA, receptor a-subunit E domain (aa 336-347)

Contributes to inhibitory postsynaptic potential by binding to GABA

Dlc-1/2 C domain (aa 203-212) Involved in axonal trafficking of a subset of synaptic proteins 66

GABARAP C domain Contributes to the regulated trafficking of GABA, receptors 67-71

Collybistin C domain (aa 319-329) Involved in the transport, clustering and maintenance of gephyrin 72-78
and GABA, receptors at inhibitory synapses

Profilin 1/2 E domain Helps mediate actin-dependent GABA, receptor packing density and dynamics 85-87

Pinl C domain (aa 188-201) Regulates the neuroligin-2/gephyrin interaction and negatively 88-92
modulates inhibitory synaptic transmission

RAFT1 C or E domain Unclear 93

Neuroligin-2 E domain (aa 286-736) Contributes to inhibitory synapse validation and specification by interacting with ~ 94-100
presynaptic neurexins and postsynaptic gephyrin

Tubulin C domain Major cytoskeletal protein 40

Abbreviations: aa, amino acids; Dlc-1, dynein light chain-1; GABAA, glycine and y-aminobutyric acid type A; GABAA receptor-associated protein; GlyR, glycine receptor;
Pin1, peptidyl-prolyl isomerase NIMA-interacting protein 1; RAFT1, rapamycin and FKBP12 target 1.

GlyR f-subunit

The GIyR is a ligand-gated chloride channel protein that was
identified as the first binding protein of gephyrin, as an affinity
chromatography study showed that the two could be copurified
in stoichiometric amounts.” The cytoplasmic loop of the GlyR
B-subunit was later shown to bind to the E domain dimeriza-
tion interface of gephyrin.**>* Coexpression of GlyR with
gephyrin was found to change the ligand-binding affinities of
human embryonic kidney 293 cells.’! Treatment of rat spinal
neurons with gephyrin antisense oligonucleotides was shown to
block the formation of GlyR clusters in the neuronal mem-
brane, suggesting that gephyrin is required to anchor GlyR in
postsynaptic membrane specializations.>> Moreover, treatment
with a competitive GlyR antagonist (strychnine) or L-type Ca?"
channel blockers inhibited the accumulation of GlyR and
gephyrin at postsynaptic membranes in cultured rat spinal
neurons, suggesting that the activation of GlyR is necessary for
the clustering of gephyrin and GlyR.>*>* These notions were
later validated in vivo by studies showing that GlyR clustering
was disrupted in gephyrin-null mice.>>*® GlyR clusters form
quickly and reversibly via a two-step process wherein gephyrin-
independent cell surface clustering is followed by gephyrin-
mediated postsynaptic accumulation.?* In the latter process,
gephyrin breaks the equilibrium between the diffusive and
confined states of GlyR to stabilize it at submembranous sites.”’
Moreover, the oligomerization of gephyrin has been shown to
modulate the lateral diffusion of GlyRs.”

GABA, receptor a-subunits

Although gephyrin was observed to be involved in GABA,
receptor clustering in vivo, up until recently it was unclear
whether this clustering activity was mediated by a direct
interaction with gephyrin."*® For example, a biochemical
study failed to demonstrate a direct interaction between
GABA, B-subunits (B1-B3 subunits) and gephyrin,*® and
gephyrin-independent mechanisms were identified as under-
lying the postsynaptic clustering of certain GABA, subtypes.®!
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Therefore, it was surprising when Tretter et al.®? reported that a
10-amino-acid hydrophobic motif within the intracellular
domain of the GABA, o2-subunit was responsible for the
inhibitory ~synaptic accumulation of GABA, receptors
and underwent direct binding to gephyrin. The authors
further showed that GABA, receptor subtypes containing the
a2-subunit require gephyrin binding for their inhibitory
synaptic targeting.®? Subsequent studies then identified motifs
in the GABA, receptor a3- and ol-subunits that were
responsible for binding to the E domain of gephyrin.®%63
Interestingly, some of the gephyrin residues that are key to
the binding of GABA, receptor subtypes containing the «2-
and a3-subunits are also important for binding to GlyRs (albeit
with different binding affinities).®> The clustering of some
GABA, receptor subtypes is reportedly dependent on
gephyrin,®#%> but future work is needed to determine system-
atically whether other GABA, receptor subtypes bind to

gephyrin.

Dlc-1 and Dlc-2

Dynein light chain-1 (Dlc-1; also known as dynein LC8) and its
homolog, Dlc-2, were identified as binding proteins of
gephyrin in a yeast two-hybrid screen.®® Dlc-1 and -2 are
subunits of the cytoplasmic dynein motor protein, which
mediates the movement of cargo proteins toward the minus
ends of microtubule tracks. A central fragment of gephyrin (63
amino acids corresponding to amino acids 181-243) was found
to be sufficient to bind Dlc-1/2, and the expression of a Dlc-
1/2-binding defective gephyrin construct in cultured neurons
had no effect on the synaptic localization of gephyrin, suggest-
ing that the inhibitory synaptic targeting of gephyrin does not
require the Dlc-binding domain.%® This interaction supports
the ideas that motor proteins are involved in the intracellular
trafficking of gephyrin to the submembranous compartment,
and that gephyrin clustering may be regulated in a highly
dynamic manner. However, the precise functional significance
of this interaction is not yet understood in detail.
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Figure 2 Architecture of gephyrin-containing complexes at
inhibitory synapses: the structure of an inhibitory synapse focusing
on gephyrin and its interactors at the synaptic membrane and
intracellular compartments. Gephyrin (drawn as blue hexagonal
lattices beneath the postsynaptic membrane) acts as a hub for
inhibitory signal-transduction pathways through GABA, receptors,
GlyRs and neuroligin-2, and binds to other proteins through its
modular structure (see Figure 1 for the domain structure of
gephyrin). Specific protein—protein interactions are indicated by
overlapping. Protein components of inhibitory synapses with unclear

links to gephyrin were omitted. Cb, collybistin; GABARAP,
GABA, receptor-associated protein; GIlyR, glycine receptor;
NL-2, neuroligin-2; Pinl, peptidyl-prolyl isomerase NIMA-

interacting protein 1; PI3P, phosphatidylinositol 3-phosphate;
RAFT1, rapamycin and FKBP12 target 1; VASP, vasodilator-
stimulated phosphoprotein.

GABA, receptor-associated protein

GABARAP was originally isolated as a binding partner of the
GABA, receptor y2-subunit in a yeast two-hybrid screen, and
was suggested to have a role in the targeting and clustering of
GABA, receptors.’”” A later study showed that GABARAP
directly interacts with gephyrin.%® Strikingly, GABARAP is
enriched in intracellular compartments but not gephyrin-
positive membrane compartments, indicating that the interac-
tion of GABARAP with gephyrin is not critical for postsynaptic
GABAR clustering.®® Instead, the interaction of GABARAP
with N-ethylmaleimide-sensitive factor appears to have a role
in the intracellular transport of GABA, receptors.”” In
GABARAP-deficient mice, however, the total number of
GABA, receptors was unaffected,”® indicating that GABARAP
is not essential for GABA, receptor targeting. The exact cellular
roles of GABARAP are currently unknown, but recent
sequence analyses have suggested that there are many
GABARAP-like proteins constituting a GABARAP-like family
across evolution.”! Some of these GABARAP-like proteins have
been linked to ubiquitination, vesicular transport events,
apoptosis and autophagy. GABARAP itself interacts with
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multiple proteins in addition to the GABA, receptor, gephyrin
and N-ethylmaleimide-sensitive factor, but the functional
significances of these interactions are largely unclear at this
point. Therefore, further research is needed to elucidate the
roles of GABARAP in various contexts at inhibitory synapses.

Collybistin
Collybistin (also called ARHDHY9) was also identified as a
gephyrin-interacting protein in a yeast two-hybrid screen.”?
Based on cDNA cloning and sequence analysis, collybistin was
revealed as a neuron-specific dbl-like GDP/GTP exchange
factor characterized by three functional domains: an Src
homology 3 (SH3) domain; a DBL homology domain for the
small GTPase, Cdc42; and a pleckstrin homology domain.”?
The DBL homology domain of collybistin directly binds to the
C-terminal domain of gephyrin.*”>”®> Collybistin is mainly
expressed in the brain,?””>74 and alternative splicing generates
three isoforms (collybistin I, II and III; differing only in their
C termini and further specifies two different collybistin II
variants (CB2sy3, and CB2gy; —; differing in their SH3 domain
usage).>”>”®> Importantly, the coexpression of collybistin II
and gephyrin in non-neuronal cells was shown to induce
submembranous collybistin/gephyrin microaggregates that also
accumulated hetero-oligomeric GlyRs.”> However, CB2gy3, is
inactive in dendritic gephyrin clustering, indicating that the
alternative splicing of collybistin has functional importance in
the development of inhibitory synapse (Harvey et al;*” also
Tyagarajan et al. and Korber et al.>*7>) for the involvement of
Cdc42 in regulating the clustering of gephyrin). Mutation of
glycine 55 to alanine (G55A) in the SH3 domain of collybistin
has been linked to hyperekplexia and epilepsy, reinforcing the
importance of this domain of collybistin in its dendritic
trafficking and association with gephyrin. However, it should
be noted that most of the variants of collybistin found to date
in rodents and humans contain an SH3 domain that inhibits
their membrane-targeting ability,>” hinting that additional
factor(s) are likely to activate collybistin by relieving this SH3
domain-mediated inhibition. Neuroligin-2 (NL-2) and the
Rho-like GTPase, TC10, have been shown to have this role
by interacting with the collybistin SH3 domain.”®’’ Further-
more, a recent structural study demonstrated that the collybis-
tins can adopt open and closed conformations that act as
switchable adaptors, and that NL-2 favors the open conforma-
tion by competing with a closed-conformation-favoring intra-
molecular interaction in collybistin.”®

The proposed functions of collybistin were demonstrated
in vivo: collybistin-deficient mice displayed region-specific
reductions in synaptic gephyrin clustering, reduced clustering
of the GABA, receptor y2-subunit, decreased GABAergic
synaptic transmission, impaired hippocampal synaptic
plasticity (i.e., increased long-term potentiation and decreased
long-term depression) and impaired spatial learning.”” Similar
functional alterations were reproduced in conditional
collybistin-knockout mice.8® Moreover, increased granule cell
excitability, somatic GABAergic network inhibition and
impaired induction of LTP in the dentate gyrus of the
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hippocampus were observed in collybistin-null mice,! suggest-
ing that collybistin deficiency alters GABAergic inhibition,
network excitability and synaptic plasticity in certain brain
areas. Strikingly, collybistin-deficient mice did not exhibit
deficits in glycinergic synaptic transmission, suggesting that
collybistin is dispensable for gephyrin-mediated GlyR clustering
in glycinergic synapses, but is required for the gephyrin-
mediated clustering of certain GABA, receptors at inhibitory
postsynaptic sites.”>82-84

Profilin and Mena

A study seeking the linkage between gephyrin and microfila-
ment identified profilin, Mena and G-actin as gephyrin-binding
proteins.®> Endogenous profilin and Mena were found to
colocalize with gephyrin in the inhibitory synapses of spinal
cord neurons, and were enriched in gephyrin-rich domains of
the neuronal plasma membrane.3> Gephyrin and profilin 1 were
shown to form a complex,%® but via an unexpected binding
mode that required the E domain of gephyrin and the actin/
PIP,-binding site of profilins (Giesemann et al.,3> but also see
Bausen et al.%”). A study examining the potential impact of these
multipartite interactions on the function of gephyrin showed
that cytochalasin D (an actin-depolymerizing agent) had
differential effects on gephyrin clusters that were lost following
cytochalasin D treatment of immature cultures but not follow-
ing the same treatment of more mature cultures.®” These data
suggest that the formation of a complex between gephyrin and
profilin/Mena may contribute to actin cytoskeleton-dependent
inhibitory synapse organization. However, further studies are
required to fully confirm this hypothesis.

Peptidyl-prolyl isomerase NIMA-interacting protein 1
Peptidyl-prolyl isomerase NIMA-interacting protein 1 (Pinl)
specifically binds phosphorylated serine or threonine residues
immediately preceding proline residues, and promotes the cis/
trans isomerization of peptide bonds.3%% These conforma-
tional changes profoundly affect on the function of Pinl
substrates by modulating their catalytic activity, phosphoryla-
tion status, protein interactions and/or protein stability.”
Gephyrin undergoes proline-directed phosphorylation and
interacts with Pinl via a large region that encompasses the E
domain and part of the C domain, eliciting conformational
changes in gephyrin.”! The ability of gephyrin to interact with
GIlyR was significantly decreased in Pinl-deficient mice, redu-
cing the number of GlyR clusters.”! Recently, the inhibitory
synaptic adhesion molecule, NL-2, was also shown to be a
substrate for Pin1,”?> which negatively regulates the interaction
of gephyrin with NL-2 by phosphorylating the serine 714
residue. In addition, the absence of Pinl was found to promote
the formation of NL-2/gephyrin complexes, enrich GABAj
receptors at inhibitory synaptic sites and inhibit synaptic
transmission.”” These data suggest a model wherein the Pinl-
mediated phosphorylation of NL-2 drives conformational
changes that detach gephyrin from NL-2.
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Rapamycin and FKBP12 target 1

Rapamycin and FKBP12 target 1 (RAFT1; also called FRAP or
mTOR) was found to interact with gephyrin in a yeast two-
hybrid screen.”® The association of gephyrin with RAFT1 was
shown to be required for RAFT1-mediated signaling,”® and
mutations in the minimal gephyrin-binding domains of RAFT1
were found to prevent the activations of p70%°K and the
eukaryotic initiation factor eIF-4E binding-protein, 4E-BP1.%?
However, the functional significance of this interaction has not
yet been clearly defined in the context of gephyrin functions at
inhibitory synapses.

Neuroligin-2

NL-2 is a neuronal transmembrane protein that was identified
as the first inhibitory synapse-specific adhesion molecule.”*
NL-2 interacts with presynaptic neurexins (as do the other
neuroligins) and functionally validates inhibitory synapse
development in an activity-dependent manner.”®%% Tt is
not yet clear how NL-2 is specifically targeted to inhibitory
synaptic sites, but studies have shown that GABA, receptors
are dispensable for the inhibitory synaptic targeting of NL-2.%
In addition, NL-2, but not other neuroligin paralogs, has been
shown to directly interact with gephyrin through a conserved
tyrosine residue (Tyr770) that helps recruit gephyrin to NL-2
clusters in cultured neurons.”®!% Moreover, NL-2 activates the
collybistin-mediated targeting of gephyrin to the plasma
membrane in non-neuronal cells. Intriguingly, NL-2 was found
to be required for gephyrin to be recruited to the perisomatic
site but not to the dendritic shaft.”® In addition, deletion of
NL-2 was shown to affect both GABAergic and glycinergic
synaptic transmission.”® Taken together, these data suggest a
model for inhibitory postsynaptic assembly whereby the
cytoplasmic  gephyrin—collybistin complexes are transiently
recruited to the plasma membrane sites of NL-2 accumulation
via the NL-2/gephyrin interaction, and then other postsynaptic
components are further recruited to help construct the func-
tional inhibitory synapse.

SYNAPTIC FUNCTIONS OF GEPHYRIN

Gephyrin is believed to act as a scaffold at inhibitory synapses,
in a manner analogous to that of the prototypic excitatory
synaptic scaffold, PSD-95. The best-known function of
gephyrin is to bring the inhibitory synaptic receptors and
to stabilize them at the inhibitory synapses (Figure 2). There-
fore, gephyrin might act as a hub protein, integrating various
synaptic activities and signals and adjusting inhibitory synaptic
transmission by reorganizing the properties of GABA, and
GlyRs (Figure 2). However, as discussed above, gephyrin
interacts with multiple classes of proteins, implying that it
may have broader roles in neurons. Notably, gephyrin interacts
with NL-2 and collybistin, suggesting that it may be critical for
the maturation or maintenance of inhibitory synapses. As
gephyrin undergoes various posttranslational modifications
that regulate its clustering at inhibitory synapses, studies aimed
at deciphering how and when such posttranslational modifica-
tions are regulated will help us understand the synaptic



functions of this protein. Gephyrin may also act as a sensor that
adjusts inhibitory synaptic transmission in response to changes
in global network activity, and the alteration of this function
appears to activate various signaling cascades. Finally, gephyrin
may bind to neuroligin-1 (a paralog of NL-2 that is important
for excitatory synaptic function) when it is dephosphorylated at
a unique tyrosine residue (Tyr782), and this interaction may be
modulated by the binding of neurexin-18.!1%! Thus, gephyrin is
subject to ligand-induced trans-synaptic adhesion signaling,
which controls the balance between excitation and inhibition.

It is possible that gephyrin uses alternative pathways to
mediate the development of inhibitory synapses. For example,
Slitrk3, IgSF9b and Calsyntenin-3 were recently reported to be
specifically localized at inhibitory synapses.!?~1% Future work
is warranted to determine whether gephyrin interacts with
these adhesion molecules to govern inhibitory synapse forma-
tion and function; exploration of this possibility will help
address the diverse roles of gephyrin in organizing the
development of inhibitory synapses. Super-resolution imaging
has revealed the existence of distinct subsynaptic domains,
where NL-2 and gephyrin are coupled to constitute one
domain, whereas IgSF9 is indirectly linked to NL-2 via another
domain.'® It would be informative to use similar approaches
to examine systematically the localization of other ‘endogenous’
inhibitory synapse proteins, such as collybistin, Slitrk3 and
MDGA1'%,

Gephyrin may also be linked to certain forms of synaptic
plasticity at inhibitory synapses, such as those that involve
rearrangement of the postsynaptic molecular components of
GABAergic synapses (e.g, GABA, receptors, gephyrin and
other structural proteins).® Indeed, CaMKII-dependent phos-
phorylation of the GABA, receptor f3-subunit promotes the
recruitment of gephyrin from extrasynaptic sites during post-
synaptic LTP of inhibition.® Impairment of gephyrin assembly
blocks chemically induced postsynaptic LTP of inhibition and
the accumulation/confinement of GABA, receptors at inhibi-
tory synapses. These results strongly indicate that the immo-
bilization (or clustering) of gephyrin at synapses and the
subsequent immobilization of receptors are crucial for post-
synaptic LTP of inhibition. The recent development of a new
tool, called ‘fibronectin intrabodies generated with mRNA
display (FingRs)’ should allow us to better visualize the
dynamic localization of inhibitory synaptic molecules in living
neurons, allowing them to be implicated in various forms of
inhibitory synaptic plasticity.'?”

DISEASE IMPLICATIONS OF GEPHYRIN

Some neurological disorders have been linked to gephyrin
dysfunctions (e.g., stiff-person syndrome (Moersch-Woltman),
hyperekplexia, temporal lobe epilepsy, molybdenum cofactor
deficiency, autism and schizophrenia).!%-113 These diseases
may be partly attributed to defects in the glycinergic system,
which can be easily understood given the role of gephyrin in
GlyR clustering. Gephyrin levels are reduced in the brains of
patients suffering from Alzheimer’s disease, but its direct
involvement in this disorder has not yet been fully
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explored.!*!!> Intriguingly, temporal lobe epilepsy has been
linked to abnormal operation of the gephyrin splicing
machinery.!!? More specifically, cellular stresses (e.g., alkalosis)
increase the proportions of gephyrin splice variants lacking
exons encoding the G domain, potentially altering the activity
of gephyrin clustering.!'® These results suggest that targeting
the alternative splicing of gephyrin could provide a possible
therapeutic strategy against the above-listed diseases. Modula-
tion of gephyrin clustering could also be a therapeutic target, as
restoration of the excitatory—inhibitory balance could amelio-
rate a subset of neuropsychiatric disorders associated with
gephyrin dysfunctions. Chronic treatments with lithium and
valproic acid have been widely used to treat epilepsy and
bipolar disorder.!'” Intriguingly, gephyrin clustering is
enhanced by lithium treatment, which acts on GSK3p.** This
emphasizes the potential benefits of targeting gephyrin when
seeking to design effective new drugs for mood disorders,
including bipolar disorder.

CONCLUSIONS

It is increasingly clear that gephyrin is crucial for the structure,
function and plasticity of inhibitory synapses, and that it may
be highly relevant to neural circuits that undergo various forms
of inhibition in vivo. However, we still do not fully understand
the precise roles of gephyrin at GABAergic and glycinergic
synapses. Although a dozen gephyrin-binding proteins (see
Figure 2 and Table 1) have been identified to date, most of
them have been discovered by yeast two-hybrid screens, which
are not exhaustive in isolating physiologically relevant binding
partners. In the future, advanced proteomics should be used to
identify additional binding proteins and gain additional insights
into the synaptic roles of gephyrin. We need a more detailed
mechanistic understanding of how inhibitory receptors are
dynamically modulated with respect to postsynaptic specializa-
tions, and the physiological significance of the posttranslational
modification of gephyrin should be broadly examined in
conjunction with the known roles of other inhibitory synaptic
molecules. Obviously, these future studies will bring us ever
closer to understanding the pathological mechanisms under-
lying various brain disorders caused by dysfunctions of
inhibitory synaptic molecules.
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