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Significance

Impairment in synapse properties 
leads to a number of severe 
neurological disorders. However, 
even at basic cell biological level, it 
is not well understood how 
synaptic connections establish 
and properly align their pre- vs. 
postsynaptic specifications. To 
address this fundamental 
question, we examined the 
molecular mechanism of 
γ-aminobutyric acid (GABA) 
sensing postsynapse formation in 
stem cell –derived human 
neurons. We observed that major 
GABAergic postsynaptic 
components begin to self-
assemble and properly align with 
presynaptic terminals, even in the 
complete absence of GABA 
signals. The scaffolding molecule 
Gephyrin played a critical role in 
organizing these “orphan” 
postsynaptic structures, which 
could be subsequently activated 
by a delayed supply of vesicular 
GABA. Our results highlight a 
transmitter-independent pathway 
that pioneers GABAergic 
postsynapse development.
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Synapses containing γ-aminobutyric acid (GABA) constitute the primary centers for 
inhibitory neurotransmission in our nervous system. It is unclear how these synaptic 
structures form and align their postsynaptic machineries with presynaptic terminals. Here, 
we monitored the cellular distribution of several GABAergic postsynaptic proteins in a 
purely glutamatergic neuronal culture derived from human stem cells, which virtually 
lacks any vesicular GABA release. We found that several GABAA receptor (GABAAR) 
subunits, postsynaptic scaffolds, and major cell-adhesion molecules can reliably coag-
gregate and colocalize at even GABA-deficient subsynaptic domains, but remain phys-
ically segregated from glutamatergic counterparts. Genetic deletions of both Gephyrin 
and a Gephyrin-associated guanosine di- or triphosphate (GDP/GTP) exchange factor 
Collybistin severely disrupted the coassembly of these postsynaptic compositions and their 
proper apposition with presynaptic inputs. Gephyrin–GABAAR clusters, developed in the 
absence of GABA transmission, could be subsequently activated and even potentiated by 
delayed supply of vesicular GABA. Thus, molecular organization of GABAergic postsyn-
apses can initiate via a GABA-independent but Gephyrin-dependent intrinsic mechanism.

neurotransmitter release | synapse formation | GABAergic synapse | Collybistin | Gephyrin

γ-aminobutyric acid (GABA) is a major neurotransmitter that plays a critical inhibitory 
role in regulating the cellular excitability of neurons. GABA is biosynthesized by glutamate 
decarboxylase enzymes (i.e., GAD65 and GAD67), packaged into secretory vesicles by 
the GABA transporter (i.e., vGAT), released from presynaptic terminals, and activates 
ionotropic GABAA receptors (GABAARs) localized at the postsynaptic membranes. 
Efficient organization of GABAergic synapses requires an appropriate assembly of various 
pre- and postsynaptic elements, which in turn, ensure optimal alignment of GABAARs 
with GABA release sites. However, the cell biological processes that help establish, main-
tain, and modulate these unique subsynaptic structures are not well understood.

Evidently, the postsynaptic interface of GABAergic synapses recruits and retains different 
proteins that affect their formation and/or maturation. Of these, the scaffolding molecule 
Gephyrin is an important component that self-aggregates beneath the cell membrane and 
anchors several factors involved in synapse development (1). Gephyrin produces a hexameric 
lattice via its intramolecular interactions, which supposedly binds to the intracellular loops 
of specific GABAAR α-subunits and essentially determines their synaptic concentrations 
(2–5), although Gephyrin-independent clustering of GABAARs has also been reported (6).

In addition to GABAARs, Gephyrin displays affinity for the GABAAR-associated protein 
(GABARAP; (7)), various cytoskeletal components [e.g., Dynein, G-actin, Profilin, and Mena; 
(8, 9)], a Rho family guanine nucleotide exchange factor (Rho-GEF) Collybistin [ARHGEF9; 
human homolog hPEM-2; (10, 11)], synaptic cell-adhesion molecule (CAM) Neuroligin-2 
[NLGN2; (12, 13)], and peptidyl-prolyl isomerase NIMA-interacting protein 1 (Pin1) which 
catalyzes a cis-trans conformational switch in its substrates including NLGN2 (14). Hence, 
Gephyrin acts to integrate different molecular compositions of the GABAergic postsynapse 
that are vital for its function, and confers a unique structural identity to this complex which 
is considerably distinct from its glutamatergic counterpart.

Despite this existing knowledge of Gephyrin’s molecular interactome (15), its functional 
impact on GABAergic synapse organization is yet to be fully reconciled. In mouse models, 
both constitutive and conditional knockouts (KOs), disease-associated mutations, and small 
hairpin RNA (shRNA) –mediated knockdown of Gephyrin caused an extensive loss of 
synaptic GABAARs without altering glutamatergic synapses (2, 16, 17). However, another 
study has described a relatively moderate GABAergic phenotype in GephyrinKO animals, D
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which predominantly affected the Glycinergic synapses instead (18). 
Albeit a widespread expression pattern of Gephyrin in different 
regions of the human brain (19), its role in GABAergic synapse 
development has not yet been characterized in human neurons.

Moreover, it remains unclear how Gephyrin localizes at the sub-
synaptic domain and whether Gephyrin itself can organize the 
GABAergic postsynapse by intrinsic scaffolding properties or needs 
to be additionally coupled with synaptic activities. Interestingly, 
genetic deletions of the GABAAR complex markedly impaired 
Gephyrin aggregation (20). Furthermore, Gephyrin and GABAAR 
clusters were substantially decreased in several brain regions of 
Collybistin-deficient animals (21). NLGN2KO can similarly reduce 
Gephyrin assembly, although this phenotype was primarily 
restricted to the perisomatic regions without altering its dendritic 
abundance (12, 22). These crucial studies imply that depending 
on local microenvironments of subcellular compartments, molec-
ular affinities between Gephyrin and multiple binding partners 
might enable postsynapse formation.

A parallel hypothesis suggests that GABA release from presyn-
aptic terminals and activation of GABAARs could be directly 
responsible for the recruitment of Gephyrin–GABAAR complex 
at postsynaptic membranes. In agreement with this theory, imma-
ture and developing GABAergic synapses often exhibit elevated 
vGAT levels that precedes Gephyrin enrichment (23). Chronic 
inhibition of synaptic activities by pharmacological agents can 
diminish, although does not fully eliminate, postsynaptic GABAAR 
assembly (24, 25). In addition, the decline of Gephyrin clustering 
in GABAARKO neurons could also be mediated by silencing 
GABAergic transmission (20). Perhaps the most convincing evi-
dence for a GABA-dependent mechanism appears from rapid 
photolysis of “caged” GABA near dendritic branches, which facil-
itates local accumulation of Gephyrin (26). Nevertheless, it is 
unknown whether transmitter-induced mechanisms also operate 
at synapses and whether GABAergic postsynaptic machineries 
including Gephyrin cease to recognize synaptic inputs without 
adequate GABA signaling, and/or fail to preserve their exclusive 
molecular compositions that are unique from other synapse types.

More recently, we have shown that ectopic expressions of vGAT 
+ GAD65 + GAD67 (termed as “V57” factors) can effectively 
produce GABA also in purely glutamatergic neurons and release 
it from their presynapses, which in turn, can generate fully func-
tional GABAergic postsynapses both in vitro and in vivo (27). 
However, it was not explicitly assessed whether this induction of 
GABAergic activities was essentially triggered by i) GABA-mediated 
recruitment and de novo assembly of postsynaptic elements, or 
ii) functional activation and further potentiation of developing or 
already existing postsynaptic structures that can initially 
self-organize irrespective of presynaptic GABA signaling. In this 
current study, we set out to monitor postsynapse formation in the 
complete absence of GABAergic neurotransmission. Our findings 
underscore a cell-autonomous mechanism that guides the origi-
nation of human GABAergic postsynapses.

Results

GABAergic Postsynaptic Proteins Can Self-Aggregate Without Pre­
synaptic GABA Release. To examine GABAergic postsynapse development 
in a system lacking GABAergic presynapses, we reprogrammed induced 
pluripotent stem (iPS) cells into human neurons by a single transcription 
factor, Neurogenin-2 [Ngn2; (28, 29)], and cocultured them with 
mouse primary astrocytes devoid of murine neurons (Fig.  1A and 
SI  Appendix, Fig.  S1A). At postinduction day 30, current-clamp 
recordings detected robust action-potential firing and the presence of 
voltage-gated Na+/K+ channels, indicating their functional maturation 

(SI Appendix, Fig. S1 B and C). Furthermore, coimmunostaining for 
dendritic MAP2 and presynaptic marker Synapsin confirmed efficient 
synapse formation (Fig. 1B). In accordance, voltage-clamp recordings 
also revealed prominent spontaneous postsynaptic currents (sPSCs; 
Fig. 1C). However, these sPSC events could be readily eliminated by 
acute bath applications of AMPA-receptor (AMPAR) and NMDA-
receptor (NMDAR) inhibitors (i.e., CNQX + CPP) corroborating that 
Ngn2-induced neurons are predominantly glutamatergic and missing 
functional GABAergic synapses (Fig.  1C), consistent with previous 
studies (28, 30).

To determine whether the absence of GABAergic transmission 
is caused by a lack of pre- and/or postsynaptic machineries, we 
conducted western blot experiments. We observed that the neu-
rons contained limited levels of presynaptic GAD65, GAD67, 
and vGAT, that are necessary for GABA synthesis and its vesicular 
release, but possessed major postsynaptic elements, e.g., GABAARs, 
NLGN2, or Gephyrin (Fig. 1 D and E). This offered us an optimal 
platform to evaluate their coassembly and synaptic association in 
a GABA-free cellular environment.

To visualize cellular localizations of these GABAergic postsynaptic 
components, we immunostained them individually. In a permeabi-
lized state, antibodies against Gephyrin and an intracellular epitope 
of NLGN2 identified elaborate distribution of both proteins along 
the MAP2-positive dendrites (Fig. 1 F and G). Under a nonperme-
able staining condition, GABAAR antibodies raised against extra-
cellular epitopes also revealed their clustered pattern on the cell 
surface and pronounced association of various subunits (e.g., α2, 
α3, β1, β2) with the dendritic membrane (Fig. 1 F and G and 
SI Appendix, Fig. S2A). To further investigate whether these different 
postsynaptic molecules create discrete puncta separately from each 
other or effectively aggregate as colocalized objects, we labeled them 
in pairs (Fig. 1H and SI Appendix, Fig. S2B). We detected compel-
ling spatial overlaps between Gephyrin vs. NLGN2, GABAAR α3 
and γ2, but minimally with α2 subunit (Fig. 1 I–K and SI Appendix, 
Fig. S2B). Moreover, the sizes of NLGN2 and α3 puncta were con-
siderably magnified when accumulated within Gephyrin signals 
(Fig. 1 I and K). Thus, several postsynaptic proteins can directly 
couple with Gephyrin in a GABA-independent manner.

Postsynaptic Machineries Successfully Align with GABA-Deficient 
Presynaptic Terminals. We wondered whether these self-organizing 
Gephyrin–GABAAR clusters integrate at subsynaptic domains or 
mistarget at extrasynaptic sites. To inspect that, we immunostained 
individual GABAergic postsynaptic markers along with presynaptic 
Synapsin. We noticed that considerable fractions of Gephyrin, 
NLGN2, and α3 puncta were heavily enriched at areas adjacent 
to Synapsin signals with enlarged volumes (Fig. 2 A–C). A similar 
enhancement was observed for GABAAR γ2 recruitment, especially at 
synapses containing Gephyrin (SI Appendix, Fig. S2B). The Synapsin 
signals, however, did not exhibit efficient colocalization with β-
Dystroglycan, a postsynaptic CAM associated with α-Dystroglycan 
and Dystrophin complex that interacts with presynaptic Neurexins 
(NRXNs) and facilitates GABAAR accumulation at a subset of 
GABAergic synapses (31, 32) (Fig.  2D). Together, our results 
implied that these GABA-deficient subsynaptic regions can already 
dock and stabilize a number of selective proteins.

GABAergic Postsynaptic Structures Remain Segregated from 
Glutamatergic Postsynapses. Next, we asked whether these GABA-
less postsynapses continue to maintain their unique organizational 
identity or aberrantly congregate with glutamatergic specifications. 
To this end, we immunolabeled day 30 neurons for glutamatergic 
postsynapse marker Homer and also detected prominent clusters 
that widely distributed along dendritic processes and preferentially D
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Expression of GABAergic postsynaptic proteins
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Fig. 1.   GABAergic postsynaptic machineries self-organize without GABAergic neurotransmission. (A) Ngn2-inducible iPS cells (i.e., WTC-11 line) were reprogrammed 
into human neurons by doxycycline, cocultured with mouse glia, and analyzed at indicated time-points. (B) Representative image of neuronal cultures at 
postdifferentiation day 30, coimmunostained for MAP2 and Synapsin; Inset = boxed section further expanded to the Right. (C) Example sPSC traces (Left) before 
(No drug, Top; boxed area magnified) or after bath-applications of CNQX and CPP (Bottom); average frequency and amplitude (Right) of sPSC events. (D and E) 
Sample immunoblots (D) and average expression levels (E) of vGAT, GAD65/67, GABAAR α3, NLGN2, and Gephyrin (Left to Right) extracted from mouse hippocampal 
cultures (primary, positive control) vs. human iPS cells (Day 0, negative control) or iPS cell–derived neurons (Day 30); GAPDH = loading control. (F and G) Example 
images (F), average density and size (G) of NLGN2 or Gephyrin clusters immunostained under the permeabilized condition, or surface population of GABAARs 
(α2 and α3 subunits) immunolabeled under the nonpermeabilized condition, distributed along MAP2-positive dendritic arbors. (H) Representative images of 
day 30 neurons immunostained for Gephyrin, paired with either NLGN2, GABAAR α2 or α3 (Left to Right). Boxed regions enlarged as merged views or individual 
channels. Arrowheads = signals that colocalize with (yellow) or distribute separately from (turquoise) Gephyrin puncta. (I–K) Relative intensities (Left panels, 
correlation plots with R-squared values) of NLGN2 (I), GABAAR α2 (J), and α3 (K) signals, with respect to coaggregated Gephyrin puncta, or their normalized cluster 
sizes (Right panels, bar graphs) when localized without (−) or with (+) a Gephyrin signal. All quantifications reflect means ± SEM. Statistics: Two-tailed Student’s 
t test, with ***P < 0.005; **P < 0.01; *P < 0.05; ns = not significant (P > 0.05).
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accumulated near presynaptic terminals (SI Appendix, Fig. S2 C and D).  
The Homer signals also substantially colocalized with PSD-95, 
another authentic glutamatergic postsynapse marker (SI Appendix, 
Fig. S2E). Nevertheless, when labeled together with Gephyrin, the 
vast majority of Homer puncta illustrated minimal association and 
remained spatially segregated (Fig. 2E). A limited correlation was 
observed also among Gephyrin and PSD-95, as well as GABAAR 
α3 and AMPAR GluA2 (SI  Appendix, Fig.  S2 E and F). Thus, 

GABAergic postsynaptic complexes do not share the same physical 
space with their glutamatergic counterparts.

We noticed that despite this spatial separation, Gephyrin and 
Homer puncta were occasionally positioned in close proximity to 
each other (Fig. 2F). To probe whether GABAergic postsynaptic 
elements continue to retain their compositional specificity even 
when located proximally to glutamatergic postsynapses, we immu-
nolabeled the cells for NLGN2 and Synapsin in combination with 
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Fig. 2.   Efficient alignment of the GABAergic postsynaptic complex with GABA-free presynaptic inputs. (A–D) Day 30 cultures immunostained for Synapsin, paired 
with Gephyrin (A), surface GABAAR α3 (B), NLGN2 (C), or β-Dystroglycan (D). Representative images (Left) with boxed sections magnified, arrowheads = objects 
within (yellow) or outside (turquoise) Synapsin-positive areas; percentage (pie-charts, middle) of corresponding signals overlapped with Synapsin or vice versa; 
average puncta size (bar graphs, Right) of individual proteins clustered without (nonsynaptic) or with (synaptic, en face) Synapsin channel. (E) Coimmunostaining 
of Homer and Gephyrin with MAP2; merged views (Left, example images) and percentage of colocalization (Right, bar graphs). Superimposed image detects 
Homer (turquoise arrowheads) and Gephyrin (yellow arrowheads) puncta recruited at adjacent regions, or located independently of each other (white arrows). 
(F) Magnified super-resolution images (Left) and intensity profiles measured along the dashed lines (Right; with average distances between signal peaks) of Homer 
and Gephyrin puncta formed in close proximity on MAP2-positive dendritic segments. (G) Z-projected view (Left) of Synapsin, NLGN2, and Gephyrin colabeling; 
magnified boxes (Middle) depict Gephyrin puncta associated with synapses in the absence (type i, arrowheads) or presence (type ii) of a corecruited NLGN2 
signal; single optical sections (Right) of type ii synapse. (H) Same as (G), except a pair of subsynaptic Homer and NLGN2 signals. (I) Normalized intensity profiles 
(a) of NLGN2 together with Gephyrin (Left) vs. Homer (Right), measured across dashed lines in panels (G) and (H); fractions (b, pie-charts) of Gephyrin- or Homer-
positive subsynaptic domains that also possess NLGN2 signals; bar graphs (c) provide average peak distance (Left) or percentage of co-occupied territories (Right) 
between NLGN2 vs. Homer or Gephyrin clusters. Summary graphs represent means ± SEM. Statistics: Two-tailed, paired (panels A–D) or unpaired (E, F, and I), 
Student’s t test, with ***P < 0.005; ns = not significant (P > 0.05).
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Gephyrin vs. Homer and performed super-resolution microscopy. 
We found that Gephyrin but not Homer signals were broadly 
colocalized with synaptic NLGN2 at single optical planes (Fig. 2 
G and H). Compared to these well-aligned Gephyrin–NLGN2 
clusters, the majority of Homer puncta remained sufficiently dis-
tant and shared negligible territory with adjacent NLGN2 signals 
(Fig. 2I), supporting the notion that GABAergic postsynaptic 
elements can maintain specificity and couple with correct partners, 
even in the absence of GABA.

Basal Synaptic Activities Are Not Necessary for the GABAergic 
Postsynapse Assembly. Although Ngn2 neurons did not show 
any measurable GABAergic transmission, we questioned whether 
GABA receptors could still be activated and modulated via a tonic, 
residual GABA release from non-neuronal sources, e.g., cocultured 
astrocytes (33, 34), beyond our detection limit. To assure that, we 
incubated the neurons with both GABAAR and GABAB receptor 
(GABABR) antagonists [Picrotoxin (PTX) and CGP55845 (CGP), 
respectively] immediately after differentiation, half-exchanged the 
media with drugs every 48 to 72 h, and analyzed them at different 
developmental time points. Between days 7 and 28, as the cells 
matured, they exhibited a progressive rise in the expression level 
and dendritic distribution of Synapsin, Gephyrin, and α3 (Fig. 3 
A and B). Chronic treatments with GABA receptor blockers did 
not significantly affect synaptogenesis, density or size of Gephyrin–
α3 clusters (Fig.  3 A and B). Moreover, co-localization among 
Synapsin, Gephyrin, and α3 puncta continued to grow substantially 
over time and stayed unaffected by drug applications (Fig. 3 A and 
C). Hence, synaptic enrichment of Gephyrin–GABAARs was not 
dependent on any basal GABA signaling.

Furthermore, prolonged exposure to exogenous GABA in the 
culture media, which stimulates both synaptic and nonsynaptic 
receptors, caused a progressive loss of GABAAR clusters from syn-
apses in a dose-dependent manner, without considerably altering 
their Gephyrin content (SI Appendix, Fig. S3 A and B). These 
findings further supported the idea that a global activation of 
GABAARs cannot lead to their synaptic enrichment.

To address whether basal glutamatergic activities of Ngn2 neu-
rons can potentially contribute to GABAergic postsynapse forma-
tion via heterosynaptic pathways, we similarly incubated them in 
CNQX + CPP (Fig. 1C). Long-term suppression of glutamatergic 
activities enhanced the size of Synapsin-positive presynaptic ter-
minals and postsynaptic accumulation of glutamatergic specifica-
tions, e.g., Homer and GLUA2-AMPARs, purportedly via 
homeostatic mechanisms (Fig. 3 D and E and SI Appendix, Fig. S3 
C and D). However, albeit a minor reduction in synaptic Gephyrin 
level, we failed to notice any major impairments in Gephyrin and 
GABAAR α3 clusters or their coassembly (Fig. 3 D–F). In sum, 
nascent GABAergic complexes can self-aggregate and begin to 
associate with subsynaptic domains, regardless of activities.

The Gephyrin Scaffold Enables the Subsynaptic Recruitment of 
GABAARs Without GABA. We next wondered whether postsynaptic 
enrichment of GABAergic machineries was primarily mediated via 
an intrinsic, cell-autonomous mechanism. The steady presence of 
Gephyrin in these structures made us curious about its expression 
pattern during neurogenesis, and functional contribution at 
GABA-free postsynapses. We performed western blots for Gephyrin 
at multiple stages of neural differentiation and maturation and 
noticed a gradual change in its variant profile (Fig. 4 A and B and 
SI Appendix, Fig. S4F). In day 30 neurons, a considerable amount 
of Gephyrin was found to be processed in the cell bodies, which 
extensively trafficked at bona fine postsynapses of different sizes, 
formed on both soma and dendritic branches (Fig. 4C).

To test the hypothesis of Gephyrin-dependent scaffolding, we 
disrupted its endogenous loci in iPS cells using CRISPR-Cas9 and 
reprogrammed them into neurons by Ngn2 induction (SI Appendix, 
Fig. S4 A and B). These genetic manipulations did not affect the 
pluripotency properties of iPS cells and produced an isogenic line 
with truncated genome encompassing its guide RNA (gRNA) tar-
get (SI Appendix, Fig. S4 C–E). Immunoblot assays revealed com-
plete loss of Gephyrin expression indicating a successful gene 
targeting and significant reduction in GABAAR α3 without affect-
ing NLGN2 protein levels (Fig. 4D and SI Appendix, Fig. S4F).

Immunostaining of GephyrinKO neurons at day 30 confirmed 
depletion of Gephyrin clusters along dendrites (Fig. 4 E and F). 
GephyrinKO cells did not exhibit any impact on presynaptic 
Synaptotagmin-1 (Syt1) puncta, indicating a normal synaptogen-
esis process, but decreased the density and size of NLGN2 cluster 
and its subsynaptic levels (Fig. 4 G and H). Similar to Syt1, 
another presynaptic marker Synapsin or glutamatergic postsyn-
aptic scaffold PSD-95 also remained unaffected in GephyrinKO 
neurons (Fig. 4 I and J and SI Appendix, Fig. S4G). Gephyrin 
deletion, however, virtually eliminated the submembrane aggre-
gations of GABAAR α3 and its association with presynaptic ter-
minals (Fig. 4 I–K). Therefore, the Gephyrin scaffold assists in the 
organization of the NLGN2–GABAAR complex, even at 
GABA-free postsynaptic compartments.

Collybistin Promotes Gephyrin–GABAAR-NLGN2 Aggregation 
Irrespective of GABA Signal. In rodent models, Collybistin is 
known to modulate the formation and maintenance of Gephyrin 
clusters at several GABAergic postsynapses (10, 11). To probe 
whether similar mechanisms operate at human postsynapses, we 
knocked out its human analog hPEM-2 from iPS cells using the 
CRISPR-Cas9 method, which removed a significant portion from 
its genomic locus in X chromosome and created premature stop 
codons (SI Appendix, Fig. S4 A–E). We could not directly measure 
hPEM-2 protein level due to lack of reliable and commercially 
available antibody, but our RT-PCR assays from neurons 
reprogrammed from hPEM-2KO iPS cells also illustrated definite 
loss of hPEM-2 mRNA segments, especially with primers designed 
against the Cas9-targeted genomic loci (Fig. 5A).

Western blots from hPEM-2KO neurons did not demonstrate 
any significant change in Gephyrin, NLGN2, and GABAAR α3 
protein content (Fig. 5B). However, relative to the wild-type (WT) 
condition, hPEM-2KO neurons depicted a substantial reduction in 
the number and size of Gephyrin puncta distributed along the 
dendritic arbors, without affecting PSD-95 (Fig. 5 C and D and 
SI Appendix, Fig. S4G). hPEM-2 deletion also triggered major 
impairments in both NLGN2 and α3 clusterings, suggesting a 
defect in their ability to congregate, with only minor effect on 
Synapsin puncta (Fig. 5 E and F). To further examine synaptic 
targeting of Gephyrin, NLGN2, and α3, we costained them paired 
with Synapsin antibody (Fig. 5G). Once again, hPEM-2KO neu-
rons displayed obvious deficiencies in Gephyrin, NLGN2, or sur-
face α3 signals that aggregate with each other and adequately 
assemble at subsynaptic domains (Fig. 5H). In sum, Gephyrin- 
mediated coalition of GABAergic postsynaptic machineries initi-
ates via a Collybistin (or human hPEM-2) -dependent canonical 
mechanism that can sufficiently engage in GABA-free cellular 
environment.

The GABAergic Postsynaptic Complex Can Be Activated by Delayed 
Supply of Vesicular GABA. Because major GABAergic postsynaptic 
machineries already self-assembled without GABA signals and 
aligned properly with presynaptic inputs, we inquired whether 
those contained vesicular release machineries. Immunostainings D
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for active-zone marker Bassoon or synaptic vesicle protein SV2 
revealed that a sizable fraction of both Gephyrin and γ2 GABAAR 
puncta were indeed prepositioned across the presynaptic terminals 
containing vesicular release sites (SI Appendix, Fig. S5 A–D).

We therefore inquired whether these preexisting postsynaptic 
modules could be functionally stimulated post hoc by deferred 
GABA release from presynapse. To assess this possibility, we 
infected the day 30 neurons with lentiviruses encoding either a 
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high molecular-weight) and multiple minor (bracket, lower molecular-weight) bands denote Gephyrin variants and/or degradation products (SI Appendix, Fig. S4F); 
GAPDH = loading control. (C) Representative images (Left; Insets = boxed areas magnified) and average size or synaptic association (Right) of Gephyrin puncta 
formed in the cell body (i) vs. dendritic segments (ii) of day 30 neurons. Arrows point at Gephyrin clusters lacking synaptic terminals (white), synaptic terminals 
lacking Gephyrin (cyan), or when both appose each other (yellow); asterisk = Gephyrin in the soma, potentially undergoing intracellular processing. (D) Example 
immunoblots (Left) and normalized expressions (Right) of endogenous Gephyrin (arrowheads = splice variants, green and magenta), maturely (M) vs. immaturely 
(Im) glycosylated NLGN2, and GABAAR α3, for WT vs. Gephyrin KO (GPHNKO) neurons at day 7; GAPDH = loading control. (E and F) Representative images (E) and 
average density or size (F) of Gephyrin clusters formed on MAP2-labeled dendrites of WT vs. GPHNKO neurons at day 30. (G and H) Sample images (G) of MAP2-
labeled dendrites immunostained for Syt1 and NLGN2, their average puncta density or size (H, panel a), and relative association with one another (H, panel b; 
data points fit with straight lines and compared along both x- and y-axis). (I and J) Sample images (I) of neurons immunolabeled for MAP2, Synapsin, and surface 
population of GABAARs (α3); Insets = boxed sections expanded. Average density and size (J) of Synapsin (Left) or α3 (Right) puncta. (K) Example images (Left) of 
dendritic regions coimmunostained for Gephyrin, Synapsin, and GABAAR α3. Arrowheads point at α3 puncta essentially recruited at Gephyrin-positive synapses. 
Bar graphs (Right) report coefficients of colocalization between Synapsin and α3 objects. Summary plots are means ± SEM. Statistics: Two-tailed, paired (B and 
D, for western blot) or unpaired (C and E–K, for imaging), Student’s t test, with ***P < 0.005; **P < 0.01; *P < 0.05; ns = not significant, P > 0.05.
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Fig. 5.   Collybistin modulates the assembly of Gephyrin scaffolds without presynaptic GABA signals. (A) An agarose-gel (Left; M = DNA ladder) containing RT-PCR 
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control vector or all V57 factors combined, and subsequently 
analyzed them after an additional 21 d (Fig. 6A). Compared to 
the control condition, these V57-transduced neurons displayed 
robust expressions of both vGAT and GAD65/67 proteins that 
distributed elaborately at presynaptic terminals, without affecting 
their morphologies (Fig. 6 B and C and SI Appendix, Fig. S5F). 
Nearly all neurons in the V57 condition also synthesized high 
levels of GABA, which corroborated with the enzymatic actions 
of exogenous GADs (SI Appendix, Fig. S5E). Exogenous vGAT 
proteins also occupied a sizable fraction of the Synapsin-positive 
total presynapses but displayed only minor overlap with endoge-
nous vGLUT-labeled glutamatergic terminals, emphasizing their 
mostly independent distributions (SI Appendix, Fig. S5 G–I), 
similar to the spatial segregation of their respective postsynaptic 
components (see Fig. 2 and SI Appendix, Fig. S2).

Our voltage-clamp recordings from day 51 control neurons 
revealed recurrent sPSCs with fast τ-decays that could be readily 
abolished by bath application of CNQX, again validating their 
purely glutamatergic identities (Fig. 6 D and E). The V57 condi-
tion, however, produced heterogeneous sPSC events comprising 
a mixture of either fast or slow τ-decay kinetics (SI Appendix, 
Fig. S5J). The slower sPSCs, in particular, could not be prevented 
by CNQX but acute treatment of PTX, suggesting a successful 
activation of postsynaptic GABAARs by delayed supply of vesicular 
GABA (Fig. 6 D and E). Thus, self-organizing GABAergic post-
synaptic structures could be functionally stimulated by de novo 
biosynthesis and ectopic release of presynaptic GABA.

Gephyrin and Collybistin Support the Functional Activation of 
GABAergic Postsynapses. To explore whether GABA transmission 
can influence the morphological properties of corresponding 
postsynaptic structures, we coimmunostained the cells with NLGN2 
and vGAT antibodies. We noticed that deferred transduction of 
V57 factors caused a minor increase in NLGN2 puncta size without 
changing its density (Fig. 6 F and G). In the V57 condition, however, 
a large fraction of postsynaptic NLGN2 clusters were found to be 
aligned with presynaptic vGAT signals (Fig. 6 F and H). Similarly, 
delayed GABA release also triggered a significant but modest rise 
in Gephyrin density without affecting its cluster size (Fig. 6 I and 
J). Nevertheless, in the V57 condition, we detected prominent 
colocalization among GAD65/67 and Gephyrin signals (Fig. 6 
I and K). Delayed V57 transduction did not significantly alter 
the positions of a few Gephyrin puncta that were mistargeted to 
vGLUT terminals, but substantially augmented their association 
with vGAT terminals (SI Appendix, Fig. S5I). Hence, vesicular 
GABA supply can further modulate preexisting GABAergic 
postsynaptic structures.

To verify whether Gephyrin aggregation was necessary for 
delayed activation of GABAARs, we subsequently transduced both 
GephyrinKO and hPEM-2KO neurons with V57 factors on day 30 
and monitored the apposition of GABAAR α3 with vGAT-positive 
puncta on day 51 (Fig. 6A). With respect to WT neurons, the KO 
conditions did not exhibit any significant difference in exogenous 
vGAT levels, suggesting comparable transgene expression (Fig. 6L). 
Both hPEM-2KO and GephyrinKO cells, however, displayed pro-
found reduction in their ability to recruit GABAARs near the 
vGAT-positive terminals (Fig. 6L). When vesicular GABA was 
released by presynaptic stimulation, the WT neurons produced 
robust and reliable inhibitory PSCs (Fig. 6M). Amplitudes of these 
evoked PSCs were considerably attenuated in hPEM-2KO, and 
virtually eliminated for GephyrinKO neurons (Fig. 6M). These 
results suggest that dysregulation of Gephyrin can lead to severe 
deficit in the autonomous assembly of GABAergic postsynaptic 

machineries and their subsequent functional activation by presyn-
aptic GABA release.

Discussion

Synapse assembly requires accurate alignment of presynaptic 
release sites with postsynaptic receptors. How neurons accomplish 
this precise structural configuration across trans-synaptic space is 
not understood. Sensory deprivation and pharmacological inhi-
bition of overall activities were shown to affect cellular morphology 
and alter synaptogenesis by impaired axonal innervation (35–38). 
These results infer that transmitter release may instruct synapse 
formation. Nevertheless, acute silencing of transmitter release by 
genetic manipulations does not inhibit the initiation of synaptic 
contacts but instead impacts their long-term maintenance (39–45). 
Therefore, cell-autonomous mechanisms could also potentially 
contribute to the proper localization and unique distribution of 
synaptic elements, irrespective of neurotransmitter signals. Here, 
we provide additional evidence in support of this second model by 
elucidating the key factors that guide GABAergic postsynapse devel-
opment without presynaptic GABA.

We observed that several GABAergic postsynaptic proteins, 
e.g., Gephyrin, NLGN2, GABAAR α/β/γ subunits, can ade-
quately distribute along the dendritic branches of human neu-
rons without GABAergic activities, and congregate at subsynaptic 
domains lacking GABA (Figs. 1 and 2 and SI Appendix, Fig. S2). 
These results are in agreement with previous reports from rodent 
neurons grown as autaptic microisland cultures, or Caenorhabditis 
elegans neuromuscular junctions, which also detected efficient 
GABAAR apposition with GABA-free inputs (46, 47). Moreover, 
a recent study demonstrated that synaptic GABAAR nanodo-
mains continue to develop despite global disruption of neuro-
transmitter release by tetanus neurotoxin (TeNT) (48). Based on 
current findings, we conclude that this fundamental principle of 
synapse organization is commonly shared across multiple species, 
and operates similarly in human cellular environment.

Of note, Ngn2 neurons produced an extensive number of 
Synapsin, Syt1, and SV2-positive synaptic terminals with Bassoon- 
containing active-zone machineries, but only a fraction of them 
possessed glutamatergic vGLUT signals, indicating the probable 
existence of silent presynapses with transmitter-free empty vesicles 
(Figs. 1 and 2 and SI Appendix, Fig. S5). In the absence of GABA, 
GABAergic postsynaptic components were localized indiscriminately 
at all synapses, with a minor fraction even mistargeted to vGLUT- 
labeled glutamatergic terminals (SI Appendix, Fig. S5), as similarly 
observed in the rodent system (46, 49). After V57 transduction, many 
of these endogenous Gephyrin–NLGN2–GABAAR clusters began to 
appose presynaptic terminals that now contained exogenous vGAT 
and GAD65/67, triggering functional GABAergic activities (Fig. 6 
and SI Appendix, Figs. S5 and S6).

In addition to prolonged incubation with GABAAR and 
GABABR antagonists, which excluded the possible contribution 
of any residual GABA receptor activities from nonsynaptic sources, 
a pharmacological silencing of glutamatergic AMPAR and 
NMDAR also failed to suppress GABAergic postsynapse forma-
tion (Fig. 3 and SI Appendix, Fig. S3). Taken together, our results 
suggest that global synaptic activities including GABA release itself 
could be largely dispensable for the initial arrangement of 
GABAergic postsynaptic elements. An identical phenomenon was 
described for glutamatergic postsynapse development, which 
could also originate independently of glutamate transmission, 
when vesicular release was broadly interrupted by TeNT, or KOs 
of Ca2+ channels and Munc13/18 isoforms (39–45).
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Fig. 6.   Functional stimulation of GABAergic postsynapse by a delayed supply of presynaptic GABA. (A) Neurons were allowed to mature until day 30, then 
transduced with lentiviruses expressing V57 transgenes, and subsequently analyzed at day 51. (B and C) Representative images (Left) and average density or 
cluster size (Right) of vGAT (B) and GAD65/67 (C) puncta formed on MAP2-positive dendrites in control (Ctrl) vs. V57 conditions. (D and E) Sample traces of sPSC 
events (D) recorded from control (Ctrl, Top) vs. V57-transduced (Bottom) neurons, before (No drug, Left) and after acute bath-application of CNQX (Middle) or 
CNQX + PTX (Right); Insets = boxed regions magnified, arrowheads point at events with fast (black) vs. slow (purple) τ-decays. Average sPSC frequencies (E) before 
and after drug treatments. (F) Example images of Ctrl vs. V57-transduced neurons immunostained for MAP2, NLGN2, and vGAT, with boxed areas magnified 
(Right). For the V57 condition, merged signals (i.e., NLGN2 and vGAT) are further enlarged and depicted as individual channels with shared territories (Bottom). 
(G) Average density and size of NLGN2 clusters along MAP2-positive dendrites. (H) Spatial apposition of postsynaptic NLGN2 with presynaptic vGAT, depicted as 
superimposed intensity profiles (Left, gray area) from V57 conditions [dotted lines, panel (F) Inset]; percentages of NLGN2 signals (Right) colocalized with vGAT 
puncta in control vs. V57 conditions. (I–K) Same as (F–H), except for colocalizations between Gephyrin and GAD65/67. (L) WT vs. hPEM-2KO and GPHNKO neurons 
were transduced by V57 factors (day 30 to 51). Representative images (Left) of dendritic branches coimmunostained for MAP2, vGAT, and surface epitope of 
GABAAR α3 (color-coded); average density of vGAT puncta and its relative apposition with α3 signals (Right). (M) Example recordings (Left; superimposed traces 
from 10 consecutive trials) and average peak amplitudes (Right) of inhibitory PSCs evoked by presynaptic stimulations (arrows, stimulus artifacts erased for 
clarity) in WT vs. hPEM-2KO and GPHNKO neurons at day 51. Summary graphs reflect means ± SEM. Statistics: Two-tailed, Student’s t test, with ***P < 0.005;  
**P < 0.01; *P < 0.05; ns = not significant (P > 0.05).D
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Interestingly, despite a complete absence of GABA signaling, 
the Gephyrin scaffold remained physically isolated from its glu-
tamatergic counterparts, e.g., Homer and PSD-95, even when 
they occasionally positioned adjacent to each other (Fig. 2 and 
SI Appendix, Fig. S2). Furthermore, within the same subsynaptic 
space, GABAergic postsynaptic CAM NLGN2 was preferentially 
captured by Gephyrin but not Homer clusters (Fig. 2). Therefore, 
the availability of separate presynapses with different neurotrans-
mitter identities might not be absolutely necessary for the spatial 
segregation and compositional specificity of glutamatergic vs. 
GABAergic postsynapses, which instead could reflect an inherent 
mechanism defined by molecular interactions and/or intrinsic 
biophysical properties. For instance, liquid phase separation can 
directly contribute to a mutually exclusive organization of these 
two distinct postsynapses even during in vitro reconstitution, as 
demonstrated by a seminal study (50).

We noticed that genetic deletion of Gephyrin severely disrupted 
the submembrane accumulation of GABAARs at both GABA- 
deficient and GABAergic human postsynapses (Figs. 4 and 6 and 
SI Appendix, Figs. S4 and S5). Hence, Gephyrin provides a crucial 
structural support for postsynaptic assembly, regardless of GABA 
signals. Of note, acute uncaging of GABA can directly promote 
Gephyrin aggregation, implying that activity-dependent pathways 
could further influence this process (26). In addition, earlier studies, 
including our own, have reported that chronic pharmacological 
inhibition of GABAergic activities can decrease, but does not com-
pletely abolish, subsynaptic accumulation of Gephyrin–GABAAR 
(24, 25, 27, 51). We now illustrate that “orphan” GABAergic post-
synapses developed without activity could be functionally stimulated 
post hoc by delayed supply of vesicular GABA, which further 
enhances Gephyrin clustering (Fig. 6). Therefore, GABA release can 
facilitate the maturation and/or long-term maintenance of existing 
postsynaptic structures (SI Appendix, Fig. S6).

We found strong evidence that GABAergic postsynapse assem-
bly is critically regulated by a Rho-GEF factor Collybistin, also 
in a human cellular context. Isogenic KO of hPEM-2, i.e., human 
ortholog of Collybistin, produced a significant loss of Gephyrin 
scaffold and its association with NLGN2 and GABAARs (Fig. 5). 
This provided another example of how intrinsic pathways can 
modulate the NLGN2–Gephyrin–GABAAR complex, while oper-
ating independently of GABAergic activity. Even when GABA 
was later made available, hPEM-2KO cells continued to elicit 
decreased amount of postsynaptic GABAARs and diminished 
GABAergic synaptic strength (Fig. 6). Multiple loss-of-function 
mutations in hPEM-2 have been described in X-linked mental 
disorder, epilepsy, and hyperekplexia (52, 53). Our data indicate 

that dysregulation of GABAergic synapse assembly could be a 
probable pathogenic mechanism.

In the future, it would be important to explore how these 
self-organizing GABAergic postsynapses are able to recognize and 
appropriately align with GABA-less presynapses. Gephyrin itself 
is an intracellular protein that needs to receive spatial cues for 
correct subsynaptic trafficking. It is plausible that cis-interactions 
with certain CAMs including NLGN2, Slitrk3, etc., or even 
GABAAR itself might enable Gephyrin monomers to initially 
localize underneath the postsynaptic membranes [(12, 20, 54); 
Fig. 3]. This nascent complex could consequently become enriched 
by Gephyrin’s oligomerization properties and its binding affinities 
for other proteins, further modulated by Collybistin. Alternative 
splicing and posttranslational modifications of Gephyrin might also 
facilitate its assembly [(55, 56); Fig. 4, and SI Appendix, Fig. S4]. It 
was also unclear why GABA-free postsynapses failed to capture α2 
containing GABAAR or β-Dystroglycan (Figs. 1 and 2). Their syn-
aptic association might require additional factors that were not 
addressed in our current study.

Summary Methods

All iPS cell culture methods and lentivirus production procedures 
were authorized by the institutional biosafety committee (IBC 
protocol # 19-059B) of Colorado State University. Primary glia 
extractions from the mouse brain were approved by the institu-
tional animal care and use committee (IACUC protocol # 1482). 
For detailed Experimental Methods, see SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. Data-points from each experiment are provided as 
color-matched symbols and presented along with corresponding average values.
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