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Growth-associated protein 43 (GAP43) is known to regulate axon growth, but whether it also plays a role in synaptogenesis re-
mains unclear. Here, we found that GAP43 regulates the aggregation of gephyrin, a pivotal protein for clustering postsynaptic
GABAA receptors (GABAARs), in developing cortical neurons. Pharmacological blockade of either protein kinase C (PKC) or
neuronal activity increased both GAP43-gephyrin association and gephyrin misfolding-induced aggregation, suggesting the im-
portance of PKC-dependent regulation of GABAergic synapses. Furthermore, we found that PKC phosphorylation-resistant
GAP43S41A, but not PKC phosphorylation-mimicking GAP43S41D, interacted with cytosolic gephyrin to trigger gephyrin mis-
folding and its sequestration into aggresomes. In contrast, GAP43S41D, but not GAP43S41A, inhibited the physiological aggrega-
tion/clustering of gephyrin, reduced surface GABAARs under physiological conditions, and attenuated gephyrin misfolding un-
der transient oxygen-glucose deprivation (tOGD) that mimics pathological neonatal hypoxia. Calcineurin-mediated GAP43
dephosphorylation that accompanied tOGD also led to GAP43-gephyrin association and gephyrin misfolding. Thus, PKC-de-
pendent phosphorylation of GAP43 plays a critical role in regulating postsynaptic gephyrin aggregation in developing GABAer-
gic synapses.

Proper development of inhibitory GABAergic synapses is criti-
cal for establishing an excitatory/inhibitory balance in the

neural network (1, 2). The impairment of postsynaptic GABAA

receptor (GABAAR) activity is a major cause of neuronal hyperac-
tivity, affecting cognitive development and psychosocial behav-
iors (3, 4). Postsynaptic surface insertion and clustering of
GABAARs determine the efficacy of GABAergic synapses (4, 5).
Gephyrin, a microtubule-associated protein, is a key scaffolding
protein that requires the GABAAR �2 subunit for clustering
GABAARs at the postsynaptic membrane (6, 7). The lack of neu-
ronal gephyrin reduces postsynaptic GABAAR clustering, thereby
impairing inhibitory synaptic transmission (8, 9).

In central neurons, gephyrin monomers oligomerize to form a
hexagonal lattice, also called gephyrin clusters, underneath the cell
surface membrane to anchor postsynaptic GABAARs (10). How-
ever, numerous studies have shown that gephyrin is an aggrega-
tion-prone protein that forms large clumps when expressed in
nonneural cells or cell-free systems (11, 12). Instead, gephyrin in
neurons forms small aggregates/clusters in both the cytosol and
submembrane domain for receptor clustering, suggesting a neu-
ronal machinery that regulates gephyrin clustering. To date, a
postsynaptic protein, collybistin, a GDP-GTP exchanging factor,
is the only gephyrin-interacting protein that can effectively dis-
perse gephyrin clumps into oligomeric clusters in HEK293T cells
(13). Gephyrin scaffolding in neurons depends on the dynamic
rearrangement of microtubules and actin microfilaments at post-
synaptic sites (14, 15). Whether cytoskeleton-associated proteins
are involved in regulating gephyrin aggregation between clumps
and clusters remains unclear.

Growth-associated protein 43 (GAP43) is an activity-depen-
dent phosphoprotein that mediates neurite outgrowth in devel-
oping neurons by stabilizing actin filaments (16–18). The actin-
stabilizing activity of GAP43 depends on its phosphorylation at
serine 41 (S41), a protein kinase C (PKC)- and calcineurin-spe-
cific site (19–21). GAP43 also regulates synaptic plasticity for
memory storage in adult brains (22). The reduction of GAP43
expression in mice causes abnormal barrel cortex organization
(23) and an increase in neuronal excitation related to hyperactiv-
ity and autism-like behaviors (24, 25). Excessive GAP43 in the
brain is also a pathological indication of plasticity-associated ab-
errant sprouting and is positively correlated with the severity of
memory deficit in Alzheimer’s disease patients (26). While F-actin
also is present at postsynaptic sites and PKC is pivotal for postsyn-
aptic plasticity (27), it remained unclear whether and how PKC-
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phosphorylated GAP43 enriched in growing neurites (20, 28)
contributes to the postsynaptic plasticity involving the organiza-
tion of postsynaptic receptor scaffolding during synapse develop-
ment.

In this study, we found that GAP43 is associated with gephyrin in
early-developing cortical neurons. This association could be en-
hanced by pharmacological blockade of PKC and neuronal activities,
as well as pathological insults that activate calcineurin. We found that
these effects could be attributed to the phosphorylation status of
GAP43-S41, which modulates GAP43-gephyrin association. Further
studies revealed a novel regulatory action of GAP43 on gephyrin ag-
gregation between misfolded aggregates and physiological clusters.
This PKC-dependent phosphorylation of GAP43 may contribute to
the proper development of GABAergic synapses.

MATERIALS AND METHODS
Animals. Pregnant female Sprague-Dawley (SD) rats, obtained from Bio-
LASCO Taiwan Co., were used to harvest embryonic rats for the primary
culture of cortical neurons. Postnatal day 2 (P2) SD rat pups were used in
neonatal hypoxia experiments. Animal experimentation procedures were
reviewed and approved by the Experimental Animal Review Committee
at National Yang-Ming University and were according to the Guide for the
Care and Use of Laboratory Animals (29) and the U.S. National Institutes
of Health guidelines for the care and use of animals for experimental
procedures.

Drug treatment. Pharmacological compounds, including PKC inhibitor
Ro318220 (Ro), PKA inhibitor Rp-8-Br–cyclic AMP (cAMP), mitogen-acti-
vated protein kinase (MAPK) kinase (MEK) inhibitor PD-98059, calcineurin
inhibitor FK506, and calcium ionophore ionomycin were obtained from Sig-
ma-Aldrich. GABAA receptor agonist muscimol and tetrodotoxin (TTX)
were obtained from Tocris Bioscience. Fura-2 acetoxymethyl ester (AM) was
obtained from Molecular Probes.

Primary culture of rat cortical neurons and HEK293T cell culture.
Primary cultured cortical neurons were prepared from embryonic day 17
(E17) fetal rats as previously described (30). Cortical neurons were cul-
tured in neurobasal medium (Invitrogen) in 5% CO2 at 37°C for 4 days in
vitro (DIV) or 11 DIV, which represent early- and late-developing neu-
rons, respectively. HEK293T cells were maintained in Dulbecco’s modi-
fied Eagle medium (DMEM) (Invitrogen) with 10% fetal bovine serum in
5% CO2 at 37°C.

LC-MS/MS analysis for identifying GAP43-interacting proteins.
Total cell lysate of primary cultured rat cortical neurons at 4 DIV were
harvested and incubated with anti-GAP43 antibody. Immune complex
was purified and separated by SDS-PAGE, followed by in-gel trypsin di-
gestion. Peptide was analyzed by using nano-liquid chromatography-
nano electrospray ionization tandem mass spectrometry (nano-LC-nano-
ESI-MS/MS) analysis on a nanoAcquity system (Waters, Milford, MA)
connected to an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) equipped with a nanospray interface
(Proxeon, Odense, Denmark). The mass spectrometer was operated in the
data-dependent mode. Raw files were transformed to msm files using
RAW2MSM v.1.10 software (Matthias Mann) using default parameters
and without any filtering, charge state deconvolution, or deisotoping. The
msm files were searched against the Swiss-Prot Rattus database (7,917
sequences) using a Mascot Daemon 2.4.0 server. In order to estimate the
false discovery rate (FDR), the decoy search option was allowed. The
significance threshold was adjusted to keep an FDR of �1% for the or-
bitrap data in this study.

Co-IP, Western blotting, and biotinylation assay. The coimmuno-
precipitation (co-IP) and Western blotting was performed as previously de-
scribed (31). For coimmunoprecipitation, 600 to 1,200 �g total proteins of
cortical neuronal lysate were incubated with 2 �g anti-GAP43 (Millipore),
antigephyrin (Santa Cruz), or anti-Flag (Sigma) antibodies and protein G-
Sepharose beads, and the immune complex was washed and eluted for West-

ern blotting. Primary antibodies used for Western blotting were mouse anti-
GAP43 (Millipore), rabbit anti-S41-phosphorylated GAP43 (pGAP43-S41;
Millipore), rabbit or mouse antigephyrin (Santa Cruz), mouse anti-Na�/K�-
ATPase �3 (Santa Cruz), rabbit anti-GABAAR�2 (Alpha Diagnostic), mouse
anti-Flag M2 (Sigma), mouse anti-PSD95 (NeuroMab), and mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Biogenesis) anti-
bodies. The immune complex was further probed with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Jackson) and then visualized
using HRP-reactive ECL reagents (GE Healthcare). The protein bands were
detected by NightOWL LB 981, and the intensity was analyzed and quantified
by Berthold WinLight32 (Berthold Technologies). Surface GABAAR expres-
sion was detected by using a biotinylation assay using a Pierce cell surface
protein isolation kit to obtain surface protein (Thermo) as described previ-
ously (30). The biotinylated surface proteins were Western blotted using rab-
bit anti-GABAAR�2 or mouse anti-Na�/K�-ATPase �3 antibody.

Immunofluorescence and confocal microscopic imaging. Immuno-
fluorescent staining of GAP43 and gephyrin in cultured cortical neurons
was performed as previously described (30). Fluorescence-conjugated
secondary antibodies used for labeling primary antibody-bound GAP43
or gephyrin were fluorescein isothiocyanate (FITC)-conjugated goat anti-
rabbit IgG, Texas Red-conjugated goat anti-rabbit IgG, Texas Red-conju-
gated goat anti-mouse IgG (Jackson), and Alexa Fluor 633– goat anti-
mouse IgG (Invitrogen). 4=,6-Diamidino-2-phenylindole (DAPI) (Abcam) was
used for nuclear staining. For determination of misfolded protein aggre-
gates and aggresomes, fixed cells were stained using the aggresome detec-
tion reagent (ADR) Proteostat (Enzo), a molecular rotor dye that becomes
fluorescent when binding to the �-sheet structure of misfolded proteins
(32), according to the manufacture’s protocol (Enzo). The fluorescent
images and colocalization signals of the merged images (based on colocal-
ized pixel areas) were processed and analyzed by confocal microscopy
(FV1000; Olympus) and MetaMorph 7.7.0.0 software (Molecular De-
vice). For the measurement of misfolded gephyrin aggregates and physi-
ological gephyrin clusters in neurons, the signal of gephyrin immuno-
staining was separated with the color separate tool of MetaMorph Display
software from the selected cell area. Thresholded images of gephyrin
staining then were used to show all of the analyzed clusters/aggregates.
The Integrated Morphometry Analysis tool of MetaMorph measurement
software was used to count the total number of gephyrin clusters/aggre-
gates with sizes larger than 0.04 �m2. The total area of gephyrin clusters/
aggregates per neuron also was measured. Misfolded gephyrin aggregate
signals then were obtained by masking the total gephyrin signal with the
ADR-stained signal to obtain the number of misfolded gephyrin aggre-
gates per neuron. The properly folded gephyrin cluster number and total
area per neuron were obtained by subtracting the data for misfolded
gephyrin clusters/aggregates from the data for total gephyrin clusters/
aggregates. The size distribution of gephyrin clusters under each condi-
tion also was analyzed and expressed as cumulative frequency.

Site-directed mutagenesis of rat GAP43. A Ser41-to-Ala GAP43 mu-
tant (GAP43S41A) and a Ser41-to-Asp GAP43 mutant (GAP43S41D) were gen-
erated as described previously, with minor modifications (33, 34). The S41
residue of GAP43 was replaced with an alanine or aspartic acid residue by
priming with oligonucleotide 5=-GCAACCAAAATTCAGGCTGCCTTCCG
TGGACACATA ACA-3= or 5=-GCAACCAAAATTCAGGCTGACTTCCGT
GGACACATAACA-3=, respectively. The Flag-tagged GAP43 plasmids, in-
cluding pCMV-Tag2B-GAP43S41A, pCMV-Tag2B-GAP43S41D, and pCMV-
Tag2B-GAP43-WT, and the Myc-tagged gephyrin plasmid pCMV-
Tag3B-gephyrin were constructed by inserting the DNA fragment en-
coding rat GAP43, GAP43S41A, GAP43S41D, or gephyrin between the
EcoRI and XhoI sites of pCMV-Tag2B and pCMV-Tag3B (Stratagene),
respectively. The plasmid pEGFPN1-GAP43-WT (encoding enhanced
green fluorescent protein [EGFP]-tagged wild-type GAP43), pEG-
FPN1-GAP43-S41A, and pEGFPN1-GAP43-S41D were constructed
by inserting the DNA fragments encoding the rat wild-type GAP43,
GAP43S41A, or GAP43S41D between the XhoI and EcoRI sites of
pEGFPN1 (Clontech). For DNA transfection, Lipofectamine 2000-
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mediated transfection was performed in Opti-MEM medium (Invit-
rogen) and neurobasal medium (Invitrogen) for transfection into
HEK293T and 4-DIV cortical neurons, respectively. Five hours after
the transfection, the medium of transfected HEK293T was changed to
DMEM containing 10% fetal bovine serum, and medium of trans-
fected cortical neurons was changed to neurobasal medium. The cul-
tures were subjected to further treatments 48 h after the transfection.
In immunostaining with GFP-tagged GAP43 cotransfected with myc-
tagged gephyrin, cells without GFP expression in the transfection were
termed mock cells, which served as an internal control to compare cells
with and without overexpression of transfected GAP43 in the same
transfection.

RNA knockdown. Small interfering RNA (siRNA) was used to knock
down the expression of rat gephyrin (Gphn; accession no. NM_022865) as
described previously (35). In brief, the cultured neurons (4 DIV) were
transfected with siRNAs (s134499, 5=-GAUAGUUCCUCAUCACAUAT
T-3= and 5=-UAUGUGAUGAGGAACUAUCTT-3=; s134500, 5=-CGAUC
AACACUUCUAGCAATT-3= and 5=-UUGCUAGAAGUGUUGAUCGA
T-3=; Ambion) or scrambled RNA produced by Silencer-predesigned
siRNA (Ambion) using Lipofectamine 2000 reagent for 72 h. The knock-
down efficiency was examined by Western blotting.

Measurement of intracellular Ca2� concentrations. Intracellular
calcium imaging of cultured neurons expressing GFP was modified from
previous reports (30, 36). In brief, cultured neurons transfected with
empty vector or GFP-tagged GAP43 DNA constructs, or pretreated with
PKC inhibitor Ro318220, were incubated with 2.5 �M Fura-2-AM for 30
min at 37°C and then treated with 10 �M muscimol, followed by real-time
intracellular calcium concentration ([Ca2�]i) imaging of GFP-expressing
neurons with an inverted microscope (Axiovert 200; Zeiss) using a
charge-coupled device (CCD) camera (CoolSNAP HQ; Photometrics).
The digital image processing and analysis were performed using Meta-
Fluor (Universal Imaging). The time-lapse changes of F340/F380
[�(F340/F380)], which indicate the changes of [Ca2�]i, were calculated
and plotted by subtracting the ratio obtained at each time point from the
average ratio of the baseline.

Transient hypoxia-ischemic brain injury in neonatal rats. Transient
hypoxic ischemia (tHI), which was applied 45 min after HI, followed by
reperfusion in neonatal rat brains was performed as previously described,
with minor modifications (37, 38). Since we found that GAP43-gephyrin
interaction was induced during the reoxygenation/reperfusion period in
the in vitro tHI (see Fig. 7B), transient common carotid artery (CCA)
ligation, instead of permanent CCA ligation, which is used to induce se-
vere brain damage in neonatal HI studies (39), was used to examine the
tHI-induced GAP43-gephyrin interaction in vivo. P2 SD rat pups with the
brain development stage close to the E17 embryo-derived 4- to 6-DIV

cultured neurons were used. The rat pups were separated into sham-
operated and tHI groups with 5 pups in each group. The tHI rats were
anesthetized by 1% isoflurane during the surgical procedure of right CCA
(rCCA) isolation and ligation with double live knots using a 5-0 chromic
gut (Syneture). The entire procedure was completed within 5 min to keep
the consistency of the isoflurane exposure time in each pup. Sham-oper-
ated pups were subjected to the same procedures of anesthesia, surgical
incision, and right CCA isolation. Rat pups then were placed in a water bath
in a chamber kept at a 37°C, and the chamber air was switched to 7.5% oxygen
and 92.5% nitrogen for 45 min for hypoxic insult. At the end of hypoxia, the
pup was recovered in room air with the knots on the right CCA untied for
reperfusion, and the incision was closed with fast glue. The pups then were
allowed to recover in a cage with the air temperature maintained at 30°C for
12 h and then killed with an overdose of isoflurane to harvest the left and right
cerebral cortex separately for Western blotting and co-IP.

Transient oxygen-glucose deprivation in cultured neurons. Tran-
sient oxygen-glucose deprivation treatment (tOGD), an in vitro tHI
model, was performed as previously described, with minor modifications
(40). Briefly, cortical neuron cultures were incubated in glucose-free Ear-
le’s balanced salt solution in a hypoxia chamber (BioSpherix) with the
chamber air at 1% O2 and 37°C for 1 h, and then the cultures were recov-
ered in normal oxygen/glucose-containing neurobasal medium at 37°C
for 24 h. FK506 (1 �M) treatments were applied during the recovery
period.

Statistics. Statistical analysis was performed using Prism 5 software
(GraphPad Software). Data were expressed as means 	 standard errors of
the means (SEM), and the number of batches for each experimental con-
dition was indicated as n. Data were analyzed by one-way analysis of variance
(ANOVA) followed by Newman-Keuls multiple-comparison post hoc test,
and statistical significance was set at P � 0.05, P � 0.01, or P � 0.001 versus
the respective control (Ctrl) group or the designated pair of groups unless
stated otherwise.

RESULTS
LC-MS/MS analysis identified gephyrin in GAP43-IP complex.
Previous works have characterized several GAP43-associated pro-
teins, including actin and calmodulin, in neurons under physio-
logical conditions with the roles limited to the regulation of actin
cytoskeletons in axon growth upon PKC-dependent phosphory-
lation (17, 41). In order to search for novel GAP43-interacting
proteins under pathological conditions, we exposed cultured cor-
tical neurons (at 4 DIV) to the PKC inhibitor Ro318220 and
subjected the cell lysate to anti-GAP43 immunoprecipitation
and LC-MS/MS analysis. As shown in Table 1, we identified

TABLE 1 Proteins identified with LC-MS/MS from anti-GAP43 antibody- immunoprecipitated protein complex of PKC inhibitor-treated primary
cultured rat cortical neurons at 4 DIV

Protein name Swiss-Prot identifier
Protein mass
(Da) Score

No. of matching
peptides

Heat shock protein HSP 90-alpha (Hsp90aa1) HS90A_RAT 84,762 1,114 48
Ubiquitin-like modifier-activating enzyme 1 (Uba1) UBA1_RAT 117,713 510 21
Actin, cytoplasmic 1 (Actb) ACTB_RAT 41,710 622 19
Heat shock cognate 71-kDa protein (Hspa8) HSP7C_RAT 70,827 351 12
26S proteasome non-ATPase regulatory subunit 2 (Psmd2) PSMD2_RAT 100,124 259 8
ELAV-like protein 2 (Elavl2) ELAV2_RAT 39,481 189 7
Spectrin alpha chain, non-erythrocytic 1 (Sptan1) SPTN1_RAT 284,462 166 7
Heat shock 70-kDa protein 4 (Hspa4) HSP74_RAT 93,997 152 7
Gephyrin (Gphn) GEPH_RAT 83,213 135 7
Neuromodulin (Gap43) NEUM_RAT 23,589 151 5
Kinesin heavy-chain isoform 5A (Kif5a) KIF5A_RAT 116,843 228 5
Alpha-actinin-4 (Actn4) ACTN4_RAT 104,849 133 5
Microtubule-associated protein 1B (Map1b) MAP1B_RAT 269,334 88 3

Wang et al.

1714 mcb.asm.org May 2015 Volume 35 Number 10Molecular and Cellular Biology

http://www.ncbi.nlm.nih.gov/nuccore?term=NM_022865
http://mcb.asm.org


within the GAP43-IP complex abundant actin, alpha-actinin 4,
spectrin, and ELAV-like protein 2, RNA-binding proteins that
stabilize GAP43 mRNA (42). In addition, we also found pro-
teins associated with the ubiquitin-proteosome pathway, chap-
eron proteins that prevent protein misfolding, and microtu-
bule-related proteins, including kinesin heavy chain isoform
5A (KIF5A), microtubule-associated protein 1B (MAP1B), and
gephyrin, the GABAA receptor scaffolding protein. We were
particularly intrigued by the presence of gephyrin, a postsyn-
aptic protein that was not expected to interact with GAP43,
which generally is considered to be axonal. This led to the
following study on the role of GAP43 in regulating GABAergic
synapses.

PKC blockade induced GAP43-gephyrin association in de-
veloping cortical neurons. We further confirmed the proteomic
finding described above by using coimmunoprecipitation (co-IP)
of GAP43. We found that GAP43-gephyrin interaction was mark-
edly increased up to 4.8-fold in cultured neurons treated with the
PKC inhibitor Ro318220 for 24 h (P 
 0.002) (Fig. 1A and D). The
effect of other signaling kinases known to be involved in the phos-
phorylation of GAP43 and gephyrin, such as PKA and MAPK, was
also examined. As shown in Fig. 1B, treatment with PKA inhibitor
Rp-8-Br (for 24 h) had a much smaller effect than Ro318220 in
elevating the GAP43-gephyrin interaction. MAPK inhibitor PD-
98059 appeared to reduce GAP43-gephyrin interaction, although
the level of GAP43 expression was increased (Fig. 1B). Further

FIG 1 Inhibition of PKC activity induced GAP43 interaction with gephyrin in developing cortical neurons. (A) Primary rat cultured cortical neurons at
4 DIV were treated with vehicle control (Ctrl; 0.01% dimethylsulfoxide [DMSO]) or PKC inhibitor Ro318220 (Ro; 100 nM) for 2 or 24 h and then
subjected to immunoprecipitation (IP) with mouse anti-GAP43 antibody (�-GAP43), followed by Western blotting (WB) with rabbit anti-GAP43
(�-GAP43) or antigephyrin (anti-Geph) antibody. Total cell lysate WB for the total level of GAP43 and gephyrin and the 24-h Ro group was quantified.
(B) Neurons were treated with PKA inhibitor Rp-8-Br (Rp; 100 �M), MAPK/ERK inhibitor PD-98059 (PD; 20 �M), or Ro (100 nM) for 24 h, followed
by total cell lysate WB with GAP43 and gephyrin or IP with anti-GAP43 and then WB with anti-Geph or anti-GAP43. (C and E) Immunoprecipitation with
mouse anti-Geph or normal mouse IgG, followed by WB with anti-GAP43, anti-Geph, or anti-GABAAR�2 antibody in neurons at 4 (C) or 11 (E) DIV after
the Ro318220 treatments. IgG served as the loading control. The total levels of GAP43, gephyrin, GABAAR�2, and GAPDH under each condition were
shown in the cell lysate WB. (D) Quantification of the ratio of the two coimmunoprecipitated protein band intensities in panels A and C. (F) Differential
expressions of GAP43, phosphorylated GAP43-S41 (pGAP43), gephyrin, and PSD95 in 4- and 11-DIV neurons. (G) Quantification of the relative levels
of pGAP43, GAP43, and pGAP43-41/GAP43 in 4- and 11-DIV neurons. *, P � 0.05; **, P � 0.01; ***, P � 0.001 for Ctrl versus Ro in panels A and D (n 

4) and for 4 versus 11 DIV in panel G (n 
 3) by unpaired t test.

GAP43 Regulates Gephyrin Aggregation

May 2015 Volume 35 Number 10 mcb.asm.org 1715Molecular and Cellular Biology

http://mcb.asm.org


confirmation with antigephyrin-based co-IP indicated that
Ro318220 treatment increased gephyrin-GAP43 interaction by
2.7-fold (P 
 0.002) but decreased gephyrin-GABAAR�2 interac-
tion to 63.8% (P 
 0.006) (Fig. 1C and D). Notably, total cell
lysate Western blotting (WB) indicated that 24 h of Ro318220
treatment increased the total level of GAP43 by 1.8-fold (P � 0.05)
(Fig. 1A), which could be due to compensation for the decrease in
GAP43 activity but was less than the fold increase in the GAP43-
gephyrin association. The total levels of gephyrin and GABAAR�2
were not affected by the Ro318220 treatment.

The observations described above were obtained from cul-
tured cortical neurons at 4 DIV, which is considered to be a stage
prior to synaptogenesis (35). We then examined whether the PKC
inhibitor-induced GAP43-gephyrin association would occur at 11
DIV, when synapses are formed. Immunoblotting results showed
that GAP43-gephyrin association in 11-DIV neurons was barely
detectable in both Ro318220- and vehicle-treated groups (Fig.
1E). This difference may result from differential expression levels
of GAP43 or gephyrin at these two developmental stages. Indeed,
we found that the levels of both GAP43 and its S41-phosphory-
lated form (pGAP43) were higher at 4 than 11 DIV (4 versus 11
DIV, P 
 0.012 for GAP43, P � 0.0001 for pGAP43, and P 
 0.005

for pGAP43/GAP43.) (Fig. 1F and G), whereas gephyrin and
PSD95 (an excitatory postsynaptic receptor scaffolding protein)
were more abundant at 11 DIV (Fig. 1F). Thus, the higher levels of
GAP43 and pGAP43 may account for the robust effect of the PKC
inhibitor on GAP43-gephyrin interaction.

Blocking PKC/neuronal activities promoted GAP43-gephy-
rin colocalization and gephyrin misfolding. Based on the
GAP43/gephyrin co-IP results, we further investigated the subcel-
lular localization of GAP43 and gephyrin in cultured cortical neu-
rons. Using confocal microscopy, we found that GAP43 and
gephyrin immunoreactivities distributed in relatively segregated
small clusters in the submembranous region of neuronal soma in
4-DIV neurons, and the GAP43 immunoreactivities became
much weaker in 11-DIV neurons, where prominent gephyrin
clusters were observed along the somatodendritic surface (Fig.
2A). Treatment with Ro318220 (24 h) enhanced GAP43-gephyrin
colocalization to a much greater degree in 4- than 11-DIV neurons
(P � 0.001 between 4- and 11-DIV Ro groups) (Fig. 2A and C).
Notably, the gephyrin immunoreactivities in the Ro318220-
treated neurons appear to form cytosolic aggregates in irregular
shapes, while the neurons appeared to be morphologically intact.
In order to further define the nature of gephyrin aggregates, we

FIG 2 Blockade of PKC or neuronal activity induced GAP43-gephyrin colocalization and gephyrin misfolding in developing cortical neurons. Immunofluo-
rescent confocal microscopic images of 4-DIV (A) or 11-DIV (B) cortical neurons treated with vehicle (Ctrl), Ro, or TTX (1 �M) for 24 h. The merged images
were from the respective dashed-line-framed area in the single-color images. Green, GAP43; red, gephyrin (Geph); blue, ADR-labeled misfolded protein.
Arrowheads, GAP43-Geph colocalization (yellow signals in the GAP43/Geph panel); dashed arrows, misfolded Geph (purple signals in the Geph/ADR panel);
solid arrows, red clusters in the Geph-ADR panel indicating physiological gephyrin cluster signals. (C) Quantitative results of the GAP43-Geph colocalization
(n 
 5 for 4 DIV; n 
 15 to 35 for 11 DIV). (D) The percentage of misfolded Geph aggregate-containing neurons in each group (n 
 6 for 4 DIV; n 
 3 to 5 for
11 DIV). (E) The populations of misfolded Geph-containing neurons that showed GAP43� or GAP43� immunoreactivities in the misfolded Geph aggregates
under each condition. Numbers of cells counted under each condition were 91 (4 DIV-Ctrl), 119 (4 DIV-Ro), 98 (4 DIV-TTX), 77 (11 DIV-Ctrl), 46 (11
DIV-Ro), and 48 (11 DIV-TTX). n.s., not significant. (F) The number of Geph clusters per neuron in each treatment, determined by counting the red cluster
signals with a diameter of �0.04 �m in the Geph-ADR merged images using MetaMorph Imaging (n 
 6 for 4 DIV; n 
 3 in 11 DIV). P � 0.05 (&), P � 0.01
(&&), and P � 0.001 (&&&) between Ro and TTX groups of the same DIV. P � 0.05 (#) and P � 0.001 (###) between 4 and 11 DIV of the same treatment. Fisher’s
exact test was used for panel E.
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used an aggresome detection reagent (ADR), which labels mis-
folded proteins, together with immunostaining of gephyrin. The
gephyrin aggregates with and without ADR costaining represent
misfolded aggregates and properly folded clusters, respectively. As
shown in Fig. 2A (Geph/ADR images), Ro318220 treatment
markedly increased the percentage of neurons exhibiting mis-
folded gephyrin aggregates at both 4 and 11 DIV (in the 4-DIV
control, 4.8%; Ro, 42.7%; P � 0.001; in the 11-DIV control, 9.2%;
Ro, 53.9%; P � 0.001.) (Fig. 2D). Notably, GAP43 was found in
the ADR-labeled gephyrin aggregates at both stages (Fig. 2A and
E). Correspondingly, properly folded gephyrin clusters, which
were not labeled by ADR, were greatly reduced by the Ro318220
treatment (P � 0.05 for Ctrl versus Ro at both 4 and 11 DIV)
(Fig. 2F).

Since neuronal activity is the major physiological signal reg-
ulating PKC activity in developing neurons, we further exam-
ined whether blocking neuronal activity with the Na� channel
blocker tetrodotoxin (TTX; 1 �M, 24 h) can induce GAP43-
gephyrin colocalization and gephyrin misfolding. Interest-
ingly, we found that TTX-treated 4-DIV neurons exhibited
gephyrin-containing aggresome-like structures at the perinu-
clear region and along neurites, and GAP43 immunoreactivi-
ties were absent from these aggresomes (Fig. 2B and D). GAP43
and gephyrin immunoreactivities were more segregated in 4-
but not 11-DIV neurons that survived well under the treat-
ment. As a result, the TTX-induced increase of GAP43/gephy-
rin colocalization at 4 DIV was less than that found in the
Ro318220 treatment (Fig. 2B and C) (for TTX versus Ro, P �
0.001 at 4 DIV), whereas their effects were similar at 11 DIV.
TTX also reduced the properly folded gephyrin clusters at both
stages (P � 0.05 for TTX versus the control in both 4- and
11-DIV neurons) (Fig. 2F).

Together with the information shown in Fig. 1, these immu-
nostaining data further suggest that blocking PKC/neuronal activ-
ities increased GAP43-gephyrin colocalization/interaction mainly
in the soma of GAP43-enriched developing neurons. Moreover,
both treatments reduced gephyrin clusters, possibly via inducing
gephyrin misfolding into aggregates, albeit with differential sub-
cellular localizations and interaction with GAP43.

GAP43 with S41A and S41D mutations differentially associ-
ated with gephyrin and affected gephyrin aggregation. Gephyrin
clustering is known to be regulated by actin polymerization in the
postsynaptic microfilaments (15), but whether the phosphoryla-
tion status of GAP43 at S41, which regulates actin polymerization,
is involved in the gephyrin clustering by interacting with gephyrin
was unknown. We found that both Ro318220 and TTX treatments
reduced the GAP43-S41 phosphorylation to 0.68-fold (P 

0.0026) and 0.64-fold (P � 0.001), respectively, compared to that
of the control group in 4-DIV cortical neurons (Fig. 3A). Thus, we
generated Flag- and GFP-tagged expression constructs of wild-
type GAP43 (GAP43WT) and two GAP43 mutants, with the re-
placement of S41 with alanine (GAP43S41A) or with glutamate
(GAP43S41D) mimicking S41-unphosphorylated and -phosphor-
ylated GAP43, respectively, and transfected them into 4-DIV neu-
rons to further investigate their association with the endogenous
gephyrin. The co-IP data showed that Flag-tagged GAP43S41A

could bond more strongly with gephyrin than GAP43S41D or
GAP43WT (GAP43S41D, 0.91-fold; GAP43S41A, 1.48-fold; P � 0.01
versus GAP43WT) (Fig. 3B). Notably, none of these GAP43 trans-
fections affected the total level of gephyrin as examined by cell

lysate WB (Fig. 3B). Immunostaining of GFP-tagged GAP43 and
endogenous gephyrin in combination with ADR staining further in-
dicated that the GFP-gephyrin colocalization signals were stronger in
GAP43S41A- than in GAP43WT- or GAP43S41D-expressing neurons
(GAP43WT, 26.84%; GAP43S41A, 52.80%; P � 0.001 versus
GAP43WT) (Fig. 3C and D). In addition, only GAP43S41A overexpres-
sion, but not GAP43S41D or GAP43WT overexpression, induced
gephyrin misfolding (Fig. 3C and E). Notably, GAP43S41A induced
gephyrin-containing perinuclear aggresome formation, and
GAP43S41A/gephyrin colocalization was found mainly along the
outer surface but not within the gephyrin aggresome.

We further examined the effect of mutated GAP43 on the phys-
iological gephyrin clusters. Surprisingly, the image analysis result
indicated that the numbers of gephyrin clusters per neuron were
preserved in the GAP43S41A-expressing neurons but were reduced
in GAP43WT and mostly eliminated by GAP43S41D compared with
their levels in the respective mock cells (Fig. 3C and F). Significant
difference was observed between the GAP43S41A and GAP43S41D

groups (P 
 0.007) but not between GAP43WT and either of these
two mutants. Notably, GAP43S41D induced the reduction of
gephyrin immunoreactivities but did not do so in the total cell
lysate WB (Fig. 3B), which could be due to the low immunoreac-
tivities of unaggregated gephyrin or the additional signals from
nontransfected cells in Western blotting. We further analyzed the
size distribution of gephyrin clusters in all GFP-positive neurons
of each transfection group. Our data showed that GAP43WT, but
not GAP43S41A or GAP43S41D, significantly reduced gephyrin
cluster size population-wise compared with those of mock cells, as
indicated by a leftward shift of the cumulative frequency curve
(P � 0.05 between GAP43WT and mock cells) (Fig. 3G). The size
distribution of the gephyrin cluster in the GAP43S41D group also
was smaller than that of the GAP43S41A group (P � 0.01), but
none of them was significantly different from that of the GAP43WT

group.
Together, these results suggest that dephosphorylated GAP43

at S41 strongly interacts with gephyrin and triggers gephyrin ag-
gresome formation, leading to the protection of physiological
gephyrin clusters. In contrast, an increase of phosphorylated
GAP43-S41 may lead to the negative regulation of gephyrin clus-
tering in developing neurons.

S41-phosphorylated GAP43 inhibited gephyrin aggregation
in HEK293T cells. Although gephyrin forms submembranous
clusters in neurons, it is also known to form large aggregates/
clumps in nonneuronal cells (13, 43). We examined how GAP43
and its two S41 mutants could differentially affect gephyrin fold-
ing and aggregation in HEK293T cells. Immunostaining results
indicated that cells monotransfected with Flag-tagged GAP43S41A

or GAP43S41D showed diffused cytoplasmic GAP43 immunoreac-
tivities (Fig. 4A). Cells monotransfected with myc-tagged gephy-
rin (myc-Geph) exhibited gephyrin immunoreactivities in both
diffused form and spherical aggregates/clumps in the cytoplasm
(Fig. 4B), similar to results of other reports (11, 13). Notably,
neither form of gephyrin was colabeled with ADR, as shown by
the lack of purple signals in the merged Geph-ADR image,
suggesting that gephyrin clumps were derived from polymer-
ization of properly folded, rather than misfolded, gephyrin. No
immunoreactivity of gephyrin or GAP43 was detected in the
GAP43 mutant- or gephyrin-monotransfected cells, confirm-
ing that they are not endogenously expressed in HEK293T cells.
In the gephyrin-GAP43 cotransfection, we found distinct ef-
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fects of the two GAP43-S41 mutations on gephyrin aggrega-
tion. First, the GFP-gephyrin colocalization signals were higher
in the cells expressing GAP43S41A (49.95%) than in cells ex-
pressing GAP43WT (33.92%) or GAP43S41D (29.96%), whereas
no significant difference was observed between the GAP43S41D

and GAP43WT groups (P � 0.01 for GAP43S41A versus
GAP43WT, P � 0.05 for GAP43S41D versus GAP43WT, and P �
0.001 for GAP43S41A versus GAP43S41D) (Fig. 4B, GFP-Geph,
and C). Notably, the GFP-GAP43S41A colocalization was found
mainly in the diffusively distributed but not aggregated gephy-
rin in the cytoplasm. The co-IP result of Flag-GAP43 and
gephyrin further indicated that GAP43S41A was more abundant
than GAP43S41D in the antigephyrin-IP complex (Fig. 4F) when

the total input levels of the two GAP43 mutants were similar
(Fig. 4G). Second, gephyrin aggregates were found mostly di-
minished in the gephyrin/GAP43WT- and gephyrin/
GAP43S41D-cotransfected cells while being observed in the
gephyrin/GAP43S41A-cotransfected cells (Fig. 4B), similar to
their inhibitory effect on gephyrin clustering in neurons.
Quantitative analysis further indicated that the percentage of
gephyrin aggregate-containing cells was much lower in the
GAP43S41D-gephyrin cotransfection than in the gephyrin
monotransfection or gephyrin-GAP43S41A cotransfection (Fig.
4C). Lastly, unlike in the gephyrin-monotransfected cells, we
found that the spherical/perinuclear aggregates and the diffu-
sively distributed forms of gephyrin both were colabeled with

FIG 3 GAP43-S41 mutants differentially interacted with gephyrin and affected gephyrin aggregation in cortical neurons. (A) Western blotting of pGAP43-S41,
total GAP43, and GAPDH in 4-DIV neurons treated with Ro (0.1 �M) or TTX (1 �M). The pGAP43-S41/GAP43 ratio (normalized by GAPDH) was used to
indicate phosphorylated GAP43 at S41. **, P � 0.01; ***, P � 0.001 by unpaired t test; n 
 3. (B) Coimmunoprecipitation of Flag-tagged GAP43WT (WT) or the
GAP43S41A (S41A) or GAP43S41D (S41D) mutant with gephyrin (Geph) in Flag-GAP43-transfected neurons. The IgG signal served as the loading control. **, P �
0.01 versus the WT; n 
 3. Total cell lysate WB of Geph showed no difference among groups. (C) Immunofluorescent confocal images of neurons transfected with
GFP-tagged WT, S41D, or S41A. Green, GFP; red, Geph; blue, ADR-labeled misfolded protein; gray, DAPI. Arrowheads, GFP-Geph colocalization (yellow
signals in GFP/Geph panel); arrows, physiological Geph clusters (red puncta in the Geph/ADR panel); dashed arrows, misfolded Geph (purple signals in the
Geph/ADR panel); m, mock cells. (D) The percentage of GFP-Geph colocalization signals in panel C. Cell numbers counted were the following: WT, 20; S41D,
15; S41A, 18. ***, P � 0.001 versus WT results. (E) The percentage of misfolded Geph aggregate-containing neurons. W-mock, D-mock, and A-mock indicate
mock cells in WT, S41D, and S41A transfection, respectively. **, P � 0.01 versus the respective mock group; P � 0.01 (##) and P � 0.001 (###) versus S41A; n 

5 to 8. (F) The number of Geph clusters per neuron. Cell numbers counted were the following: WT, 12; W-mock, 10; S41D, 5; D-mock, 5; S41A, 7; A-mock, 10.
(G) Cumulative frequency of the Geph cluster area per neuron in each transfection condition. Data for the mock group were obtained from mock cells in all
transfection conditions. A Kolmogorov-Smirnov test was used.
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FIG 4 Distinct effects of GAP43 S41 mutants on gephyrin aggregation in HEK293T cell line. Immunofluorescent confocal microscopy of HEK293T cells
transfected with (A) Flag-GAP43WT (Flag-WT), Flag-GAP43S41A (Flag-S41A), or Flag-GAP43S41D (Flag-S41D) or (B) Myc-Geph, Myc-Geph and Flag-WT,
Myc-Geph and Flag-S41A, or Myc-Geph and Flag-S41D. Transfected cells were immunostained for Geph and GAP43. Gephyrin clumps were noted in both
Myc-Geph- and Myc-Geph/Flag-S41A-transfected cells but not in the Myc-Geph/Flag-S41D-transfected cells. Dashed arrows, Geph aggregates; solid arrows,
GFP-Geph colocalization. (C) GFP-Geph colocalization signals from panel B. **, P � 0.01; ###, P � 0.001; n 
 15 (Geph/WT), n 
 90 (Geph/S41A), and n 

88 (Geph/S41D). (D) Cell population that expressed only diffused Geph without (w/o) clumps in the cytosol or with (w/) additional Geph clumps under each
condition. The number of cells counted in each group is indicated. ***, P � 0.001; n.s., not significant. (E) Population of Geph clumps colabeled with ADR or
not colabeled under each condition. The numbers of Geph clumps counted in each group were the following: n 
 25 (Geph), n 
 20 (Geph/WT), n 
 18
(Geph/S41A), and n 
 16 (Geph/S41D). *, P � 0.05. (F) Co-IP of Flag-tagged GAP43 WT or S41 mutants with Geph in transfected HEK293T cells. IgG served
as the loading control. (G) Western blotting of Geph, Flag, and GAPDH in the cell lysate used for panel F. Fisher’s exact test was used for panels D and E.
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ADR in GAP43S41A (Fig. 4B, Geph-ADR). Quantitative analysis
indicated that 61% of gephyrin clumps in the GAP43S41A trans-
fection were misfolded, while only 35% and 18.75% in the
GAP43WT- and GAP43S41D-expressing cells were misfolded, re-
spectively (P � 0.001 in GAP43S41A versus GAP43WT, P � 0.05
in GAP43S41D versus GAP43WT and GAP43S41A, and P � 0.001
in GAP43S41D versus GAP43S41A) (Fig. 4E).

Thus, these results provide direct support to the notion that
S41-phosphorylated GAP43 can reduce gephyrin aggregation as
its inhibitory effect on neuronal gephyrin clustering. Similar to the
effect in neurons, S41-dephosphorylated GAP43 can strongly in-
teract with gephyrin to induce gephyrin misfolding and subse-
quent gephyrin aggresome formation to exclude GAP43 in
HEK293T cells.

S41-phosphorylated GAP43 reduced surface expression of
GABAA receptor. Gephyrin clustering is important for the surface

expression and clustering of the postsynaptic GABAARs. Thus, we
investigated the relationship between gephyrin and surface GABAAR
expression in developing neurons by using siRNA knockdown of
gephyrin expression, followed by biotinylation assay to examine sur-
face GABAAR�2, a critical subunit for gephyrin clustering of
GABAARs (1, 6). The result showed that the transfection of gephyrin
siRNA that reduced the total gephyrin expression by 20% (P
0.008)
decreased the biotinylated surface GABAAR�2 by 22% compared
with the level for the scrambled RNA-transfected group (Fig. 5A)
(P 
 0.012), indicating that surface GABAAR expression is indeed
gephyrin dependent. We further examined whether overexpressing
GAP43 S41 mutants would affect the surface GABAARs. Our data
indicated that the surface GABAAR�2 was increased by the
GAP43S41A transfection up to 1.26-fold (P � 0.01), whereas it was
decreased by GAP43S41D to 84.7% (P � 0.05) compared to that of the
vector-transfected control (Fig. 5B). Fura-2 calcium imaging was per-

FIG 5 Gephyrin knockdown and GAP43S41D overexpression reduced surface GABAAR expression. (A) Biotinylation assay of surface GABAAR�2 in gephyrin
siRNA (siGeph)- and scrambled RNA (Scr)-transfected cortical neurons at 4 DIV. Na�/K� ATPase-�3 served as the surface protein control. Total levels of
GABAAR�2 and Geph were determined by cell lysate WB. P � 0.05 (*) and P � 0.01 (**) versus the Scr group by unpaired t test; n 
 3. (B) Biotinylation assay
of surface GABAAR�2 in cortical neurons transfected with GAP43S41A (S41A), GAP43S41D (S41D), or the vector (Vec). P � 0.05 (*) and P � 0.01 (**) versus Vec;
###, P � 0.001 between S41A and S41D groups; n 
 4. (C) Representative traces and (D) compiled data of GABAAR agonist muscimol-induced [Ca2�]i increase
in GFP-tagged GAP43-transfected neurons using Fura-2 calcium imaging. The calcium ionophore ionomycin (10 �M) applied at the end of each measurement
confirmed the responsiveness of the observed cells. Data represent the increased ratio of Ca2�-bound to Ca2�-free Fura-2 [�(F340/F380)]. *, P � 0.05 versus Ctrl
or Vec; P � 0.05 (#) and P � 0.01 (##) versus S41A; n 
 3.
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formed to further examine the responses of neurons expressing each
GFP-GAP43 mutant to GABAAR agonist treatment. GABAAR is ex-
citatory in early-developing neurons (44), and its agonist muscimol
could increase intracellular calcium concentration [Ca2�]i in 4-DIV
cortical neurons (Fig. 5C, control group). Both the representative
traces and compiled data indicated that the muscimol-induced
[Ca2�]i elevation was higher in GAP43S41A and lower in GAP43S41D

than in the GAP43WT transfection (P � 0.05 for GAP43S41A versus
GAP43WT and GAP43S41D versus GAP43WT, P � 0.01 for
GAP43S41D versus GAP43S41A) (Fig. 5C and D). GAP43WT overex-
pression did not significantly affect this response compared to the
response for the vector-transfected (Vec) or no-transfection (Ctrl)
groups. These results correlated well with the biotinylation assay re-
sult.

Thus, these data suggested that the surface expression of
GABAARs in developing cortical neurons is gephyrin dependent
and can be negatively regulated by the phosphorylated GAP43-
S41, which inhibited gephyrin clustering. Dephosphorylated
GAP43-S41, which induced gephyrin aggresome formation with-
out disrupting gephyrin clusters, seemed to facilitate surface
GABAAR expression.

tHI induced calcineurin-dependent dephosphorylation of
GAP43 and GAP43-gephyrin association. It has been shown that
pathological insults, such as hypoxia ischemia (HI), cause dephos-
phorylation of GAP43 in developing brains via the activation of
calcineurin (45). Therefore, it is possible that HI also induces
GAP43-gephyrin interaction in a calcineurin-dependent manner.
We examined this possibility by using a transient neonatal HI
(tHI) animal model, in which neonatal rat pups were subjected to
7.5% hypoxia and right common carotid artery (rCCA) ligation
for 45 min, followed by removal of rCCA ligation and recovery
under normoxic conditions for 12 h. Western blotting and co-IP
of tissue homogenates showed that the level of phosphorylated
GAP43-S41 was lower and the GAP43-gephyrin association was
more abundant on the right (ipsilateral) than the left (contralat-
eral) hemisphere of cerebral cortex after tHI (P 
 0.015 for
pGAP43/GAP43 and P 
 0.002 for GAP43/gephyrin) (Fig. 6A and
B). We further used an in vitro neonatal tHI model, i.e., transient
oxygen-glucose deprivation (tOGD), for 1 h, followed by recovery
in normal oxygen/glucose medium for 23 h in 4-DIV neurons to
examine the changes of GAP43-gephyrin interaction. The results
indicated that tOGD decreased the S41-phosphorylated GAP43
(pGAP43/GAP43) by 20% (P � 0.05), and this effect can be
blocked by cotreatment with a calcineurin inhibitor, FK506 (Fig.
6C). GAP43-gephyrin association was also enhanced by tOGD by
2.2-fold (P � 0.01 compared to the control), and this effect was
partially inhibited by the FK506 treatment (P � 0.05 compared to
tOGD) (Fig. 6D). Therefore, calcineurin-mediated GAP43 de-
phosphorylation may contribute in part to the GAP43-gephyrin
association as induced by the pathological tHI/tOGD insult in
developing neurons.

Calcineurin inhibitor and GAP43S41D diminished tOGD-in-
duced gephyrin misfolding and preserved gephyrin clusters.
Dephosphorylated GAP43 that associated with gephyrin appears
to induce gephyrin aggresome formation while preserving gephy-
rin clusters under physiological conditions (Fig. 3). However, we
found that tOGD that induced GAP43 dephosphorylation re-
duced the surface GABAAR level in an FK506-reversible manner
(Fig. 7A) and increased GAP43-gephyrin colocalization during
the recovery period 5 and 11 h after 1 h of OGD (Fig. 7B). There-

fore, we further examined how inhibition of GAP43 dephosphor-
ylation would affect tOGD-induced GAP43-gephyrin colocaliza-
tion and gephyrin aggregation. Immunofluorescent triple labeling
of GAP43, gephyrin, and misfolded proteins of tOGD-treated
neurons with or without FK506 treatment showed that, indeed,
tOGD not only induced GAP43-gephyrin colocalization from
9.5% to 38.8% (Fig. 7C and E) but also increased ADR-labeled
misfolded gephyrin in the cytoplasm, without forming perinu-
clear gephyrin aggresome, from 14.51% to 62.20% (Fig. 7C and
F). Cotreatment with calcineurin inhibitor FK506 markedly de-
creased tOGD-induced GAP43-gephyrin colocalization to 15.43%
(P � 0.001) and misfolded gephyrin signals to 32.24% (P � 0.001)
(Fig. 7C, E, and F). Notably, FK506 treatment did not reduce the
properly folded gephyrin clusters in either the sham- or tOGD-
treated neurons (Fig. 7C, red cluster signals in the Geph/ADR images,
and G). These results suggested that GAP43-gephyrin colocalization
and gephyrin misfolding were inducible by tOGD in a calcineurin-
dependent manner, and the misfolded gephyrin was not recruited to
aggresomes.

The rescue effect of FK506 on the tOGD-induced gephyrin mis-
folding may be attributed to its inhibition of GAP43 dephosphoryla-
tion. Thus, overexpression of GAP43S41D to specifically increase the
phosphorylated GAP43 in tOGD-treated neurons might attenuate
gephyrin misfolding. We examined the effects of GAP43S41A and
GAP43S41D overexpression on the gephyrin misfolding/aggregation
and clustering in neurons after tOGD. GFP-tagged GAP43 mutants
were transfected into 4-DIV cortical neurons 48 h prior to tOGD, and
the neurons were immunostained for GFP-gephyrin and ADR at 23 h
after tOGD. Immunofluorescent images and quantitative results in-
dicated that the GAP43S41D-transfected tOGD neurons (Fig. 7D),
similar to the FK506-treated tOGD neurons, showed much less GFP-
gephyrin colocalization than the GAP43S41A- and GAP43WT-trans-
fected tOGD neurons (P � 0.05 for GAP43S41A versus GAP43WT and
GAP43S41D versus GAP43WT, P � 0.01 for GAP43S41A versus
GAP43S41D) (Fig. 7D and E). Notably, the GAP43WT colocalization
with gephyrin was 31.69%, which is lower than that for GAP43S41A

(55.83%) and higher than that for GAP43S41D (16.11%), possibly due
to the partial phosphorylation of GAP43WT in transfected neurons.
The percentage of misfolded gephyrin-containing neurons under
tOGD also was lower in GAP43WT- or GAP43S41D-overexpressing
cultures than in the mock or GAP43S41A-overexpressing cultures
(P � 0.001 for GAP43WT and GAP43S41D versus mock and
GAP43S41A and for GAP43S41A versus GAP43WT) (Fig. 7D and F).
Furthermore, we found that GAP43S41A but not GAP43S41D overex-
pression reduced the physiological gephyrin clusters compared to
either mock or GAP43WT neurons under tOGD (P � 0.05 for
GAP43S41A versus mock or versus GAP43WT, P�0.05 for GAP43S41A

versus GAP43S41D) (Fig. 7D and G). Notably, GAP43S41D seemed to
preserve gephyrin clusters in tOGD-treated neurons (Fig. 7G), which
is different from its effect on gephyrin clustering in unchallenged
neurons (Fig. 3C). Further comparison of GAP43 and its mutants
with or without tOGD revealed that tOGD increased gephyrin mis-
folding in all three transfection conditions but did not further affect
their colocalization with gephyrin (Fig. 7H and I). Interestingly, neu-
rons under tOGD showed more gephyrin clusters than those without
tOGD when GAP43WT (P � 0.01) and GAP43S41D (P � 0.001) were
overexpressed, whereas GAP43S41A had no such effect (Fig. 7J). Thus,
phosphorylated GAP43 seems to facilitate gephyrin clustering in de-
veloping neurons under tOGD insult.
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Altogether, these data suggest that pathological tOGD insult
that reduces surface GABAAR can induce GAP43-gephyrin colo-
calization and gephyrin misfolding in a calcineurin-dependent
manner. Misfolded gephyrin aggregates in tOGD-treated neurons
failed to be sequestered into aggresomes, which may lead to neu-
rotoxicity. Different from the effect in unchallenged neurons, an
increase of S41-phosphorylated GAP43 in tOGD-treated neurons
is beneficial for gephyrin clusters by preventing gephyrin misfold-
ing to facilitate gephyrin clustering in developing GABAergic syn-
apses under pathological insult.

DISCUSSION

The present study revealed for the first time that the PKC-dependent
phosphorylation and calcineurin-dependent dephosphorylation of
GAP43 at S41 is causally related to gephyrin folding and clustering,
which regulates surface expression of GABAAR during synapse devel-
opment. We found that gephyrin associates with dephosphorylated
GAP43-S41, which occurred mainly in developing neurons prior to
synaptogenesis. This GAP43-gephyrin interaction is inducible under
hypoxia/ischemia insult and may lead to gephyrin misfolding. In-
triguingly, S41-phosphorylated GAP43, the active form of GAP43

FIG 6 Transient hypoxia ischemia (tHI)-induced calcineurin-dependent GAP43-S41 dephosphorylation and GAP43-gephyrin association in developing
neurons. Neonatal P2 rat pups were subjected to unilateral tHI or sham operation, and both contralateral (Cont) and ipsilateral (Ipsi) cerebral cortex were
subjected to Western blotting of pGAP43/GAP43 in total cell lysate (A) and co-IP for GAP43-Geph association (B). (Top) representative blot; (bottom)
quantification graph. The graph in panel B illustrates the data from each individual (left) and the compiled data (right). An unpaired t test was used for
panel A and the compiled data in panel B (*, P � 0.05; **, P � 0.01 versus sham treatment), and paired t test was used for the individual data graph in panel
B (*, P � 0.05; ns, not significant); n 
 5. (C and D) Transient oxygen-glucose deprivation (tOGD), an in vitro tHI model, was applied to 4-DIV cortical
neurons for 1 h, followed by 23 h of recovery under normal oxygen/glucose conditions with or without the calcineurin inhibitor FK506 (1 �M). Cell lysate
WB for pGAP43-S41 and total GAP43 (C) and co-IP of GAP43 and Geph (D) were performed. ##, P � 0.01 versus tOGD; n 
 4.
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that promotes axon growth, was effective in preventing gephyrin mis-
folding under pathological conditions, yet it negatively regulates
gephyrin clustering under physiological conditions. Thus, we pro-
posed that both dephosphorylated and phosphorylated GAP43 ac-
tively participate in the folding and aggregation processes of gephy-

rin, which may contribute to their distinct effects on surface GABAAR
expression during the development of inhibitory synapses (Fig. 8).

Gephyrin misfolding can be triggered by dephosphorylated
GAP43 but can be prevented by phosphorylated GAP43, suggest-
ing that GAP43 is involved in the folding processes of gephyrin.

FIG 7 Calcineurin inhibitor and S41-phosphorylated GAP43 attenuated tOGD-induced GAP43-gephyrin colocalization and gephyrin misfolding. (A) Bioti-
nylation assay of surface GABAAR�2 expression in tOGD-treated 4-DIV neurons with or without FK506 cotreatment. Na�/K� ATPase-�3 served as a surface
protein control. (B) Time-dependent increase of GAP43-gephyrin (Geph) colocalization in 4-DIV cortical neurons after tOGD. Cortical neurons were under
normal conditions (Ctrl) or were subjected to 1 h of tOGD, followed by 5, 11, and 23 h of recovery (6, 12, and 24 h in total, as indicated) under normal
oxygen/glucose conditions. Immunofluorescent confocal images (top) and a quantitative graph for the cocalization signals (bottom) are shown. ###, P � 0.001
versus the tOGD 6-h group; n 
 6. (C) Immunofluorescent images of GAP43 (green), Geph (red), and misfolded protein aggregates (ADR; blue) in cortical
neurons with or without FK506 treatment under tOGD. (D) Cortical neurons were transfected with GFP-GAP43WT (WT), GFP-GAP43S41A (S41A), or
GFP-GAP43S41D (S41D), and tOGD insult was applied 24 h after the transfection. The neurons were immunolabeled with GFP (green), Geph (red), misfolded
protein aggregates (ADR; blue), and cell nuclei (DAPI; gray). *, GFP-positive neurons; m, mock cell. Arrowheads in panels C and D indicate GAP43-Geph or
GFP-Geph colocalization signals (yellow); dashed arrows, Geph-ADR signals (purple); solid arrows, Geph cluster signals (red clusters in Geph/ADR). (E and H)
The percentage of GAP43-Geph or GFP-Geph colocalization signals; n 
 5. (F and I) The population of misfolded Geph-containing neurons; n 
 7. (G and J)
The number of Geph clusters per neuron. Total numbers of cells counted were 164 (Ctrl), 199 (tOGD), 129 (tOGD�FK506), 6 (tOGD-mock), 6 (tOGD-WT),
8 (tOGD-S41A), and 11 (tOGD-S41D). For panels E, F, and G, P � 0.05 (*), P � 0.01 (**), and P � 0.001 (***) versus Ctrl or WT; P � 0.05 (#), P � 0.01 (##),
P � 0.001 (###) versus tOGD or mock cells or between S41A and S41D. For panels H, I, and J, P � 0.05 (*), P � 0.01 (**), and P � 0.001 (***) by unpaired t test.
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GAP43S41A in HEK293T cells also can induce gephyrin misfolding
in the cytoplasm and proceed to aggresome formation, as in neu-
rons. One possibility for this mode of action of GAP43 is that it
interferes with the gephyrin E-domain, the key region for the in-
termolecular dimerization of gephyrin; thus, it prevents cytosolic
gephyrin aggregation (46). Although we found that HSC70, a
gephyrin-interacting protein known to decrease synaptic localiza-
tion of gephyrin (47), also was associated with GAP43 (Table 1), it
interacts with the gephyrin G-domain but not the E-domain and
did not inhibit gephyrin aggregation in nonneuronal cells. The
treatment of PKC inhibitor and TTX led to gephyrin misfolding at
similar degrees in both 4- and 11-DIV neurons, unlike their age-
dependent effect on GAP43-gephyrin interaction. It is likely that
gephyrin misfolding in mature neurons can be induced indepen-
dently of the GAP43-gephyrin interaction. It is noted that the
limitation of using ADR to label misfolded protein is that one
cannot distinguish whether the gephyrin-ADR colocalization is
due to the misfolding of gephyrin by itself or its associated pro-
teins. Additional observation of ADR-colabeled gephyrin in ag-
gresomes with GAP43 excluded in TTX-treated and GAP43S41A-
overexpressing neurons further strengthened the conclusion that
gephyrin underwent misfolding. Further investigation is war-
ranted to unravel the molecular mechanism of how gephyrin fold-
ing can be regulated by GAP43 and other GAP43-independent
factors in both developing and mature neurons.

Another important finding of the present study is that the mis-
folded gephyrin aggregates in the PKC inhibitor- or tOGD-treated
neurons were GAP43 associated and exhibit irregular shapes,

whereas those in TTX-treated or GAP43S41A-expressing neurons
were in aggresome-like structures and did not trap GAP43 (Fig. 3).
This finding is important, because aggresome formation is an im-
portant process for removing misfolded protein aggregates from
the cytosol to prevent cytotoxicity (48, 49). Inhibition of PKC and
tOGD insult may block this protective process while inducing
gephyrin misfolding by dephosphorylated GAP43. This idea is
supported by our data showing that GAP43S41A overexpression
reduced gephyrin clusters in neurons under tOGD insult (Fig. 7)
but not in neurons without insult (Fig. 3). Therefore, the present
study revealed a novel feature of the phosphorylation status of
GAP43-S41 beyond its role in axon growth, serving as a regulator
of protein quality control for gephyrin in developing GABAergic
synapses.

The inhibitory effect of phosphorylated GAP43 on the physio-
logical clustering/aggregation of gephyrin correlated well with
other studies demonstrated that postsynaptic microfilament dy-
namics are critical for the scaffolding process of gephyrin (14, 15).
It remains unresolved how GAP43 S41A mutation can increase
surface levels of GABAAR �2 while both PKC and calcineurin can
directly affect GABAAR phosphorylation (50, 51). Indeed, we
found that GAP43 was enriched in the submembrane region of
neuronal soma in 4-DIV developing neurons (Fig. 2A). Lipid an-
choring of gephyrin on the plasma membrane is important for its
receptor-clustering property (10), and GAP43 phosphorylation
also can be induced by lipid-derived fatty acids (52). In addition,
our mass spectrum analysis showed that KIF5A, an adaptor pro-
tein on the microtubules for anterograde transport of gephyrin-
GABAAR (53), was associated with GAP43 (Table 1). It is likely
that the GAP43-KIF5A association is involved in the GAP43-reg-
ulated gephyrin clustering. We found that the spontaneously
formed gephyrin aggregates/clumps in HEK293T were not mis-
folded, and GAP43S41D can inhibit this process, similar to its in-
hibitory effect on gephyrin clustering in neurons, suggesting that
S41-phosphorylated GAP43 directly regulates gephyrin polymer-
ization. This inhibitory effect of pGAP43 may function to nega-
tively regulate excitatory GABAAR presentation at the postsynap-
tic membrane to for the adjustment of the excitatory input prior to
synaptogenesis while promoting axon growth for target reaching.
This brake would be released when GAP43 declines during synap-
togenesis, thereby promoting gephyrin clustering for GABAergic
synapse formation. Further investigation using electrophysiolog-
ical approaches is needed to determine the function of GAP43 in
the regulation of GABAergic synapse development.

Increased GAP43 phosphorylation prevents gephyrin misfolding
induced by tHI insult, suggesting a novel activity-dependent neuro-
protective mechanism for injured neonatal brain. Note that FK506,
which inhibits GAP43-S41 dephosphorylation and gephyrin mis-
folding, cannot completely reverse tOGD-induced GAP43-gephyrin
association, suggesting that other posttranslational modifications on
GAP43 and/or gephyrin are involved in the tOGD/tHI-induced
GAP43-gephyrin association. Mild neonatal hypoxia, although not
causing significant neuronal loss, impairs the development of
GABAergic synapses and leads to neurological deficits, such as neo-
natal seizures (54). Furthermore, we also found that most of the
tOGD-treated neurons that contain misfolded gephyrin aggregates
were viable at the time of the observation (Fig. 7C). This finding is
encouraging, as the affected neurons might be rescuable by proper
interventions that increase phosphorylated GAP43-S41. Cell type-
specific inhibition of calcineurin activity or activation of neuronal

FIG 8 Proposed mode of action of GAP43 in regulating gephyrin aggregation
during GABAergic synapse development. Developing cortical neurons at the pre-
synaptogenesis stage are enriched with PKC/activity-dependent S41-phosphory-
lated GAP43 [pGAP43(S41)], which is known for axon growth (1). When GAP43
is dephosphorylated under physiological or pathological stimuli that inhibit PKC
or activate calcineurin, dephosphorylated GAP43 (depGAP43) interacts with
gephyrin (Geph) and triggers gephyrin misfolding to form cytosolic aggregates,
which can be sequestered into aggresomes and then dissociated from GAP43 in a
PKC-dependent manner. In contrast, pGAP43(S41) negatively regulates gephyrin
clustering and surface GABAAR expression under normal development (2), yet it
can effectively prevent gephyrin misfolding and facilitate gephyrin clustering un-
der tHI insult (3). As a result, the PKC-dependent phosphorylation of GAP43
functions to regulate gephyrin-dependent surface GABAAR expression and pre-
vent gephyrin misfolding during GABAergic synapse development.
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activity also may be applied to the therapy of neurodevelopmental
disorders that involve perinatal brain injury-induced inhibitory syn-
apse abnormalities, such as childhood epilepsy, attention deficit hy-
peractivity disorders, and autism spectrum disorders.
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