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Disturbances in GABAA receptor trafficking contribute to several neurological and psychiatric disorders by altering inhibitory neuro-
transmission. Identifying mechanisms that regulate GABAA receptor trafficking could lead to better understanding of disease pathogen-
esis and treatment. Here, we show that protein kinase C� (PKC�) regulates the N-ethylmaleimide-sensitive factor (NSF), an ATPase
critical for membrane fusion events, and thereby promotes the trafficking of GABAA receptors. Activation of PKC� decreased cell surface
expression of GABAA receptors and attenuated GABAA currents. Activated PKC� associated with NSF, phosphorylated NSF at serine 460
and threonine 461, and increased NSF ATPase activity, which was required for GABAA receptor downregulation. These findings identify
new roles for NSF and PKC� in regulating synaptic inhibition through downregulation of GABAA receptors. Reducing NSF activity by
inhibiting PKC� could help restore synaptic inhibition in disease states in which it is impaired.

Introduction
GABAA receptors are heteropentameric ligand-gated ion chan-
nels that mediate most fast inhibitory neurotransmission (Olsen
and Sieghart, 2008). Impaired GABAA receptor signaling con-
tributes to several neuropsychiatric conditions including epilepsy
(Goodkin et al., 2008), schizophrenia (Charych et al., 2009), anx-
iety and depression (Kalueff and Nutt, 2007; Charych et al.,
2009), substance abuse (Kumar et al., 2004), and pain (Knabl et
al., 2008). GABAA receptors have therefore been important targets
for drug development, although current drugs can produce limiting
side effects including sedation, amnesia, and dependence. Under-
standing mechanisms that regulate GABAA receptor trafficking
could increase knowledge about the pathophysiology of these
disease states and provide clues for developing alternative drugs
that modulate inhibitory neurotransmission with fewer side
effects.

Tumor-promoting phorbol esters decrease cell surface
GABAA receptors in several preparations (Leidenheimer et al.,
1992; Leidenheimer and Chapell, 1997; Chapell et al., 1998;
Connolly et al., 1999; Cinar and Barnes, 2001; Balduzzi et al.,
2002; Meier et al., 2003; Herring et al., 2005). This effect is pre-
sumed to be caused by activation of protein kinase C (PKC)

(Kittler and Moss, 2003; Leidenheimer, 2008). PKC is not a single
entity but a family of nine kinases with several splice variants
that transduce signals involving lipid second messengers (Song and
Messing, 2005). Phorbol esters activate seven isozymes (�, �, �, �,
�, �, and �), each with specialized functions that are generally not
redundant. In addition to PKCs, phorbol esters activate several
other proteins such as protein kinase D, chimerins, RasGRP, and
Munc-13 (Brose and Rosenmund, 2002). Thus, it is not cer-
tain that phorbol esters regulate GABAA receptor trafficking
by activating a specific PKC isozyme or another phorbol ester-
responsive protein.

PKC substrates that mediate GABAA receptor downregulation
are also unknown. Although several phosphorylation sites have
been identified on intracellular loops of GABAA �2 and � sub-
units, alanine substitutions do not prevent receptor downregula-
tion by phorbol esters (Chapell et al., 1998; Connolly et al., 1999).
Other possible substrates include proteins associated with
GABAA receptors (Chen and Olsen, 2007). One candidate is the
N-ethylmaleimide-sensitive factor (NSF) (Matveeva et al., 2001),
an ATPase that regulates membrane fusion events (Zhao et al.,
2007) and is important for stability of AMPA receptors at excita-
tory synapses (Hanley et al., 2002). When overexpressed, NSF can
decrease cell surface levels of GABAA receptors (Goto et al.,
2005). NSF also interacts with GABARAP (GABAA receptor-
associated protein), and this interaction is proposed to modulate
GABAA receptor trafficking (Kittler et al., 2001; Leil et al., 2004;
Marsden et al., 2007). However, the hypothesis that endogenous
NSF truly regulates GABAA receptor trafficking remains to be
tested.

We found that mice lacking PKC� (Prkce �/� mice) are
hypersensitive to drugs that increase GABAA receptor activa-
tion, including benzodiazepines, ethanol, neurosteroids, and
barbiturates (Hodge et al., 1999, 2002). Because diminished
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PKC-stimulated trafficking of GABAA receptors could contribute
to this phenotype, we hypothesized that PKC� regulates GABAA

receptor trafficking. Here, we demonstrate that PKC� decreases
the number of GABAA receptors at the cell surface by binding,
phosphorylating, and activating NSF.

Materials and Methods
Animal care. Prkce �/� mice were generated by homologous recombina-
tion in J1 embryonic stem cells (Khasar et al., 1999). Male and female
Prkce �/� mice were maintained on inbred 129S4 and C57BL/6J back-
grounds and crossed to produce Prkce �/� C57BL/6J � 129S4 F1 hybrid
mice for breeding. These mice were intercrossed to generate F2 hybrid
Prkce �/� and Prkce �/� littermates for experiments. Mice were geno-
typed by PCR of tail DNA. All animals used were males between 2 and 4
months of age at the time of experimentation. All procedures were con-
ducted in accordance with institutional Institutional Animal Care and
Use Committee policies.

Reagents. Peptides were synthesized by AnaSpec. An affinity-purified,
polyclonal rabbit anti-phospho-NSF (S460) antibody (1:50) was generated
against the phosphopeptide 455RHIKA[pS]TKVEV465 by ProSci. The ATP
analog-specific kinase inhibitor 1-naphthyl-4-amino-5-(4-methylphenyl)-
7-(t-butyl)pyrazolo[3,4-d]-pyrimidine (1Na-PP1) was synthesized as de-
scribed previously (Bishop et al., 1999). The MyrPalm-CFP expression
plasmid was kindly provided by A. Newton (University of California, San
Diego, La Jolla, CA). 6,7-Dinitroquinoxaline-2,3(1H,4H)-dione (DNQX)
and D(�)-2-amino-5-phosphonopentanoic acid (D-APV) were purchased
from Tocris Bioscience. Other reagents were from Sigma-Aldrich or from
the sources listed below.

Cell culture. HEK293 cells stably expressing rat �1�2�2S GABAA

receptors and the human analog-specific PKC� mutant (AS-PKC�,
PKC� M486A) were generated as described previously (Qi et al.,
2007). Cells were maintained in minimal essential medium with 10%
fetal bovine serum, 0.2 mM L-glutamine, 200 �g/ml Geneticin (G418),
100 �g/ml streptomycin, and 100 U/ml penicillin at 37°C in a humid-
ified atmosphere of 5% CO2 and 95% air. Primary cultures of hip-
pocampal neurons were prepared from postnatal day 1 (P1) to P3
mice and cultured at 10 5 cells per 200 mm 2 in Neurobasal A medium
containing B27 and Glutamax (Invitrogen) at 37°C in a humidified
atmosphere of 6% CO2 and 94% air. One-half of the medium was
changed the next day and every 7 d thereafter for up to 3 weeks.

Cell surface biotinylation. HEKGR-AS-PKC� cells were grown on 100 mm
poly-L-ornithine (100 �g/ml in 15 mM borate buffer)-coated tissue culture
dishes to 80–90% confluence. Cells were rinsed twice at 37°C with buffer
containing 145 mM NaCl, 5 mM KCl, 10 mM glucose, 1 mM MgCl2, and 1 mM

CaCl2 (adjusted with Tris base to pH 7.5), and incubated at 37°C with drugs
in 10 ml of the same buffer. Cells were then rinsed with ice-cold PBS and cell
surface proteins biotinylated using 1.5 mg/ml sulfo-NHS biotin (Pierce) as
described previously (Qian et al., 1997). Biotinylated proteins were recov-
ered from protein lysates on Immunopure Immobilized Monomeric Avidin
beads (Pierce) and separated by SDS-PAGE on duplicate NuPAGE 4–12%
Bis-Tris gels (Invitrogen). Proteins in one gel were transferred to nitrocellu-
lose and subjected to Western blot analysis with rabbit anti-GABAA �2 an-
tibody (1:1000; Alpha Diagnostics International) and HRP-conjugated goat
anti-rabbit IgG (1:1000; Millipore Bioscience Research Reagents). Immuno-
reactive bands were visualized using enhanced chemiluminescence (Pierce)
and quantified by scanning densitometry with ImageJ (http://rsbweb.nih.
gov/ij/). To control for recovery of biotinylated proteins, we stained the
duplicate gel with Coomassie blue and quantified 45–55 kDa proteins by
scanning densitometry, and then used these results to normalize Western
blot results for each corresponding biotinylated sample. Cell lysates were
examined by Western blot analysis to detect levels of total �2 subunits. Val-
ues for �2 immunoreactivity were normalized for GAPDH immunoreactiv-
ity detected in the same samples using rabbit anti-GAPDH antibody (1:2000;
Abcam).

Cell electrophysiology. HEK293 cells were plated on 35 mm plastic
dishes coated with poly-D-lysine. Conventional whole-cell recordings
were made with recording electrodes (5– 8 M�) filled with the following
(in mM): 145 N-methyl-D-glucamine (NMDG)-Cl, 2 MgCl2, 0.1 CaCl2, 5

EGTA, 10 HEPES, and 2 Mg 2�-ATP, pH 7.3, adjusted with HCl. Cells
were continuously perfused with an external solution (in mM: 145 NaCl,
3 KCl, 1.5 CaCl2, 1 MgCl2, 10 HEPES, and 10 D-glucose, pH 7.4, adjusted
with NaOH). Cells were voltage clamped at �75 mV and whole-cell
current was elicited by increasing concentrations of GABA that were fast
applied for 5 s. There was a 1 min washout period between each GABA
application with 1Na-PP1 or vehicle present in the washout solution. All
recordings were obtained at room temperature. Data were expressed as
current density by dividing whole-cell current by whole-cell capacitance
and averaged to generate sigmoid dose–response curves for each treat-
ment condition. For mouse hippocampal neurons (6 –12 d in vitro),
recording electrodes (5– 8 M�) contained the following (in mM): 145
NMDG-Cl, 1 MgCl2, 5 HEPES, 4 Mg 2�-ATP, 2 Na �-ATP, adjusted to
pH 7.3 with HCl. The external control solution used to continuously
perfuse the neurons contained the following (in mM): 142 NaCl, 3 KCl,
1.5 CaCl2, 1 MgCl2, 10 HEPES, 10 D-glucose, adjusted to pH 7.4 with
NaOH. The GABA dose–response relationship was found to be similar
for Prkce �/� and Prkce �/� neurons, and a sub-EC50 concentration of 10
�M was chosen for current stability experiments during which GABA was
applied for 5 s every 2.5 min for up to 40 min. All recordings were made
at 33°C with cells voltage clamped at �75 mV. The 	�RACK peptide
(HDAPIGYD; 5 �M) (Chen et al., 2001) was added to the pipette solution
to activate PKC�. GABA and 1Na-PP1 were applied by local perfusion,
and whole-cell currents were filtered at 2 kHz and digitized at 5 kHz.
Where used, the final concentration of DMSO applied to neurons was
�0.1% (v/v), which had no effect on GABAA receptor currents.

Slice electrophysiology. Male mice (P45–P65) were anesthetized with
halothane and then decapitated. Their brains were rapidly removed and
put in ice-cold artificial CSF (ACSF) containing the following (in mM):
124 NaCl, 26 NaHCO3, 2 KCl, 2 CaCl2, 2 MgCl2, 1.25 KH2PO4, 10 glu-
cose, equilibrated with 95% O2 and 5% CO2. Horizontal hippocampal
sections (300 �M) were cut with a vibratome in ice-cold ACSF. Slices were
left to recover at 30°C for 30 min before transfer to a recoding chamber at
room temperature. Slices were continuously superfused with ACSF at 2
ml/min at room temperature. Whole-cell recordings of CA1 hippocam-
pal pyramidal neurons were obtained with electrodes that had a resis-
tance of 5– 8 M� when filled with pipette solution containing the
following (in mM): 145 K-gluconate, 2 MgCl2, 10 HEPES, 0.5 EGTA, 2
Mg-ATP, Na-GTP, and 5 phosphocreatine, pH 7.3, adjusted with KOH;
osmolarity, 270 –280 mOsm. Cells were held under voltage clamp at �45
mV, and responses were low-pass filtered at 2 kHz, and digitized at 10
kHz. Synaptic responses were evoked by monophasic current pulses (200
�s; 30 �A; 4 Hz) delivered by a pair of monopolar tungsten electrodes
placed in CA1 stratum radiatum. Responses mediated by GABAA recep-
tors were pharmacologically isolated by adding 10 �M DNQX and 30 �M

D-APV to the ACSF to block glutamate receptors. Addition of bicuculline
abolished these currents indicating that they were generated by GABAA

receptors. Recordings began immediately after establishing the whole-
cell configuration. Only recordings that showed a �30% change in series
resistance over the 20 – 40 min recording period were analyzed.

Immunoprecipitation. HEKGR-AS-PKC� cells were cultured as described
above for biotinylation studies. Cells were collected in buffer containing 50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1% NP-40,
and Complete protease inhibitor mixture (Roche Applied Science) and lysed
by freezing and thawing. Lysates were centrifuged at 20,817 � g for 15 min at
4°C. Whole forebrains from 2- to 4-month-old mice were homogenized
using 15 strokes of a Teflon-glass homogenizer in ice-cold homogenization
buffer containing 25 mM HEPES, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1
mM EDTA, 0.5 mM ATP, Complete protease inhibitor mixture (Roche Ap-
plied Science), phosphatase inhibitor mixture 1 (Sigma-Aldrich), and 1 mM

PMSF. The homogenate was centrifuged at 10,000 � g for 10 min at 4°C.
Supernatants (500 �g protein in 1 ml buffer) were incubated overnight at
4°C with rabbit anti-NSF antibody (5 �g/ml; Millipore Biotechnology) and
protein A-agarose (50 �l; Roche Applied Science) and separated on Nu-
PAGE 4–12% Bis-Tris gels (Invitrogen) in MOPS (4-morpholinepropane-
sulfonic acid) running buffer. Proteins were examined by Western blot
analysis with goat anti-PKC� (1:1000; Santa Cruz Biotechnology), mouse
anti-NSF antibody (1:1000; BD Biosciences), or anti-GABAA receptor �2
subunit (1:500; PhosphoSolutions). Phosphorylation of NSF at S460 was
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detected using polyclonal rabbit anti-NSF (S460) antibody (diluted 1:50).
Immunoreactivity was detected using appropriate HRP-conjugated anti-
IgG secondary antibodies (1:1000; Jackson ImmunoResearch) followed by
enhanced chemiluminescence (Pierce).

Pull-down assay. FLAG-tagged human PKC� (in pcDNA3 from A.
Toker, Harvard University, Cambridge, MA) was purified from COS-7
cells using the FLAG system (Sigma-Aldrich) (Qi et al., 2007). FLAG-

human PKC� was immobilized on anti-FLAG
antibody M2 conjugated to agarose (50 �l;
Sigma-Aldrich), and then incubated for 2 h at
4°C with 0, 2.5, or 5 �g of recombinant His6-
NSF in binding buffer (10 mM Tris-HCl, pH
7.5, 300 mM NaCl, 2 mM EDTA, 0.5 mM ATP).
After centrifugation at 20,817 � g for 5 min,
beads were washed three times with binding
buffer. Bound proteins were separated in
NuPAGE Bis-Tris gels (Invitrogen) and de-
tected by Western blot analysis with mono-
clonal anti-NSF antibody (1:1000; BD
Biosciences) and polyclonal anti-PKC� antibody
SN134 (1:1000) (Qi et al., 2007). Immunore-
activity was quantified by scanning densi-
tometry using ImageJ, and results for NSF
immunoreactivity were normalized to PKC�
immunoreactivity.

Gel overlay assay. For overlay assays, NSF
(0.5 �g) was run on NuPAGE Bis-Tris gels (In-
vitrogen) and transferred to nitrocellulose Hy-
bond C Extra membranes (GE Healthcare).
Membranes were incubated in blocking buffer
containing TBS-Tween 20 and 2% nonfat milk
for 1 h at room temperature and incubated
overnight at 4°C with 10 nM recombinant
PKC� (Invitrogen) in overlay buffer contain-
ing 50 mM Tris-HCl, pH 7.5, 10 mM �-mer-
captoethanol, 200 mM NaCl, 1 mM EGTA, 0.1%
BSA, 1% polyethylene glycol, 0.3 �g/�l L-�-
phosphatidylserine, 62 �g/ml 1,2-diolein, and
0.03% Triton X-100. After being washed for 10
min three times in TBS-Tween 20 containing
1% nonfat milk, the membranes were incu-
bated at room temperature for 4 h with anti-
PKC� antibody SN134 (1:1000) in TBS-Tween
20 containing 1% nonfat milk. Membranes
were then washed for 10 min with TBS-Tween
20 four times, and PKC� bound to membranes
was detected by HRP-conjugated anti-rabbit IgG
and enhanced chemiluminescence. The amount
of mutant NSF loaded in each lane was detected
by anti-NSF antibody (1:5000; BD Biosciences),
HRP-conjugated donkey anti-mouse IgG anti-
bodies (1:1000; Jackson ImmunoResearch), and
enhanced chemiluminescence.

Immunofluorescence microscopy. HEKGR-
AS-PKC� cells were plated on poly-D-lysine
(BD Biosciences)-coated chamber slides at 5 �
10 3 cells per 200 mm 2 and grown overnight in
minimal essential medium with 10% fetal bo-
vine serum, 0.2 mM l-�-glutamine, 200 �g/ml
G418, 100 �g/ml streptomycin, and 100 U/ml
penicillin at 37°C in a humidified atmosphere
of 5% CO2 and 95% air. To identify plasma
membrane, we transfected these cells with
MyrPalm-CFP, which encodes cyan fluores-
cent protein fused to the myristoylation and
palmitoylation sequence of Lyn kinase (Violin
et al., 2003), using the SuperFect Transfection
Reagent (QIAGEN). Cells were used for exper-
iments 24 h later. After drug treatment, cells
were fixed for 15 min with 4% paraformalde-

hyde in PBS, permeabilized for 5 min with 0.1% Triton X-100 in PBS,
and blocked for 1 h in 10% normal donkey serum (NDS) and 0.2% BSA
in PBS. Samples were incubated overnight at 4°C with the following
primary antibodies diluted in PBS containing 2% NDS and 0.2% BSA:
chicken anti-GFP (green fluorescent protein) (1:100; Invitrogen), mouse
anti-NSF (1:200; BD Biosciences), and goat anti-PKC� (1:100; Santa Cruz

Figure 1. PKC� regulates cell surface levels of GABAA receptors. A, HEKGR-AS-PKC� cells were incubated for 1 h with 0.03%
DMSO vehicle (con) (n � 10), 1 �M 1Na-PP1 (n � 10), 30 nM PMA (n � 5), or 1Na-PP1 plus PMA (n � 4). The top panel is a
representative Western blot of biotinylated proteins detected using anti-�2-subunit antibodies. *p � 0.05 compared with
untreated control (100%) by one-sample t tests. B, GABA-stimulated currents recorded from HEKGR-AS-PKC� cells pretreated for
1 h with 0.03% DMSO vehicle (control; n � 16) or 3 �M 1Na-PP1 (n � 14). 1Na-PP1 increased the GABA current density from
38.8�3.8 to 54.7�4.4 pA/pF ( p�0.0086) without altering the EC50 for GABA, which was 13.8 �M (log EC50 ��4.86�0.25)
in control and 8.7 �M (log EC50 ��5.06 � 0.23) in 1Na-PP1-treated cells ( p � 0.554). C, GABA-gated currents recorded every
2.5 min for 30 min from cultured Prkce �/� hippocampal neurons treated with buffer (control; n � 6) or with the PKC� activator
5 �M 	�RACK (n � 10), and from Prkce �/� neurons treated with 	�RACK (n � 6). D, Normalized amplitudes at each time point
were expressed relative to current measured at time 0. Compared with vehicle-treated Prkce �/� cells (control; n � 4) treatment
of Prkce �/� neurons with 	�RACK (n � 5) decreased current amplitude, whereas in Prkce �/� neurons (n � 4) 	�RACK had no
effect (Ftime (12,120) � 11.59, p � 0.0001; Fcondition (2,120) � 20.05, p � 0.0003; Ftime by condition (24,120) � 6.47, p � 0.0001). *p �
0.05 versus control by Bonferroni’s post hoc test. E, Representative eIPSC traces recorded from hippocampal pyramidal neurons in
acute brain slices treated with buffer (control), 5 �M 	�RACK, or 5 �M scrambled 	�RACK peptide. F, Normalized amplitudes of
eIPSCs averaged every 3 min and expressed relative to current measured immediately after establishing whole-cell patch config-
uration at time � 0. Compared with control cells (n � 5), treatment with 	�RACK (n � 5) decreased eIPSC amplitude over the
30 min test period, whereas scrambled 	�RACK (n � 4) had no effect (Ftime (12,132) � 6.85, p � 0.0001; Ftreatment (2,132) � 23.41,
p � 0.0001; Ftime by treatment (24,132) � 5.73, p � 0.0001). *p � 0.05 versus control by Bonferroni’s post hoc test. Error bars indicate SEM.
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Biotechnology). After three washes with PBS,
cells were incubated with donkey DyLight 649-
conjugated anti-goat, DyLight 549-conjugated
anti-mouse, and DyLight 488-conjugated anti-
chicken IgY secondary antibodies (1:200; Jack-
son ImmunoResearch).

Mouse hippocampal neurons were plated on
poly-D-lysine (BD Biosciences)-coated cham-
ber slides at 10 5 cells per 200 mm 2 for 14 –21 d
before treatment with drugs. To detect GABAA

receptors, live cultures were incubated with
rabbit anti-GABAA receptor �2 subunit anti-
body (1:100; Alomone Labs) diluted in Ring-
er’s solution containing 0.5 �M tetrodotoxin
for 90 min at room temperature. After three 10
min washes in Ringer’s solution, neurons were
fixed with methanol for 10 min at �20°C,
washed with PBS, and incubated for 90 min at
room temperature with mouse anti-gephyrin (1:
200; Synaptic Systems) in PBS containing 10%
NDS. To detect NSF and gephyrin, methanol-
fixed cultures were incubated with rabbit anti-
NSF (1:200; Millipore Biotechnology) and
mouse anti-gephyrin antibodies. After three
washes with PBS, cells were incubated with
DyLight 549-conjugated anti-rabbit and DyLight
488-conjugated anti-mouse IgG secondary anti-
bodies (1:200; Jackson ImmunoResearch).

Immunofluoresence was detected using a
Zeiss LSM 510 confocal microscope (Carl Zeiss
MicroImaging) with a Plan Apochromat 63�/
1.40 numerical aperture oil-immersion ob-
jective. Quantification of colocalization was
performed using ImageJ (Abramoff et al.,
2004) with the PSC colocalization plug-in
(French et al., 2008). For studies using HEK293
cells, at least 26 cells were analyzed for each
treatment condition. For experiments with
neurons, neurites were analyzed in at least
seven images (1024 � 1024 pixels; 7 pixels/
�m) for each treatment condition. Results are
presented as Spearman’s rank correlation coef-
ficients. Unlike the Pearson’s product–mo-
ment correlation coefficient, which measures the strength of the linear
relationship between two signals, the Spearman’s coefficient can de-
tect linear and nonlinear relationships (French et al., 2008). The anal-
ysis gives values from �1 (a complete negative correlation) to �1 (a
complete positive correlation), with zero representing no correlation.
Nontransfected HEK293 cells and gephyrin-negative neurites were excluded
from the analyses. Results were analyzed using Mann–Whitney tests and
differences between median values were considered significant where
p � 0.05.

In vitro kinase assay. In vitro phosphorylation of NSF or GST- �2S by
PKC� was performed using 0.07 �M FLAG-tagged human PKC� purified
from COS-7 cells (Qi et al., 2007) in 10 �l of kinase buffer containing 20
mM HEPES, pH 7.4, 0.1 mM EGTA, 0.03% Triton X-100, 10 mM MgCl2,
0.48 �g/�l L-�-phosphatidylserine (Avanti Polar Lipids), 1 �M phorbol
12-myristate, 13-acetate (PMA), and 0.5 mM ATP. The kinase reaction
was initiated at 37°C by adding 10.8 pmol of recombinant NSF or 18.8
pmol of GST- �2S and 10 �Ci of [�- 32P]ATP. At different time points, 10
�l aliquots of the reaction mixture were removed and added to 2.5 �l of
5� SDS buffer to stop the reaction. Proteins were separated on NuPAGE
Bis-Tris gels (Invitrogen) and stained using SimplyBlue (Invitrogen).
Phosphorylated NSF was detected by phosphorimaging. The specific ra-
dioactivity per mole of [�- 32P]ATP was determined by counting diluted
aliquots of the stock [�- 32P]ATP solution to obtain a conversion value
for calculating the molar ratio of 32P to NSF. The stoichiometry of phos-
phate incorporation into NSF was expressed as moles of incorporated
�- 32P per moles of NSF.

Purification of NSF. Recombinant His-tagged Chinese hamster ovary
NSF cDNA in the vector pQE9 was kindly provided by Dr. Sidney White-
heart (University of Kentucky, Lexington, KY). Recombinant His-NSF
and its mutants were isolated from Escherichia coli M15 by chromatog-
raphy on nickel-agarose columns (QIAGEN). To preserve the enzymatic
activity of NSF, 0.5 mM ATP were added to the lysis buffer and 0.5 mM

ADP were added to the washing and elution buffers. Bacterial cultures
were grown at 37°C in LB broth containing 100 �g/ml ampicillin and 25
�g/ml kanamycin until the OD600 reached 0.6, and then induced with 1 mM

IPTG (isopropyl �-D-thiogalactopyranoside) for 4 h. The cells were collected
and resuspended in 25 ml of lysis buffer containing 20 mM HEPES, pH 8.0,
50 mM NaCl, 0.5 mM ATP, 5 mM MgCl2, 5 mM �-mercaptoethanol, and 1 mM

PMSF. Extracts were solubilized by sonication. The unsolubilized material
was removed by centrifugation at 200,000 � g for 30 min at 4°C. After
affinity binding of the supernatant to nickel-agarose columns, the columns
were washed once with lysis buffer containing 10 mM imidazole and once
with lysis buffer containing 0.5 mM ADP and 20 mM imidazole. The proteins
were eluted using 100 mM HEPES at pH 8.0, 300 mM NaCl, 10% glycerol, 0.5
mM ADP, and 300 mM imidazole buffer. After concentration in Centricon
K50 columns, the proteins were dialyzed against buffer containing 20 mM

HEPES at pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM MgCl2, 0.5 mM ADP,
and 1 mM �-mercaptoethanol and stored at �80°C. The concentration of
recombinant NSF was determined by comparison with bovine serum albu-
min standards on NuPAGE Bis-Tris gels (Invitrogen). The purity of the final
proteins was �95%, as assessed by Coomassie blue staining.

Mass spectrometry. NSF proteins were phosphorylated in vitro by PKC�
for 3 h as described above. The reaction mixtures were fractionated by SDS-

Figure 2. PKC� interacts directly with NSF in a complex containing GABAA receptor �2 subunits. A, The left panel is a repre-
sentative experiment showing proteins immunoprecipitated from HEKGR-AS-PKC� cell lysates with anti-NSF antibody and de-
tected by Western blot analysis with anti-NSF, anti-PKC�, or anti-�2-subunit antibodies. Data are quantified in the right panel,
showing that, after 45 min of treatment, 1 �M 1Na-PP1 decreased and 1 �M PMA increased the amount of PKC� coimmunopre-
cipitated with NSF [n � 3; *p � 0.05 compared with control (con) and †p � 0.05 compared with PMA by Newman–Keuls post hoc
test]. B, Representative Western blots with anti-NSF, anti-PKC�, and anti-�2-subunit antibodies of brain lysates from Prkce �/�

and Prkce �/� mice after immunoprecipitation with anti-NSF antibody. C, The top panel shows representative Western blots from
a pull-down assay using recombinant NSF and purified FLAG-PKC� (2 �g) immobilized on anti-FLAG antibody-conjugated aga-
rose. The amount of NSF pulled down with immobilized PKC� increased linearly with the amount of NSF added to the assay
(bottom panel; n � 4). D, Representative overlay assay showing Ponceau S-stained-NSF and GST immobilized on a nitrocellulose
membrane after SDS-PAGE (PONCEAU S; left) and PKC� immunoreactivity detected using an anti-PKC� antibody (PKC� overlay;
right) after incubation of the membrane with recombinant PKC�. This experiment were repeated three times with similar results.
Error bars indicate SEM.
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PAGE and stained with Colloidal Blue (Invitrogen). Gel slices containing
NSF were digested with trypsin or AspN protease. Samples from the digests
were analyzed by nano-liquid chromatography–mass spectrometry/mass
spectrometry (nano-LC-MS/MS) using a LC-Packings HPLC (Dionex)
coupled to a QStar XL mass spectrometer (Applied Biosystems). Peptides
were first desalted on a 300 �m � 5 mm PepMap C18 trap column with
0.1% formic acid in HPLC-grade water at a flow rate of 20 �l/min. After
being desalted for 6 min, peptides were backflushed onto a LC Packings
75 �m � 15 cm C18 nano column (3 �m; 100 A) at a flow rate of 200
nl/min. Peptides were eluted with a 30 min gradient of 3– 40% acetoni-
trile in 0.1% formic acid. Mass ranges for the MS survey scan and MS/MS
were m/z 300 –1800 and m/z 50 –1800, respectively. The scan times for
MS and MS/MS were 1.0 and 2.0 s, respectively. The top three, multiply
charged ions with MS peak intensity �30 counts/scan were chosen for
MS/MS fragmentation with a precursor ion dynamic exclusion of 60 s.
Data were searched against a home-built database that included the NSF
sequence. Four modifications were included in the database search as
follows: carbamidomethyl (C), oxidation (M), phospho (ST), and
phospho (Y).

NSF peptide phosphorylation. The following peptides (based on amino
acids 452–468 of NSF) were dissolved in ddH2O to prepare 1 mM stocks:
native NSF (AMNRHIKASTKVEVDME), S460A mutant (AMNRHI-

KAATKVEVDME), T461A mutant (AMN-
RHIKASAKVEVDME), and S460A/T461A
double mutant (AMNRHIKAAAKVEVDME).
Human recombinant PKC� (Invitrogen) was di-
luted in 0.1 mg/ml BSA, 0.05% Triton X-100 to 4
ng/�l. Phosphorylation was performed with 9.5
nM PKC� and 100 �M NSF peptide in 25 �l of
kinase buffer containing 20 mM Tris-HCl, pH 7.5,
10 mM MgCl2, 1 �M PMA, 0.48 mg/ml L-�-
phosphatidylserine, 0.25 mM EGTA, 0.1 mg/ml
BSA, 2.5 �M ATP, and 0.5 �Ci of [32�-P]ATP.
After 90 min incubation at 27°C, the reaction was
terminated by adding 12.5 �l of 7.5 M guanidine
hydrochloride. Eight microliters of reaction mix-
ture were spotted onto a streptavidin-coated
SAM Biotin Capture membrane (Promega). The
membrane was washed once with 2 M NaCl for
30 s, three times with 2 M NaCl for 2 min, four
times with 2 M NaCl in 1% H3PO4 for 2 min, and
twice with double-distilled H2O for 30 s. The
membrane was air dried at 27°C for 60 min, and
radioactivity remaining on the membrane was
measured by liquid scintillation counting.

ATPase assay. NSF (600 ng) was phosphory-
lated in vitro for 30 min using 200 ng of PKC� as
described above but in the presence of 1 mM ATP
without [�-32P]ATP. ATPase assays were then
performed in 30 �l of 25 mM Tris-HCl, pH 9.0,
100 mM KCl, 0.65 mM �-mercaptoethanol, 2 mM

MgCl2, 0.5 mM ATP, and 10% glycerol for 1 h at
37°C. The reaction was initiated by the addition
of 10 �Ci of [�-32P]ATP. An aliquot (1 �l) of the
reaction mixture was separated on cellulose PEI
thin-layer plates (J. T. Baker) in 0.8 M acetic acid
and 0.8 M LiCl and analyzed using a Typhoon
9410 scanner (GE Healthcare). The ATPase activ-
ity of NSF was calculated as the percentage of re-
leased inorganic 32P using the following formula:
ATPase activity � 32P/(32P � [�-32P]ATP).

Cell surface ELISA. Hippocampal neurons
were grown on four-well poly-D-lysine-coated
slides. After drug treatment at 37°C in me-
dium, slides were placed on ice and washed
twice in ice-cold PBS, fixed for 10 min in ice-
cold PBS containing 3% paraformaldehyde,
and washed three times with PBS. Neurons
were then incubated with rabbit anti-GABAA

�2 (extracellular) antibody (1:250; Alomone
Labs), followed anti-rabbit IgG (H�L) (1:5000; Jackson ImmunoRe-
search) at room temperature for 1 h, washed six times with ice-cold PBS,
and incubated with 0.5 ml per well of 3,3	,5,5	-tetramethylbenzidine
(Sigma-Aldrich) for 1 h at room temperature. The supernatant (100 �l)
was transferred to a 96-well plate, and absorbance was measured at 655
nm. Results were expressed as a percentage of absorbance detected in
neurons treated with vehicle alone.

Statistical analysis. Quantitative data were expressed as mean � SEM
values and analyzed using Prism 5.0 (GraphPad Software). Data were
tested for normality by the Kolmogorov–Smirnov test and then for dif-
ferences between means by t tests or one-way ANOVA with Newman–
Keuls post hoc tests. Data that were not normally distributed were
analyzed by Mann–Whitney tests, or by Kruskal–Wallis and post hoc
Dunn’s multiple-comparison tests. Dose–response curves were analyzed
by nonlinear curve fitting. Values of p � 0.05 were considered to be
statistically significant.

Results
PKC� regulates the cell surface level of GABAA receptors
To examine the role of PKC� in GABAA receptor trafficking, we
investigated phorbol ester-stimulated downregulation of GABAA

Figure 3. Membrane translocation of NSF in response to activation of PKC�. A, HEKGR-AS-PKC� cells were transfected with
MyrPalm-CFP and incubated for 60 min with control vehicle (0.1% DMSO; Con), 1 �M 1Na-PP1, or 1 �M PMA, or with 1Na-PP1 for
15 min before addition of PMA for another 60 min. CFP (green), NSF (red), and PKC� (blue) immunoreactivity were detected by
confocal microscopy. Merged images indicate colocalization of CFP and NSF (yellow) or CFP and PKC� (cyan). PMA (1 �M) induced
translocation of NSF and PKC� to cell membrane. B, C, The colocalization between these proteins was quantified and expressed as
Spearman’s rank correlation coefficients. The results indicate that 1 �M PMA increased the colocalization of both NSF (n � 31–57
cells) and PKC� (n � 26 –38 cells) with CFP. *p � 0.05 compared with other conditions (Dunn’s multiple-comparisons test). Scale
bar, 10 �m. Error bars indicate SEM.
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receptors. We used HEKGR-AS-PKC� cells, which stably express
�1�2�2 GABAA receptors and an ATP analogue-specific mutant
of PKC� (AS-PKC�) that can be selectively inhibited by the AS-
kinase inhibitor 1Na-PP1 at concentrations that do not affect
native kinases (Qi et al., 2007). We treated these cells with the
PKC activator PMA, with or without 1Na-PP1, and measured the
level of GABAA �2 subunits at the cell surface by Western blot
analysis of biotinylated cell surface proteins (Fig. 1A). PMA (30
nM) reduced the cell surface level of �2 subunits by 43%, whereas
1 �M 1Na-PP1 increased it by 33% and antagonized the effect of
PMA. These treatments did not alter the total level of �2 subunits
in the cell lysate (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material).

These findings suggested that PKC� regulates the level of
GABAA receptors at the cell surface. To investigate this hypothe-
sis further, we measured GABA-stimulated currents in HEKGR-
AS-PKC� cells. Treatment with 3 �M 1Na-PP1 increased the
GABA current density by 41% without altering the EC50 for
GABA (Fig. 1B). This increase in GABA efficacy was similar in
magnitude to the increase in cell surface �2 subunits induced by
1Na-PP1 (Fig. 1A), indicating that PKC� regulates GABA effi-
cacy by altering the number of functional GABAA receptors at the
cell surface.

We next investigated whether PKC� also regulates GABAA

receptors in neurons by studying mouse hippocampal neurons
from P1–P3 wild-type and Prkce�/� mice cultured for 6 –12 d in
vitro. Treatment with 5 �M 	�RACK, a specific PKC� activator
(Chen et al., 2001) administered via the recording pipette, re-
duced GABA-stimulated currents in wild-type neurons but had
no effect on Prkce�/� neurons (Fig. 1C,D). In wild-type brain
slices from P45–P65 mice, 5 �M 	�RACK administered in the
recording pipette reduced electrically evoked, GABA-mediated
inhibitory postsynaptic currents in hippocampal pyramidal neu-
rons, whereas 5 �M of a scrambled peptide had no effect (Fig.
1E,F). These results demonstrate that PKC� downregulates na-
tive GABAA receptors in hippocampal neurons, which leads to
decreased GABA-mediated inhibitory synaptic transmission.

PKC� associates with NSF and GABAA �2 subunits
We next investigated mechanisms by which PKC� regulates the
number of GABAA receptors at the cell surface. Since PKC phos-
phorylation of GABAA receptor subunits does not regulate recep-
tor trafficking (Chapell et al., 1998; Connolly et al., 1999), we
considered as possible substrates proteins that associate with
GABAA receptors and are known to regulate trafficking of other
receptors. We focused attention on NSF since it regulates the
trafficking of AMPA receptors (Collingridge et al., 2004). We
found that NSF coimmunoprecipitated with both PKC� and
GABAA �2 subunits in lysates of HEKGR-AS-PKC� cells (Fig.
2A). Incubation with 1 �M PMA for 45 min increased the amount
of coimmunoprecipitated PKC� by 
60%, whereas 1Na-PP1 de-
creased it by 60% and prevented the effect of PMA (F(3,8) � 16.4;
p � 0.0009) (Fig. 2A). In contrast, the amount of GABAA �2 that
coimmunoprecipitated with NSF was not altered by either treat-
ment. The abundance of NSF, PKC�, and �2 in the lysates was
also not altered by these treatments (supplemental Fig. 2A, avail-
able at www.jneurosci.org as supplemental material).

To test whether PKC�, NSF, and GABAA receptors also form a
protein complex in the brain, we prepared whole-brain lysates
from Prkce�/� and Prkce�/� mice. The abundance of NSF and
GABAA �2 subunits was similar in Prkce�/� and Prkce�/� lysates
(supplemental Fig. 2B, available at www.jneurosci.org as supple-
mental material). NSF could be coimmunoprecipitated with

PKC� and GABAA �2 subunits in lysates from Prkce�/� mice
(Fig. 2B). The amount of GABAA �2 coimmunoprecipitated with
NSF from Prkce�/� brain lysates was 97 � 3% of the amount
coimmunoprecipitated from Prkce�/� lysates (n � 3 for each
genotype; p � 0.45), indicating that the association between NSF
and GABAA �2 subunits occurs independently of PKC�. Recip-
rocal immunoprecipitations using antibodies against PKC� or
GABAA �2 confirmed their association with NSF in HEKGR-AS-
PKC� cell and Prkce�/� brain lysates (supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material).

NSF and PKC� may interact directly or require another pro-
tein to bind in a complex. To investigate these possibilities, we
first performed a pull-down assay using FLAG epitope-tagged
PKC� immobilized on agarose beads and His-tagged NSF (Fig.
2C). There was a linear correlation between the amount of NSF
immunoreactivity recovered from the PKC�-agarose beads and
the amount of His-tagged NSF that was added to the assay (rp �
0.995; p � 0.0204; n � 4). We also performed a gel overlay assay
using NSF immobilized on nitrocellulose membranes (Fig. 2D).
Recombinant PKC� bound selectively to immobilized NSF but
not to immobilized GST (Fig. 2D). These findings indicate that
NSF and PKC� can bind directly to each other.

Figure 4. PKC activation alters the colocalization of NSF and GABAA receptors with gephyrin.
A, PMA increases the colocalization of NSF with gephyrin in cultured hippocampal neurons.
Neurons were incubated with the control vehicle (0.02% DMSO; n � 14 images) or 200 nM PMA
(n � 14). NSF (green) and gephyrin (red) were detected by confocal microscopy. Representa-
tive neurites in a 250 � 500 �m region are shown. Merged images show colocalization of NSF
with gephyrin in yellow. B, Compared with control (0.02% DMSO; n � 7 images), 200 nM PMA
(n � 15) decreased the colocalization of GABAA �2 subunits with gephyrin. Merged images
show colocalization of �2 subunits (green) and gephyrin (red) in yellow. Higher magnification
merged images are shown in the bottom panels. Scale bars, 10 �m.
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Activation of PKC� causes NSF to translocate to the
plasma membrane
Since phorbol esters cause translocation of PKC to the plasma
membrane (Song and Messing, 2005) and our results indicated
that NSF interacts with activated PKC�, we predicted that PMA
would also cause NSF to translocate to the plasma membrane. We

examined this possibility by performing
immunofluorescence studies in intact
HEKGR-AS-PKC� cells using MyrPalm-
CFP as a membrane marker (Violin et al.,
2003). Treatment with PMA (1 �M) for 60
min increased the colocalization of NSF
with MyrPalm-CFP, but addition of 1 �M

1Na-PP1 for 15 min before PMA blocked
colocalization of NSF and MyrPalm-CFP
(Fig. 3A,B) ( p � 0.0001, Kruskal–Wallis
test). PMA also increased the colocaliza-
tion of PKC� and MyrPalm-CFP, and this
effect was reduced by pretreatment with
1Na-PP1 (Fig. 3 A, C) ( p � 0.0001,
Kruskal–Wallis test). These results indi-
cate that phorbol esters induce a translo-
cation of NSF to the plasma membrane
that depends on PKC� activity.

We next investigated the association of
NSF and GABAA receptors with gephyrin,
which is involved in the synaptic localiza-
tion of GABAA receptors (Essrich et al.,
1998). We examined neurites of primary
hippocampal neurons cultured from
P1–P3 mice for 14 –21 d in vitro and found
that 200 nM PMA increased the colocal-
ization of NSF and gephyrin ( p �
0.0001), increasing the Spearman’s coeffi-
cient from 0.467 � 0.008 in cells treated
with the 0.02% DMSO vehicle (n � 14) to
0.538 � 0.010 in cells treated with PMA
(n � 14) (Fig. 4A). In contrast, PMA re-
duced colocalization of gephyrin and
GABAA �2 subunits ( p � 0.0012), de-
creasing the Spearman’s coefficient from
0.547 � 0.017 in DMSO-treated cultures
(n � 7) to 0.374 � 0.030 in PMA-treated
cultures (n � 15) (Fig. 4B). These results
suggest that PKC activation recruits NSF
to inhibitory synapses while downregulat-
ing the number of GABAA receptors.

PKC� phosphorylation enhances the
ATPase activity of NSF
Since PKC� and NSF interact, we next
tested whether NSF is a PKC� substrate. In
vitro kinase assays showed that PKC�
phosphorylates NSF at a rate similar to the
major intracellular loop of the GABAA

�2S subunit (GST-�2S), which contains a
PKC� phosphorylation site at S327 (Fig.
5A) (Qi et al., 2007). PKC� phosphory-
lated NSF to a maximal stoichiometry of
0.917 � 0.069 (n � 3). Nano-LC-MS/MS
of in vitro phosphorylated and trypsin-
digested NSF identified a single phos-
phorylated peptide that contains one

serine and one threonine residue (underlined) (ASTKVEVD-
MEK; amino acids 459 – 469) (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). To test whether
PKC� phosphorylates either site, we generated NSF peptides con-
taining S460A, T461A, or both mutations. PKC� phosphorylated
an NSF peptide containing the native sequence, but showed re-

Figure 5. PKC� phosphorylates NSF at S460 and regulates NSF ATPase activity. A, Representative autoradiograph of phosphor-
ylated NSF (top panel) and a scanned image of a Coomassie blue-stained gel (bottom panel). B, In vitro phosphorylation of NSF
peptides by PKC� is reduced by alanine mutations at S460 and T461 (n � 3 each). *p � 0.05 compared with native NSF by
Newman–Keuls post hoc tests. C, Representative overlay assay showing NSF mutants immobilized on a nitrocellulose membrane
after SDS-PAGE with PKC� immunoreactivity detected using an anti-PKC� antibody (PKC� overlay) after incubation of the mem-
brane with recombinant PKC�. PKC� binding to alanine mutants (S460A, T461A) was reduced while binding to glutamate mutants
(S460E, T461E) was increased ( p � 0.05, one-sample t tests; n � 5). D, Representative autoradiograph of a thin-layer chromato-
gram showing increased NSF ATPase activity after PKC� phosphorylation of NSF. Radiolabeled ATP and released inorganic phos-
phate (Pi) are indicated by arrows. E, PKC� phosphorylation increased NSF ATPase activity and NEM blocked both baseline and
PKC�-stimulated activity (n � 3). *p � 0.05 compared with NSF and †p � 0.05 compared with NSF�PKC� but not NSF�NEM
by Newman–Keuls post hoc tests. F, The S460A NSF mutation prevented enhancement of ATPase activity by PKC� (n � 3). *p �
0.05 compared with the corresponding untreated control (100%) by one-sample t tests. Error bars indicate SEM.
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duced ability to phosphorylate peptides containing either muta-
tion (F(3,8) � 85.54; p � 0.0001) (Fig. 5B). These results indicate
that PKC� phosphorylates NSF at both S460 and T461 in vitro.

To determine whether PKC� phosphorylation of NSF regu-
lates NSF function, we first examined the effect of phosphoryla-
tion on the interaction of NSF with PKC� using gel overlay assays.
Mutation of S460 or T461 to alanine disrupted binding to PKC�
(Fig. 5C). Conversely, mimicking phosphorylation by glutamic
acid substitution at these residues facilitated binding to PKC�.
The results indicate that phosphorylation of NSF at S460 and
T461 is necessary for its interaction with PKC�.

We next investigated whether PKC� phosphorylation regu-
lates the enzymatic activity of NSF. Phosphorylation of NSF by
PKC� increased NSF ATPase activity by 50% (F(3,8) � 17.34; p �
0.0007) (Fig. 5 D, E). To ensure that this increase in activity,
measured as hydrolysis of ATP, was attributable to NSF and
not to PKC�, we treated samples with the NSF inhibitor
N-ethylmaleimide (NEM). This treatment abolished nearly all
ATPase activity, indicating that the ATPase activity measured in
this assay was attributable to NSF. To determine whether S460
and T461 are both necessary for regulation of NSF by PKC�, we
examined NSF variants containing these mutations and found
that only the S460A mutation prevented enhancement of NSF
ATPase activity by PKC� (Fig. 5F). These results indicate that
PKC� phosphorylation of NSF at S460 increases the catalytic ac-
tivity of NSF.

Since these in vitro studies showed that S460 is involved not
only in enhancing NSF ATPase activity but also in the interaction
of NSF with PKC�, we investigated whether PKC� phosphory-
lates S460 in vivo. We used an affinity-purified, phosphospecific
antibody raised against a peptide containing phospho-S460. This
anti-phospho-NSF (S460) antibody detected recombinant NSF
phosphorylated by PKC� in vitro, but not the nonphosphorylated
protein (Fig. 6A). Anti-phospho-NSF (S460) immunoreactivity
was decreased by 35% in Prkce�/� brain lysates compared with
wild-type tissue (Fig. 6B,C), consistent with the prediction that
PKC� directly phosphorylates brain NSF at S460 in vivo.

NSF regulates the level of GABAA receptors at the cell surface
To determine whether NSF ATPase activity regulates the cell sur-
face level of GABAA receptors, we used a peptide inhibitor of NSF
(NSFi) (Morrell et al., 2005), which consists of an NSF oligomer-
ization domain attached to a protein transduction domain from
the human immunodeficiency virus transactivator of transcrip-
tion (TAT) protein. NSFi penetrates cells and blocks NSF ATPase
activity (Morrell et al., 2005). We hypothesized that, if NSF acts
downstream of PKC�, then inhibiting NSF function should in-
crease cell surface levels of GABAA receptors and prevent PKC�-
induced downregulation of GABAA receptors. We first examined
HEKGR-AS-PKC� cells and found that treatment for 1 h with 30
nM PMA reduced cell surface GABAA �2 immunoreactivity by
35% (Fig. 7A), as expected (Fig. 1A). Treatment for 75 min with
1 �M NSFi increased cell surface GABAA �2 by 52% and prein-
cubation with 1 �M NSFi for 15 min before addition of 30 nM

PMA prevented the effect of PMA (Fig. 7A). A control TAT pep-
tide had no effect compared with the DMSO (0.02%) vehicle-
treated control. PMA and NSFi did not alter the level of total �2
immunoreactivity in cell lysates (supplemental Fig. 5A, available
at www.jneurosci.org as supplemental material).

We next determined whether NSFi similarly regulates GABAA

receptors in neurons. For these studies, we used an ELISA that
allowed us to detect �2 subunits using fewer cells than required by
the biotinylation assay. Treatment of hippocampal neurons from
Prkce�/� mice with 1 �M 	�RACK for 1 h decreased cell surface
�2 subunits by 26%, whereas treatment for 75 min with 1 �M

NSFi increased them by 60% and preincubation with 1 �M NSFi
for 15 min before addition of 1 �M 	�RACK completely pre-
vented downregulation by 	�RACK (Fig. 7B). Control scrambled
versions of both peptides had no effect compared with untreated
control cells. 	�RACK and NSFi did not alter the level of total �2
immunoreactivity in cell lysates (supplemental Fig. 5B, available
at www.jneurosci.org as supplemental material).

Based on these findings, we predicted that inhibiting NSF
would increase GABAA currents. To test this prediction, we ex-
amined eIPSCs in hippocampal slices (Fig. 7C,D) while adminis-
tering 2 �M NSFi, 5 �M 	�RACK, or both peptides in the internal
recording solution. We found that 	�RACK decreased evoked
GABAA currents in CA1 neurons by 
62%, whereas NSFi in-
creased them by 98% and inhibited the effect of 	�RACK (F(2,17) �
11.75; p � 0.0009). To ensure that NSFi acted postsynaptically,
we administered it together with 	�RACK through the patch
pipette. As a result, NSFi was less effective in reversing the effect
of 	�RACK in hippocampal slices than in neuronal cultures (Fig.
7B), since neurons in culture could be preincubated with NSFi for
15 min before addition of 	�RACK to the medium. These results
in hippocampal slices demonstrate that inhibiting NSF increases
GABAA currents at inhibitory synapses on hippocampal CA1
neurons, and are consistent with NSF acting downstream of
PKC� in mediating downregulation of GABAA receptors.

Discussion
Our results identify a PKC�–NSF signaling pathway that regu-
lates inhibitory synapses by promoting GABAA receptor down-
regulation. We found that PKC� phosphorylates NSF in its
catalytic domain, thereby increasing NSF ATPase activity. Several
upstream activators known to regulate GABAA receptor traffick-
ing by a PKC-dependent mechanism could activate this signaling
pathway. Examples include brain-derived neurotrophic factor in
mouse superior colliculus (Henneberger et al., 2002) and rat hip-
pocampal neurons (Brünig et al., 2001), serotonin in rat pre-
frontal cortical pyramidal neurons (Feng et al., 2001), and

Figure 6. PKC� phosphorylates NSF in vivo. A, An affinity-purified rabbit anti-phospho-NSF
(S460) antibody was generated that detects recombinant NSF phosphorylated by PKC� (P), but
not unphosphorylated NSF (N). The antibody was not immunoreactive against the NSF S460A
mutant before or after incubation with PKC� in a kinase reaction. B, Representative Western
blot showing that the anti-phospho-NSF (S460) antibody detected less immunoreactivity in
brain lysates from Prkce �/� mice than in lysates from wild-type littermates. C, The ratio of
P-NSF (S460) to NSF immunoreactivity was reduced in samples from Prkce �/� (n � 4) com-
pared with Prkce �/� (n � 4) mice (*p � 0.05, two-tailed t test). Error bars indicate SEM.
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acetylcholine in rat superior cervical ganglion neurons (Brandon
et al., 2002). Thus, PKC� and NSF may be critical for downregu-
lation of inhibitory neurotransmission induced by several neuro-
transmitters and growth factors.

Altered NSF-dependent regulation of
GABAA receptor trafficking could contrib-
ute to several phenotypes in Prkce�/� mice.
These mice show decreased anxiety-like be-
havior and suppression of the hypothala-
mic–pituitary–adrenal axis, both of which
can be reversed by low doses of the GABAA

receptor antagonist bicuculline (Hodge et
al., 2002), indicating that GABAA receptor
signaling is enhanced in Prkce�/� mice. Re-
duced NSF-stimulated GABAA receptor
trafficking may explain the increased en-
dogenous GABA tone in these mice and
their supersensitivity to several different
classes of GABAA receptor agonists (Hodge
et al., 1999, 2002).

Phosphorylation of NSF by PKC� not
only increased NSF ATPase activity but
also regulated the subcellular localization
of NSF. Unlike most substrate– kinase in-
teractions, which are transient, activation
of PKC� stimulated the formation of an
NSF–PKC� complex that translocated to
the plasma membrane. PKC�-induced
translocation of NSF could be important
for regulating GABAA receptor density at
the cell surface since, when translocated to
the cell membrane, NSF is better able to
encounter cell surface GABAA receptors
and regulate their trafficking.

Previously, it was thought that PKC does
not contribute to constitutive GABAA re-
ceptor trafficking since nonselective PKC
inhibitors do not alter the density of cell sur-
face GABAA receptors (Chapell et al., 1998;
Connolly et al., 1999). However, our finding
that PKC� inhibition increases cell surface
�2 subunits and GABA efficacy indicates
that PKC� regulates constitutive receptor
trafficking and that another PKC isozyme
may exert an opposing effect. Inhibition of
NSF also increased cell surface levels of �2

subunits in addition to preventing PKC�-stimulated receptor
downregulation. Together, these results reveal important roles
for NSF and PKC� in both constitutive and stimulated GABAA

receptor trafficking.
NSF is comprised of three domains, an N-terminal domain

and two homologous ATP binding domains, D1 and D2 (Zhao et
al., 2007). The N-terminal domain interacts with soluble NSF
attachment proteins (SNAPs) and soluble NSF attachment pro-
tein receptors (SNAREs). The D1 domain hydrolyzes ATP and
the D2 domain mediates NSF homohexamerization. To under-
stand why phosphorylation of the D1 domain at S460 but not
T461 enhances the catalytic activity of NSF, we modeled the D1
domain of NSF using the crystal structure of the homologous D2
domain (PDB number 1D2N) (Fig. 8) (Lenzen et al., 1998). Re-
sults using structure-based sequence alignment (http://www.cgl.
ucsf.edu/chimera) showed that S460 and T461 lie in the middle of
the �9 helix. Both residues are solvent accessible, but only S460 is
in direct contact (
3.7 Å) with D425 and E428, two acidic resi-
dues in the �7 helix (Fig. 8). Phosphorylation at S460 on the �9
helix adds a negatively charged phosphate predicted to repel these
nearby acidic residues in the �7 helix. This repulsion could alter

Figure 7. NSF ATPase activity regulates cell surface levels of �2 subunits and evoked GABAA currents. A, HEKGR-AS-PKC� cells were
incubated with the DMSO vehicle as a control (n�13), 1�M TAT (n�11), TAT plus 30 nM PMA (n�10), 1�M NSFi (n�8), or NSFi plus
PMA (n � 7). Biotinylated cell surface proteins were compared by Western blot analysis with anti-�2 subunit antibodies. NSFi increased
the level of cell surface GABAA �2 subunits and blocked PMA-induced downregulation. *p � 0.05 compared with control vehicle (100%)
by one-sample t tests. B, Hippocampal neurons were treated with buffer alone as control (n � 18), or with 1 �M each of scrambled (scr)
	�RACK (n�6), scrambled (scr) NSFi (n�6),	�RACK (n�12), NSFi (n�12), or NSFi plus	�RACK (n�12). Cell surface GABAA �2
subunits were determined by ELISA using an antibody against extracellular domains of �2 subunits. The 	�RACK peptide decreased �2
immunoreactivity at the cell surface, whereas NSFi increased it and blocked the effect of 	�RACK. *p � 0.0003 compared with control
(100%) by one-sample t tests. C, D, Amplitudes of eIPSCs were averaged every 3 min and expressed relative to current measured in the first
3 min immediately after establishing whole-cell patch configuration. Peptides were administered in the patch pipette. Treatment with 5
�M 	�RACK (n � 6) decreased the eIPSC amplitude, whereas 2 �M NSFi (n � 7) increased it and prevented the effect of 	�RACK (NSFi
plus	�RACK; n�5). Results in D are mean values from the last 6 min of recording (24 –30 min after break in). *p�0.05 compared with
NSFi plus 	�RACK by Newman–Keuls test. Error bars indicate SEM.

Figure 8. Model of the NSF D1 domain showing that S460 within the�9 helix (orange-red) lies in
close proximity (
3.7 Å) to D425 and E428 on the �7 helix (gold). The side chains of S460, D425,
E428, and T461 are shown in blue, and the oxygen atoms on the side chains are shown in red.
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the conformation of adjacent �6 and �8 helices, which directly
bind ATP, and thereby enhance the catalytic function of NSF
when PKC� is activated. In contrast, the side chain of T461
projects outward, away from other NSF residues. Thus, phos-
phorylation of T461 is unlikely to alter the conformation of NSF,
but instead could regulate its interaction with other molecules
such as PKC�.

In contrast to our findings, Marsden et al. (2007) previously
reported that NMDA receptor activation stimulates exocytosis of
GABAA receptors that is dependent on calcium/calmodulin-
dependent kinase II (CaMKII) and NSF. Using hippocampal
neurons cultured from P0 rats, they found that NMDA increases
the association of NSF with GABAA �2/3 subunits, and that a
peptide inhibitor of NSF blocks NMDA-induced increases in
GABAA receptors at the cell surface. There are technical differ-
ences between their study and ours that could explain why our
findings are different. These include choice of species and use of
different peptides with different mechanisms of action. The pep-
tide we used inhibits homo-hexamerization of NSF and abolishes
NSF ATPase activity (Morrell et al., 2005). The peptide inhibitor
used by Marsden and colleagues mimics the NSF binding site of
�- and �-SNAPs and is designed to prevent the binding of NSF to
SNAPs rather than inhibit NSF activity (Lledo et al., 1998). More-
over, the kinases that we studied, PKC� versus CaMKII, are dif-
ferent, which raises the intriguing possibility that these kinases
determine whether NSF upregulates or downregulates synaptic
GABAA receptors. In vitro NSF appears to be a substrate of
CaMKII (Hirling and Scheller, 1996), but how this kinase regu-
lates NSF function is not yet known.

Long-term depression of AMPA currents occurs through
NMDA-stimulated removal of AMPA receptors from postsynap-
tic membranes (Hanley, 2008). This process requires the interac-
tion of GluA2 subunits with the protein interacting with
C-kinase-1 (PICK1). NSF binds to GluA2 subunits and acts as a
disassembling chaperone using energy derived from ATP hydro-
lysis to disassociate AMPA receptors from PICK1, thereby inhib-
iting GluA2 endocytosis and stabilizing AMPA receptors at
synapses (Hanley et al., 2002). As shown by our current findings,
PKC�-phosphorylated NSF instead promotes downregulation of
GABAA receptors. Although the effects of NSF on these two types
of receptors are quite different, they are additive in producing a
net enhancement of excitatory neurotransmission. Thus, reduc-
ing PKC� and NSF activity could prove beneficial for resetting the
balance of excitation and inhibition in disorders associated with
neuronal hyperexcitability. Our findings suggest that inhibitors
of PKC� and NSF could provide an approach for achieving this
goal.
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Knabl J, Witschi R, Hösl K, Reinold H, Zeilhofer UB, Ahmadi S, Brockhaus J,
Sergejeva M, Hess A, Brune K, Fritschy JM, Rudolph U, Möhler H, Zeil-
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