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Syntaxin 1A inhibits GABA uptake of an endogenous GABA
transporter in neuronal cultures from rat hippocampus and in
reconstitution systems expressing the cloned rat brain GABA
transporter GAT1. Evidence of interactions between syntaxin
1A and GAT1 comes from three experimental approaches:
botulinum toxin cleavage of syntaxin 1A, syntaxin 1A antisense
treatments, and coimmunoprecipitation of a complex contain-
ing GAT1 and syntaxin 1A. Protein kinase C (PKC), shown
previously to modulate GABA transporter function, exerts its

modulatory effects by regulating the availability of syntaxin 1A
to interact with the transporter, and a transporter mutant that
fails to interact with syntaxin 1A is not regulated by PKC. These
results suggest a new target for regulation by syntaxin 1A and
a novel mechanism for controlling the machinery involved in
both neurotransmitter release and reuptake.
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Neurotransmitter transporters are integral membrane proteins,
expressed at or near the synapse on neurons and glia, that
function by coupling the uptake of neurotransmitter to the move-
ment of cotransported ions down their electrochemical gradients.
The influences of transporters on synaptic signaling are diverse.
Pharmacological blockade of specific transporters can prolong
and/or increase the amplitude of postsynaptic responses mediated
via GABA (Isaacson et al., 1993), NMDA (Sarantis et al., 1993;
Barbour et al., 1994), and AMPA (Hestrin et al., 1990; Tong and
Jahr, 1994) receptors. At “slow” synapses, these transporter-
mediated signaling effects could be attributable to transmitter
transport directly (see Lester et al., 1994); at “fast” synapses, the
role of the transporter is likely attributable to its ability to bind
extracellular neurotransmitter rapidly (Diamond and Jahr, 1997).
Additionally, transporters may directly alter membrane excitabil-
ity by inducing “channel-like” ion fluxes in the presence of
substrate and by permitting substrate-independent “leak” cur-
rents (for review, see Sonders and Amara, 1996; Beckman and
Quick, 1998).

Factors that regulate neurotransmitter transporter function
will necessarily influence these processes, and such factors in-
clude a variety of intracellular second messengers (for review, see
Clark and Amara, 1993; Beckman and Quick, 1998). In particu-
lar, modulation of uptake by protein kinase C (PKC) has been
described for most transporters (for review, see Beckman and
Quick, 1998); stimulation of PKC exerts its effects by changing the
number of functional transporters expressed on the plasma mem-

brane (Corey et al., 1994b; Qian et al., 1997; Quick et al., 1997;
Davis et al., 1998).

Syntaxin 1A is a plasma membrane protein involved both in
trafficking and vesicle docking and/or fusion (Bennett et al., 1992,
1993) and in the direct regulation of Ca 21 channels (Bezproz-
vanny et al., 1995) and cystic fibrosis transmembrane regulator
(CFTR) Cl2 channels (Naren et al., 1997). Data from coexpres-
sion studies in oocytes suggest a functional interaction between
syntaxin 1A and the cloned rat brain GABA transporter GAT1
(Quick et al., 1997). However, the biological relevance of PKC
and syntaxin 1A in transporter regulation and the mechanisms
underlying the functional modulation by these molecules have
not been elucidated.

In the present report, we show that syntaxin 1A and PKC
functionally regulate GABA transport in cells that endogenously
express these proteins. In mammalian cell reconstitution systems,
coimmunoprecipitation experiments demonstrate an association
between GAT1 and syntaxin 1A that can be regulated by PKC.
Syntaxin 1A is necessary but not sufficient to confer PKC-
mediated transporter regulation, and reconstitution experiments
suggest that PKC modulation likely occurs via interactions of the
syntaxin 1A–GAT1 complex with other syntaxin 1A-binding
partners that are substrates for PKC modification (e.g., Munc18).
Such functional regulation is lacking in a mutant GAT1 protein
that does not interact with syntaxin 1A. These data (1) suggest
that a network of protein–protein interactions is responsible for
the functional regulation of GABA transport, (2) describe one
mechanism for PKC modulation of transporter function, and (3)
accumulate additional evidence to suggest that syntaxin 1A is a
general regulator of excitability protein activity.

MATERIALS AND METHODS
Cell culture. Primary hippocampal cultures were prepared from postnatal
day 0–3 rats by mincing tissue in a-Minimal Essential Medium (a-MEM)
supplemented with cysteine, glucose, and 100 U of papain (Sigma, St.
Louis, MO, or Worthington, Freehold, NJ). Tissue was incubated for 20
min at 37°C, followed by gentle trituration, dilution, and plating onto
poly-L-lysine–coated glass coverslips. To obtain pure neuronal cultures,
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we treated mixed cultures for 48 hr with 10 mM cytosine arabinoside
(Sigma); treatment was initiated 24 hr after plating. Astrocyte cultures
were prepared as described (Ye and Sontheimer, 1996). Cells were
plated onto untreated 24-well plates and maintained in Earle’s MEM
supplemented with 10% FBS.

Pheochromocytoma (PC12) cells were maintained in RPMI 1640
supplemented with 10% horse serum, 5% FBS, L-glutamine, and peni-
cillin–streptomycin. 1F9 cells [Chinese hamster ovary cells stably ex-
pressing GAT1 (Corey et al., 1994a)] were maintained in a-MEM
supplemented with 5% FBS, L-glutamine, and penicillin–streptomycin.
Transient transfections were performed using Lipofectamine (Life Tech-
nologies, Gaithersburg, MD) in Optimem I (Life Technologies). The
lipid–DNA mix was incubated with the cells for 5 hr; cells were then
rinsed and refed with complete media. Stable transformants were ob-
tained by selection in 500 ng/ml G418 (Life Technologies). PC12 cell
transfections were supplemented with 50 ng/ml 7S mouse nerve growth
factor (Alomone Labs).

[ 3H]GABA uptake assays. Cells were rinsed twice in 13 HBSS and
allowed to equilibrate for 10 min in the final wash. Buffer was then
exchanged with control HBSS or drug-containing HBSS; preincubation
times were 10–30 min. [ 3H]GABA was added to initiate the assay. The
final [ 3H]GABA concentration was 30 nM, and assay times were 10–60
min. The assay was terminated by rapidly rinsing the cells three times
with 13 HBSS, followed by solubilization in 300 ml of 0.001–0.005% SDS
at 37°C for 2 hr. Aliquots were used for scintillation counting and to
determine protein concentrations. Statistical analyses of the uptake data
were performed using SPSS. Two-sample comparisons were made using
t tests; multiple comparisons were made using one-way ANOVAs, fol-
lowed by Tukey’s honest significant difference post hoc test.

Antisense experiments. The rat syntaxin sense and antisense (Bennett
et al., 1992) oligonucleotides have been described (Quick et al., 1997).
Briefly, they corresponded to bases 21 to 18 (sense strand, 59-
GATGAAGGATCGGACTCAG-39), a region divergent in sequence
from other syntaxin isoforms based on the published sequence. For
antisense inhibition experiments, 1 ml of the oligonucleotides (10 mM,
final concentration) was incubated with cells in 1% serum media with
Lipofectamine for 6 hr; 1 ml of 20% serum media was then added to the
cells without removing the oligonucleotides.

Mutant GAT1 constructs. Truncation mutants were created using the
PCR. The N-terminal truncation mutant (GAT1DN) was produced using
the following primer set: (upstream) 59-TTTCCAAAGCTTTGGATG-
GCGACTGTAGTCAAGGTGCAGAAG-39; and (downstream) 59-
TCTGTGAAAGCCCCCAAGGG-39. This resulted in the production of
a GAT1 construct lacking bases 10–91, corresponding to amino acids
4–30. PCR products were cloned into pCR 2.1 (Invitrogen, San Diego,
CA), screened by restriction analysis, and subcloned into pRC/cytomeg-
alovirus (Invitrogen) at the HindIII and ApaI sites. A GAT1 consensus
phosphorylation site mutant (T236A) was made using Altered Sites I
(Promega, Madison, WI). GAT1 T236A was subcloned into pcDNA3 for
transfection studies. The GAT1D4L mutant was made using the Trans-
former site-directed mutagenesis kit (Clontech, Cambridge, UK) as
described (Quick et al., 1997). Leucines at positions 83, 90, 97, and 104
were changed to alanines. All mutants were confirmed by sequencing.

Immunoprecipitations. Immunoprecipitation was performed by lysing
cells in radio-immunoprecipitation assay buffer as described (Naren et
al., 1997). The lysate was treated with protein G–agarose and 0.8 mg of
syntaxin antibody. The product was precipitated, resuspended, and run
on a 6% acrylamide gel. Protein was transferred to a polyvinylidene
difluoride membrane (Pierce, Rockford, IL) by electroblotting. Western
blotting of PC12 cells, 1F9 cells, and oocytes was performed using
anti-GAT1 antibodies as described (Corey et al., 1994b) and was visual-
ized using ECL reagents (Amersham, Arlington Heights, IL).

RESULTS
Much data demonstrating transporter regulation by PKC and by
components of the vesicle docking and fusion apparatus come
from experiments involving heterologous expression systems. To
establish the biological relevance of these molecules in regulating
endogenous transporters in brain, we examined modulation of
GABA transport in both neuronal and astrocyte cultures from rat
hippocampus. The data from neuronal cultures are shown in
Figure 1A. Pretreatment of neurons with phorbol 12-myristate
13-acetate (PMA), a phorbol ester that activates PKC, decreased

GABA uptake to 46 6 4% of control values. A non-PKC–
activating phorbol ester, 4a-phorbol 12,13-didecanoate (4aPDD),
had no effect on transport (96 6 6%). The PKC effects on GABA
uptake in these neurons are likely mediated via the rat brain
GABA transporter encoded by GAT1 (Guastella et al., 1990)
because SKF89976A, a potent inhibitor of GAT1-mediated trans-
port (Larsson et al., 1988), essentially abolished uptake.

To examine the role of components of the docking and fusion
apparatus on endogenous GABA transport in hippocampal neu-
rons, we used clostridial toxins to inactivate particular synaptic
vesicle and plasma membrane-trafficking proteins. These results
are shown in Figure 1A. Pretreatment of neurons with botulinum
toxin C1 (BONT/C1), which specifically cleaves syntaxin 1A near
its membrane anchor (Blasi et al., 1993), caused an ;75% in-
crease in GABA uptake (176 6 14%); this syntaxin-mediated
change in uptake could be completely blocked by SKF89976A.
This upregulation in GABA transport did not occur in cells
treated with botulinum toxin B (BONT/B), which specifically
inactivates the vesicle-associated protein synaptobrevin (108 6
14%). In addition, the inhibition of GABA uptake that occurred
with PMA was eliminated in neurons also treated with BONT/C1
(163 6 15%). The PMA-induced inhibition of uptake (44 6 6%)
remained in cultures cotreated with BONT/B.

Modulation of GABA transport by PMA and BONT/C1 does
not occur in pure astrocyte cultures also prepared from rat
hippocampus. These data are shown in Figure 1B. Under the
same treatment conditions used for the pure neuronal cultures,
PMA (92 6 11%), BONT/C1 (105 6 6%), or both compounds
together (88 6 11%) failed to alter GABA uptake significantly
when compared with that in untreated control cultures. The lack
of effect with BONT/C1 is consistent with the lack of syntaxin 1A
in these astrocyte cultures, as assessed by immunoblot using a
syntaxin 1A-specific antibody (data not shown). Treatment of
astrocytes with SKF89976A did inhibit uptake significantly (57 6
6%), suggesting that the GAT1 transporter does mediate some
GABA uptake in these astrocytes. However, other GABA trans-
porters may also be involved in hippocampal astrocyte uptake
because nipecotic acid, a less-selective GABA transporter sub-
strate with higher affinity than GABA, decreased GABA uptake
to 8% of control values. These data from hippocampal cultures
demonstrate that endogenous GABA transport, specifically in
neurons, is regulated by PKC and BONT/C1 and that the PKC-
induced inhibition is eliminated by BONT/C1.

The modulatory actions of PKC and BONT/C1 on endogenous
GABA transport prompted us to ask whether these molecules
also regulate uptake of other transporters. These results, for
endogenous glutamate transport in both neuronal and astrocyte
cultures, are shown in Figure 1C. In neuronal cultures, applica-
tion of PMA increased glutamate uptake (167 6 12%); this
increase is consistent with previous reports (Casado et al., 1993;
Davis et al., 1998). As was seen with GABA transport, application
of BONT/C1 increased glutamate uptake (158 6 13%). Interest-
ingly, coapplication of PMA and BONT/C1 caused a significant
increase in uptake (212 6 14%) compared with that in cultures
treated with PMA alone. In astrocyte cultures, PMA caused an
increase in glutamate transport (159 6 9%); this PMA-induced
increase in astroctye cultures is consistent with previous data
(Casado et al., 1991). BONT/C1 had no effect on glutamate
transport and failed to influence the PMA-induced increase.
These data show (1) that BONT/C1 regulates both GABA and
glutamate transport in neurons, (2) that BONT/C1 influences the
PKC-mediated modulation of both GABA and glutamate uptake,
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and (3) that there is a BONT/C1-independent regulation of
glutamate uptake by PKC, suggesting multiple pathways for PKC-
mediated regulation of transport. These conclusions will be more
fully developed in the Discussion.

PKC and botulinum toxin regulation of transport can
be recapitulated in PC12 cells expressing GAT1
Given the data from hippocampal neurons suggesting that regu-
lation of transport was mediated via GAT1, we sought an expres-
sion system that would mimic the endogenous phenomenology
and that would allow us to make a detailed characterization of the
mechanisms underlying this regulation. We expressed GAT1 in
rat PC12 cells. The data in Figure 2A show that this system
faithfully reproduces the PKC and BONT/C1 regulation seen in
neurons. PMA treatment resulted in a twofold reduction in
GABA uptake that did not occur with 4aPDD (data not shown).
Pretreatment with 1-(5-isoquinolinylsulfonyl)-homopiperazine
dihydrochloride (HA-1077), an intracellular Ca21 antagonist
(Takayasu et al., 1986), caused a significant increase in GABA
uptake (138 6 11%) and reversed the PMA-induced inhibition.
Calphostin C, a specific PKC inhibitor (Kobayashi et al., 1989),
also reversed the PMA inhibition. As seen in neurons, BONT/C1
caused a significant increase in GABA uptake (162 6 9%) and
prevented the PMA-induced inhibition. BONT/B had no effect
on GABA transport (data not shown). Two control experiments
verified that the regulation is occurring via the expressed GAT1
transporter; (1) wild-type PC12 cells show GABA uptake that is
only 1% of GAT1-transfected PC12 cells (data not shown), and
(2) SKF89976A essentially eliminates uptake.

Changes in uptake induced by PMA and BONT/C1 could be
produced, in general, either by altering the turnover rate of
individual transporters or by altering the number of functional
transporters. By analogy with receptor-binding experiments, data
obtained from saturation curve analysis are often used to distin-
guish between these two possibilities; changes in the maximum
velocity of transport (Vmax) are indicative of changes in the
number of transporter binding sites, and changes in affinity (Km)
are indicative of changes in the function of individual transport-
ers. Saturation analysis and Eadie-Hofstee transformations were
performed on PC12-GAT1 cells assayed in the presence or ab-
sence of PMA (Fig. 2B) and in the presence or absence of
BONT/C1 (Fig. 2C). The results demonstrate changes in Vmax

that reflect the magnitude of the regulation by these molecules.
No changes in Km were seen with either treatment. These data are
consistent with a mechanism in which these molecules alter the
number of functional transporters, as suggested previously (Co-
rey et al., 1994b; Qian et al., 1997; Quick et al., 1997), and further
support the idea that the BONT/C1 and PMA effects are medi-
ated via a similar pathway.

Syntaxin 1A interacts with, and functionally
regulates, GAT1
Syntaxin 1A is a plasma membrane protein that regulates neuro-
secretion (Bennett et al., 1993); it also directly interacts with, and
regulates, Ca21 channels (Sheng et al., 1994; Bezprozvanny et al.,
1995) and CFTR (Naren et al., 1997). The data showing
BONT/C1 upregulation of GABA transport in both neurons and

4

uptake under control conditions was 2714 fmol/min per mg of protein.
Experimental conditions that resulted in a significant change ( p , 0.05)
from control values or between the indicated groups are denoted by an
asterisk.

Figure 1. GABA uptake in hippocampal neurons is regulated by botu-
linum toxin C1 and protein kinase C. A, Modulation of GABA uptake in
neuronal cultures. Drug and toxin concentrations (in mM) are shown
below the graph. Pretreatment (30 min) of cultures with PMA, but not
4aPDD, decreased [ 3H]GABA uptake. Uptake was blocked in all condi-
tions tested by the GAT1 antagonist SKF89976A. Pretreatment (30 min)
of cultures with BONT/C1, but not BONT/B, increased [ 3H]GABA
uptake and prevented the PMA-mediated decrease. Data are from four
separate experiments, three wells per condition per experiment. GABA
uptake under control conditions ranged from 716 to 1211 fmol/min per mg
of protein. B, Modulation of GABA uptake in astrocyte cultures. Astro-
cyte GABA uptake is not modulated by PKC or botulinum toxin. Treat-
ments are described in A. Data are from three experiments, at least four
wells per condition per experiment. GABA uptake under control condi-
tions ranged from 116 to 323 fmol/min per mg of protein. C, Modulation
of glutamate uptake in neuronal and astrocyte cultures. Treatments are
described in A. Data are from three experiments, eight wells per condition
per experiment. Mean neuronal glutamate uptake under control condi-
tions was 897 fmol/min per mg of protein; mean astrocyte glutamate
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PC12 cells expressing GAT1 suggested that syntaxin 1A may be
similarly regulating GAT1 function. We provide two additional
experimental approaches that support this hypothesis.

Antisense oligonucleotides directed against syntaxin 1A inhibit
syntaxin 1A expression and upregulate GABA uptake. These
results are shown in Figure 3. PC12 cells stably expressing GAT1
were incubated for 48 hr in media containing sense or antisense
oligonucleotides comprising the first 18 bases of the syntaxin 1A
coding sequence. Compared with either untreated control cul-
tures or cultures incubated with sense strand oligonucleotides,
cultures treated with antisense strand oligonucleotides showed
significantly increased levels of GABA uptake (155 6 12%) (Fig.
3A). Incubation of cells with a 19 base scrambled oligonucleotide
did not alter GABA uptake (data not shown). Additionally,
BONT/C1-mediated increases in GABA uptake were less in

cultures treated with antisense oligonucleotides than in cultures
treated with sense oligonucleotides. This result is consistent with
the inhibition of syntaxin 1A protein synthesis by the antisense
oligonucleotides. To examine the time course of this effect, we
incubated PC12-GAT1 cells with syntaxin 1A oligonucleotides
for 0, 24, and 48 hr. The magnitude of the increase in GABA
uptake was dependent on the length of time that PC12-GAT1
cells were incubated with syntaxin 1A oligonucleotides (Fig. 3B,
graph). Parallel PC12-GAT1 samples at each time point were
assessed by Western blot using anti-syntaxin 1A or anti-GAT1
transporter antibodies. The magnitude of the increase in uptake
was inversely correlated with the amount of syntaxin 1A protein
present (Fig. 3B, lef t blot). There was no change in GABA
transporter protein levels at any time point (Fig. 3B, right blot).

A specific association between the GAT1 transporter and syn-

Figure 2. PC12 cells expressing GAT1
are regulated by botulinum toxin C1
and protein kinase C. A, GAT1 regula-
tion in PC12 cells mimics endogenous
GABA transporter regulation. Cells
were treated as described in Figure 1A
and the Results. Data are from two to
six different experiments, at least three
wells per condition per experiment.
GABA uptake under control conditions
ranged from 2744 to 8297 fmol/min per
mg of protein. Experimental conditions
that resulted in a significant change
( p , 0.05) from control values are de-
noted by an asterisk. B, PMA decreases
transport Vmax (open circles) compared
with that in untreated controls ( filled
circles). Top, Saturation analysis was
performed at six different GABA con-
centrations for cells in the presence or
absence of 1 mM PMA. Bottom, Eadie-
Hofstee transformations of these data
are shown. C, BONT/C1 increases
transport Vmax (open circles) compared
with that in untreated cells ( filled cir-
cles). Experiments are described in B.
BONT/C1 concentration was 1 mM. Sat-
uration experiments were performed
twice; data shown are from one
experiment.
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taxin 1A is evident from the data shown in Figure 4. PC12-GAT1
cell lysates were immunoprecipitated using a syntaxin 1A anti-
body. The presence of GAT1 protein in these immunoprecipi-
tates was assessed by Western blot using GAT1-specific antibod-
ies generated against the C-terminal portion of the GAT1 protein
as described previously (Minelli et al., 1995). Two different GAT1

antibodies, 346J and 342J, were immunoreactive in PC12-GAT1
immunoprecipitates (Fig. 4A). Immunoprecipitates from PC12-
GAT1 cells subsequently blotted with preimmune serum and
immunoprecipitates from wild-type PC12 cells subsequently blot-
ted with the 346J antibody were nonreactive.

Figure 3. Inhibiting syntaxin 1A expression upregulates GAT1 transport
in PC12 cells. A, Syntaxin 1A antisense oligonucleotide treatment of PC12
cells causes an increase in GABA uptake. PC12 cells expressing GAT1
were incubated for 48 hr with 10 mM antisense or sense oligonucleotides
as described in Materials and Methods. Some cells were treated 30 min
before assay with 1 mM BONT/C1. Data are from three experiments, six
wells per condition per experiment. GABA uptake under control condi-
tions ranged from 1865 to 2767 fmol/min per mg of protein. Experimental
conditions that resulted in a significant difference ( p , 0.05) between the
two identified groups are denoted by an asterisk. B, The increase in
GABA uptake correlates with a decrease in syntaxin 1A expression. PC12
cells were treated as described in A. [ 3H]GABA uptake experiments were
performed 0, 24, or 48 hr after oligonucleotide application. Parallel
samples were harvested for Western blot analysis and probed with anti-
bodies to either syntaxin 1A (lower lef t blot) or GAT1 (lower right blot).

Figure 4. Syntaxin 1A interacts with GAT1. A, Syntaxin 1A and GAT1
coimmunoprecipitate. PC12 cells expressing GAT1 were precipitated with
anti-syntaxin 1A antibody, and GAT1 was visualized by Western blot
using two different anti-GAT1 antibodies (346J and 342J). Wild-type
PC12 cells probed with antibody 346J and PC12-GAT1 cells probed with
preimmune serum served as controls. Antibody 346J was used in all
further immunoblot experiments. B, Protein kinase C regulates the in-
teraction between syntaxin 1A and GAT1. Cells were pretreated for 30
min with PMA or BONT/C1 before precipitation with the syntaxin 1A
antibody. C, The interaction between syntaxin 1A and GAT1 is specific.
1F9 cells were cotransfected with either syntaxin 1A (Syn 1A) or syntaxin
3 (Syn 3). Forty-eight hours later, [ 3H]GABA uptake assays were per-
formed. Data are from three experiments, six wells per condition per
experiment. GABA uptake under control conditions ranged from 365 to
923 fmol/min per mg of protein. Experimental conditions that resulted in
a significant change ( p , 0.05) from control values are denoted by an
asterisk. Top blot, Immunoprecipitation with either syntaxin 1A or syn-
taxin 3 antibodies was performed on parallel samples and Western blotted
with the GAT1 antibody. Bottom blots, Specificity of each antibody for
syntaxin 1A and syntaxin 3 was determined by immunoblot of membranes
prepared from oocytes expressing either syntaxin subtype. For all immu-
noblot experiments, equal amounts of protein were added in each lane.

Beckman et al. • GABA Transporter Regulation by Syntaxin 1A J. Neurosci., August 15, 1998, 18(16):6103–6112 6107



As shown above in both hippocampal neurons and PC12-GAT1
cells, BONT/C1 prevented PKC-mediated inhibition of GABA
uptake. These data suggested that PKC and syntaxin 1A might be
mediating their regulatory actions via a common pathway. To test
this hypothesis, we treated PC12-GAT1 cells with PMA for 30
min before immunoprecipitation with the syntaxin 1A antibody.
The results of this experiment are shown in Figure 4B. Compared
with no treatment of PC12-GAT1 cells, PMA treatment resulted
in an increase in the amount of GAT1 protein in complex with
syntaxin 1A, as assessed by subsequent Western blotting with
antibody 346J. Pretreatment of PC12-GAT1 cells with BONT/C1
greatly reduced the amount of GAT1 in complex with syntaxin
1A. These data show that PKC regulates the interaction between
syntaxin 1A and GAT1 and that this interaction requires intact,
membrane-anchored syntaxin 1A.

To examine the specificity of the association between the
GAT1 transporter and syntaxin 1A, we coexpressed either syn-
taxin 1A or syntaxin 3 with the stably expressing GAT1 cell line
1F9 (Corey et al., 1994a). Syntaxin 3 shares 64% identity with
syntaxin 1A at the amino acid level and is highly expressed in
spleen and lung but not in brain (Bennett et al., 1993). Results of
this experiment are shown in Figure 4C. GABA uptake assays
show that the inhibition in uptake is specific for syntaxin 1A (58 6
6%). Syntaxin 3 had no effect on GABA uptake (96 6 10%). The
top blot in Figure 4C shows that the functional inhibition of the
transporter by syntaxin 1A was associated with an ability to
coimmunoprecipitate these two molecules. Syntaxin 3 did not
immunoprecipitate a complex containing the transporter, even
though protein levels of syntaxin 1A and syntaxin 3 were com-
parable, as assessed by Western blot (data not shown).

To support the hypothesis that syntaxin 1A specifically and
functionally associates with GAT1, several additional control
experiments were performed. First, potential cross-reactivity for
the syntaxin 1A and syntaxin 3 antibodies was evaluated by
injecting Xenopus oocytes with cRNA encoding syntaxin 1A, 3, or
4, and by subjecting the oocytes to immunoblot analysis. The
bottom two blots in Figure 4C show that the antibodies are
subtype-specific. Second, to eliminate the possibility that the
syntaxin 3 antibody was nonfunctional in immunoprecipitation
experiments, we used GAT1 to precipitate the complex and then
probed the precipitate with the syntaxin antibodies. Results sim-
ilar to those shown in Figure 4C were obtained (data not shown).

Reconstitution of PKC-mediated regulation of GAT1
Although PKC regulation of transporters is well described (see
Beckman and Quick, 1998) and direct phosphorylation of some
transporters has been shown, the mechanism(s) underlying PKC-
mediated regulation has not been elucidated. The ability of PKC
to regulate the interaction of syntaxin 1A and GAT1 in immu-
noprecipitation experiments led us to examine whether syntaxin
1A was necessary or sufficient for PKC-mediated inhibition of
transport. To address this issue, we first expressed GAT1 in 1F9
cells and performed GABA uptake assays during a variety of
acute drug treatments. These data are shown in the top row of
Table 1. In 1F9 cells expressing GAT1 alone, treatment with
PMA, BONT/C1, or both failed to modulate GABA uptake.

We next examined regulation of GABA transport in 1F9 cells
expressing GAT1 and syntaxin 1A (Table 1, second row) and
compared these results with 1F9 cells expressing GAT1 alone. In
untreated GAT1- and syntaxin 1A-expressing cells, GABA trans-

Table 1. Reconstitution of syntaxin inhibition and PKC sensitivity in 1F9 cells.

aData are from 2-4 experiments, 4-6 wells/experiment.
bAll data in this Table are expressed relative to this control condition. Control uptake values range from 514 to 1160 fmol/min/mg protein.
cExperiment not performed.
dp,0.05 compared to untreated GAT1.
ep,0.05 compared to untreated GAT1/Syntaxin 1A.
fp,0.05 compared to untreated GAT1/Syntaxin 1A.
gp,0.05 compared to PMA-treated GAT1 and compared to untreated GAT1/Syntaxin 1A/Munc 18.
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port was reduced approximately twofold. BONT/C1 reversed this
inhibition. However, PMA failed to regulate the syntaxin 1A
inhibition of uptake. Taken together with the PMA data from
hippocampal neurons and PC12 cells, these data suggest that
syntaxin 1A is not sufficient to confer PKC regulation of GAT1.

In neurons and PC12 cells, syntaxin 1A interacts with several
proteins involved in neurosecretion, including Ca 21 channels,
synaptosomal associated protein-25, and Munc18 (Hata et al.,
1993; Söllner et al., 1993; Pevsner et al., 1994; Sheng et al., 1994).
In epithelial cells, a complex containing CFTR, syntaxin 1A, and
Munc18 interacts to control CFTR-mediated Cl2 secretion (Na-
ren et al., 1997). Importantly, Munc18 is a substrate for PKC
phosphorylation, and in vitro phosphorylation of Munc18 prevents
its association with syntaxin 1A (Fujita et al., 1996). Therefore,
we expressed GAT1, syntaxin 1A, and Munc18 in 1F9 cells to test
the hypothesis that a network of interactions involving these
proteins would confer PKC regulation on the transporter. These
results are shown in the third row of Table 1. Expression of
Munc18 reversed the inhibition of GABA uptake mediated by
syntaxin 1A coexpression. More importantly, this reversal was
inhibited by PMA treatment, suggesting that PMA can regulate
the interaction between syntaxin 1A and GAT1 via effects on
high-affinity syntaxin 1A-binding partners that are substrates
for PKC modification. As in neurons and PC12-GAT1 cells,
BONT/C1 treatment eliminates PMA-mediated regulation of
the transporter. Munc18 was unable to regulate GAT1 in the
absence of syntaxin 1A (Table 1, bottom row).

A GAT1 mutant that does not interact with syntaxin 1A
is not regulated by PKC
The 1F9 cell reconstitution experiments and the PC12 coimmu-
noprecipitation experiments suggested that PKC regulates the
availability of syntaxin to interact with, and functionally inhibit,
the transporter. To test this hypothesis, we generated a number of
GABA transporter mutants and examined their ability to both (1)
interact with syntaxin 1A and (2) be modulated by PKC. We
reasoned that mutants in which syntaxin 1A and GAT1 could not
be coimmunoprecipitated would be insensitive to modulation by
PKC. Data from two of these mutants are shown in Figure 5.
GAT1DN is a truncation mutant that removed part of the pre-
dicted cytoplasmic N-terminal tail of the transporter; GAT1D4L
is a mutant that modifies a leucine heptad repeat sequence by
changing leucines to alanines [amino acids 83, 90, 97, and 104
(Quick et al., 1997)]. PC12 cells expressing wild-type transporters
or the two transporter mutants were assayed for GABA uptake
both in the presence and absence of PMA (Fig. 5A). PMA
inhibited wild-type and GAT1DN; however, the GAT1D4L mu-
tant was unaffected by PMA treatment. These functional results
correlated with coimmunoprecipitation experiments (Fig. 5A,
blot) showing that the GAT1D4L mutant did not associate with
syntaxin 1A. The fact that syntaxin 1A did not coimmunoprecipi-
tate with the GAT1D4L mutant also argues against the likelihood
that syntaxin 1A nonspecifically associates with GAT1. To con-
firm further that PKC and syntaxin 1A exert their effects via a
common pathway, we treated PC12 cells expressing GAT1D4L
with PMA and BONT/C1. Compared with the results in PC12
cells expressing wild-type GAT1, GABA uptake in the GAT1D4L
mutant was not altered by either PMA or BONT/C1 (Fig. 5B).
These data are consistent with the hypothesis that the transporter
must associate with syntaxin 1A to be regulated by PKC and
potentially identify one region of GAT1 that is important for
functional modulation by syntaxin 1A.

DISCUSSION
The data from the present experiments are consistent with the
model of GABA transporter regulation shown in Figure 6. The
principal findings are the following: (1) GABA transport in cells
that endogenously express a GABA transporter and syntaxin 1A
can be regulated by PKC. (2) Syntaxin 1A associates with GAT1.
This result is revealed via coimmunoprecipitation of a complex
containing these two proteins. (3) Syntaxin 1A inhibits GAT1
transporter function. This result is supported by four lines of
evidence. Botulinum toxin cleavage of syntaxin 1A upregulates
transport, antisense oligonucleotide inactivation of syntaxin 1A
upregulates GABA transport, coexpression of syntaxin 1A and

Figure 5. GAT1 mutants that fail to interact with syntaxin 1A are not
regulated by PKC. A, A GAT1 mutant lacking a leucine heptad repeat
sequence does not interact with syntaxin 1A. Mutant GABA transporters
lacking the cytoplasmic N-terminal tail (DN ) or a leucine heptad repeat
(D4L) were expressed in PC12 cells. [ 3H]GABA uptake assays were
performed on cultures treated with PMA and were compared with un-
treated cultures. Only the control result for the wild-type (WT ) condition
is shown. The mean control GABA uptake values for each condition (in
fmol/min per mg of protein) were as follows: wild-type, 1337; DN, 2697;
and D4L, 1657. In parallel cultures, the D4L mutant could not be immu-
noprecipitated by a syntaxin 1A antibody (blot). B, The GAT1D4L mutant
is insensitive to regulation by PKC or BONT/C1. Data are from two
experiments, six wells per condition per experiment. The mean control
GABA uptake values for each condition (in fmol/min per mg of protein)
were as follows: wild-type, 1115; and D4L, 1712. Experimental conditions
that resulted in a significant change ( p , 0.05) from control values are
denoted by an asterisk.
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GAT1 in reconstitution experiments downregulates GABA trans-
port, and a GAT1 transporter mutant that fails to interact with
syntaxin 1A is not regulated. (4) PKC, via a network of protein
interactions, inhibits GABA uptake by regulating the availability
of syntaxin 1A to interact with the transporter. This result is
supported by four lines of evidence. PKC inhibition of GABA
uptake is eliminated in cells treated with botulinum toxin; more
syntaxin 1A is found associated with GAT1 in PKC-treated
immunoprecipitates; reconstitution of PKC inhibition of GAT1
requires both syntaxin 1A and Munc18, a high-affinity syntaxin
1A-binding partner that is a substrate for PKC phosphorylation;
and a GAT1 transporter mutant that fails to interact with syn-
taxin 1A is not regulated by PKC.

The twofold modulation of GABA transport by syntaxin 1A
and PKC places constraints on the likely physiological role of
transporter regulation in synaptic signaling. Transporter turnover
rates are slow (Mager et al., 1993; Sarantis et al., 1993), and
twofold changes in transmitter uptake are probably insufficient to
affect synaptic events, even at slow synapses (see Lester et al.,
1994). However, in addition to uptake of transmitter, transporters
exhibit both nonstoichiometric, substrate-dependent ionic fluxes
and substrate-independent leak currents (see Sonders and
Amara, 1996; Beckman and Quick, 1998), both of which will be
affected by transporter modulation. In addition, because trans-
porter modulation is caused by changes in the number of func-
tional transporters (Corey et al., 1994b; Qian et al., 1997; Quick et
al., 1997; Davis et al., 1998), modulation by PKC and syntaxin 1A
will alter the number of diffusion sinks available for transmitter
sequestration. If the number of transporters at or near the syn-
apse is comparable with the number of transmitter molecules
released, then such changes in the number of transmitter binding
sites will contribute significantly to the magnitude and time
course of the synaptic signal (Diamond and Jahr, 1997).

The evidence of a role for syntaxin 1A in regulating the GAT1
transporter is consistent with the evolving concept of syntaxin 1A

as a general regulator of excitability protein function. Although
originally characterized as a component of the machinery in-
volved in the trafficking, docking, and fusion of small synaptic
vesicles at the plasma membrane (Bennett et al., 1992; Söllner et
al., 1993), syntaxin 1A has more recently been shown to confer
“reluctant” gating to voltage-sensitive calcium channels (Bezproz-
vanny et al., 1995) and to inhibit cAMP-activated CFTR chloride
channels (Naren et al., 1997). The GABA transporter represents
the first member of a third class of excitability proteins function-
ally inhibited by syntaxin 1A. It is likely that other members of
the Na1- and Cl2-dependent transporter family are similarly
regulated by syntaxin 1A; members of this family share a high
degree (at least 40%) of amino acid identity, and preliminary
studies from our laboratory using the rat serotonin transporter
show a functional inhibition by syntaxin 1A. The evidence that
endogenous glutamate transport in neurons can be modulated by
BONT/C1 reinforces the likelihood that such a mechanism is a
common feature of neurotransmitter transporter regulation.

For calcium channels and CFTR, the interaction with syntaxin
1A occurs via direct protein–protein interactions. Calcium chan-
nels that are regulated by syntaxin 1A have a “synprint,” a
conserved region of amino acids that directly interact with syn-
aptic proteins (Sheng et al., 1994; Mochida et al., 1996). For
CFTR, the N-terminal cytoplasmic tail is necessary for syntaxin
1A binding; the H3 domain of syntaxin 1A, a coiled-coil domain
located adjacent to the transmembrane anchor (Kee et al., 1995),
is necessary and sufficient to bind CFTR (A. Naren, M. Quick, J.
Collawn, D. Nelson, and K. Kirk, unpublished observations).
Whether syntaxin 1A and GAT1 interact directly and what are
the sites of this potential interaction remain to be determined.
The evidence that a transporter mutant lacking a leucine heptad
repeat motif cannot be coimmunoprecipitated with syntaxin 1A
and that leucine heptad motifs are sites for protein–protein
interactions (Asano et al., 1992; Chapman et al., 1994) suggests
one site for the physical association. However, based on hydrop-

Figure 6. A model for the regulation of GAT1 by
syntaxin 1A and protein kinase C. In the absence of
PKC, syntaxin 1A can bind to many partners includ-
ing GAT1. Phosphorylation of these binding partners,
e.g., Munc18 or n-Sec1, results in a greater number of
syntaxin 1A and GAT1 interactions.
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athy analysis, at least part of the leucine heptad repeat of GAT1
is localized within a putative transmembrane domain. Although
some proteins have been shown to form protein–protein associ-
ations within transmembrane domains (McGinnes et al., 1993;
Bernstein et al., 1995), our preliminary, unpublished data suggest
that the syntaxin 1A interaction site is not at the leucine repeat
region directly. Rather, the GAT1 leucine mutant likely places
GAT1 in a conformation such that an intracellular location on
GAT1 is no longer accessible to syntaxin 1A.

Also to be determined is the mechanism by which syntaxin 1A
alters the number of functional transporter molecules. Interac-
tions with syntaxin 1A may put plasma membrane transporters in
an inactive conformation; alternatively, syntaxin 1A could control
the trafficking of transporters to and from the plasma membrane.
This latter hypothesis is supported by the evidence of regulated
redistribution of expressed GAT1 transporters to and from sub-
cellular compartments in oocytes (Corey et al., 1994b). However,
in oocytes, both PKC and syntaxin 1A induce upregulation of
GAT1 function by a net increase in surface transporter expres-
sion (Quick et al., 1997). This difference in the role of these two
molecules in regulating GAT1 function in mammalian cells ver-
sus oocytes may be attributable to the targeting of GAT1 to
different trafficking pathways. Upregulation of GAT1 function in
oocytes may occur via a pathway similar to one that results in the
PKC-induced exocytosis of cortical granules in oocytes (Bement
and Capco, 1989; Scheuner and Holz, 1994).

PKC-mediated regulation of neurotransmitter transport is well
described (for review, see Beckman and Quick, 1998). The
present data suggest one mechanism for this effect; PKC regulates
a network of protein interactions that influence transporter func-
tion. However, there may be other mechanisms through which
PKC could exert its effects on transporters. Most neurotransmitter
transporters contain multiple consensus sites for PKC phosphor-
ylation, and direct phosphorylation of specific transporters has
been shown (Casado et al., 1993; Conradt and Stoffel, 1997; Huff
et al., 1997; Vaughan et al., 1997; Ramamoorthy et al., 1998).
Removal of all consensus PKC phosphorylation sites on GAT1,
including those in the cytoplasmic tails (Corey et al., 1994b), and
of threonine 236 (present study; data not shown) failed to elim-
inate the PKC-mediated inhibition of GAT1, but such results do
not eliminate PKC effects at nonconsensus sites; nor do these
results eliminate multiple pathways for PKC-mediated trans-
porter inhibition. However, the present data showing PKC regu-
lation of GAT1 in neurons and not in glia, and only in the
presence of components of the docking and fusion apparatus,
argue for an indirect effect of PKC on GAT1 function. Another
possibility for PKC regulation in neurons but not in glia is that the
PKC-mediated effects are specific to the transporter encoded by
GAT1. Although GAT1 is expressed in both hippocampal neu-
rons and glia, it is possible that other GABA transporter isoforms
predominate in astrocytes (e.g., GAT3; Ribak et al., 1996) and
that they are not regulated by PKC.

Our data on modulation of endogenous glutamate transport
lends support to the idea of multiple pathways for PKC-mediated
regulation. In both neurons and glia, PMA induces an increase in
glutamate transport that occurs in the presence of BONT/C1.
This syntaxin 1A-independent increase in transport may be at-
tributable to direct phosphorylation of the transporter by PKC
(Casado et al., 1993), although we cannot eliminate PKC medi-
ating its effects via protein–protein interactions that are indepen-
dent of syntaxin 1A. In neurons, coapplication of BONT/C1 and
PMA results in upregulation of transport that is greater than that

seen in cells treated with PMA alone; that is, BONT/C1 elimi-
nates a PKC-dependent decrease in glutamate transport. These
data demonstrate a syntaxin 1A-dependent action of PKC on
glutamate transport that is similar to that seen with GABA
transport.

In summary, the present data show that syntaxin 1A regulates
transporter function and that PKC exerts its effects on neuro-
transmitter uptake by controlling the interaction between these
two neuronal proteins. These data also imply the converse,
namely, that the transporter could control the availability of
syntaxin 1A to interact with its other binding partners: calcium
channels and components of the docking and fusion apparatus. If
the availability of syntaxin 1A is limiting, then the participation of
syntaxin 1A in vesicle release might preclude it from downregu-
lating transporter function. Thus, transporter function will be
positively correlated with neurotransmitter release; such a mech-
anism would provide one route by which neurons could exert
greater control over transmitter-mediated synaptic signaling.

REFERENCES
Asano T, Takata K, Katagiri H, Tsukuda K, Lin J-L, Ishihara H, Inukai

K, Hirano H, Yazaki Y, Oka Y (1992) Domains responsible for the
differential targeting of glucose transporter isoforms. J Biol Chem
267:19636–19641.

Barbour B, Keller BU, Llano I, Marty A (1994) Prolonged presence of
glutamate during excitatory synaptic transmission to cerebellar Pur-
kinje cells. Neuron 12:1331–1343.

Beckman ML, Quick MW (1998) Neurotransmitter transporters: regu-
lators of function and functional regulation. J Membr Biol, in press.

Bement WM, Capco DG (1989) Activators of protein kinase C trigger
cortical granule exocytosis, cortical contraction, and cleavage furrow
formation in Xenopus laevis oocytes and eggs. J Cell Biol 108:885–892.

Bennett MK, Calakos N, Scheller RH (1992) Syntaxin: a synaptic pro-
tein implicated in docking of synaptic vesicles at presynaptic active
zones. Science 257:255–259.

Bennett MK, Garcı́a-Arrarás JE, Elferink LA, Peterson K, Fleming AM,
Hazuka CD, Scheller RH (1993) The syntaxin family of vesicular
transport receptors. Cell 74:863–873.

Bernstein HB, Tucker SP, Kar SR, McPherson SA, McPherson DT,
Dubay JW, Lebowitz J, Compans RW, Hunter E (1995) Oligomeriza-
tion of the hydrophobic heptad repeat of gp41. J Virol 69:2745–2750.

Bezprozvanny I, Scheller RH, Tsien RW (1995) Functional impact of
syntaxin on gating of N-type and Q-type calcium channels. Nature
378:623–626.

Blasi J, Chapman ER, Yamasaki S, Binz T, Niemann H, Jahn R (1993)
Botulinum neurotoxin C1 blocks neurotransmitter release by means of
cleaving HPC-1/syntaxin. EMBO J 12:4821–4828.

Casado M, Zafra F, Aragon C, Gimenez C (1991) Activation of high-
affinity uptake of glutamate by phorbol esters in primary glial cell
cultures. J Neurochem 57:1185–1190.

Casado M, Bendahan A, Zafra F, Danbolt NC, Arag-n C, Giménez C,
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Söllner T, Whiteheart SW, Brunner M, Erdjument-Bromage H, Geroma-
nos S, Tempst P, Rothman JE (1993) SNAP receptors implicated in
vesicle targeting and fusion. Nature 362:318–324.

Sonders MS, Amara SG (1996) Channels in transporters. Curr Opin
Neurobiol 6:294–302.

Takayasu M, Suzuki Y, Shibuya M, Asano T, Kanamori M, Okada T,
Kageyama N, Hidaka H (1986) The effects of HA compound calcium
antagonists on delayed cerebral vasospasm in dogs. J Neurosurg
65:80–85.

Tong G, Jahr CE (1994) Block of glutamate transporters potentiates
postsynaptic excitation. Neuron 13:1195–1203.

Vaughan RA, Huff RA, Uhl GR, Kuhar MJ (1997) Protein kinase
C-mediated phosphorylation and functional regulation of dopamine
transporters in striatal synaptosomes. J Biol Chem 272:15541–15546.

Ye Z-C, Sontheimer H (1996) Cytokine modulation of glial gluta-
mate uptake: a possible involvement of nitric oxide. NeuroReport
7:2181–2185.

6112 J. Neurosci., August 15, 1998, 18(16):6103–6112 Beckman et al. • GABA Transporter Regulation by Syntaxin 1A


