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Abstract
We expressed the γ-aminobutyric acid (GABA) transporter GAT1 (SLC6A1) in Xenopus laevis
oocytes and performed GABA uptake experiments under voltage clamp at different membrane
potentials as well as in the presence of the specific GAT1 inhibitors SKF-89976A and NO-711. In
the absence of the inhibitors, GAT1 mediated the inward translocation of 2 net positive charges across
the plasma membrane for every GABA molecule transported into the cell. This 2:1 charge flux /
GABA flux ratio was the same over a wide range of membrane potentials from −110 mV to +10 mV.
Moreover, when GABA-evoked (500 μM) currents were measured at −50 and −90 mV, neither
SKF-89976A (5 and 25 μM) nor NO-711 (2 μM) altered the 2:1 charge flux / GABA flux ratio. The
results are not consistent with previous hypotheses that (i) GABA evokes an uncoupled channel-
mediated current in GAT1, and (ii) GAT1 inhibitors block the putative uncoupled current gated by
GABA. Rather, the results suggest tight coupling of GAT1-mediated charge flux and GABA flux.
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INTRODUCTION
γ-Aminobutyric acid (GABA) transporters (GATs) are electrogenic Na+- and Cl−-coupled
transporters that are responsible for maintaining low resting levels of GABA in the central
nervous system, as well as for modulating synaptic and extra-synaptic GABAergic
neurotransmission (Borden, 1996; Nelson, 1998; Dalby, 2003; Richerson and Wu, 2003; Conti
et al., 2004). The GABA transporters (GATs) belong to the large neurotransmitter/Na+

symporter family (NSS; 2.A.22 according to the transporter classification system; SLC6
according to the Human Genome Organization classification) (Nelson, 1998; Busch and Saier,
2002; Chen et al., 2004; Saier et al., 2006). Solute transport in these transporters is driven by
the electrochemical potential gradient of Na+ and Cl− (Kanner and Schuldiner, 1987; Wu et
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al., 2007) and, in fact, Na+ and Cl− are cotranslocated with GABA during each transport cycle
(Radian and Kanner, 1983; Keynan and Kanner, 1988; Loo et al., 2000). While dependence
on Na+ is absolute, the dependence on Cl− is not absolute and its degree varies with the isoform
examined (Clark et al., 1992; Keynan et al., 1992; Mager et al., 1993, 1996; Clark and Amara,
1994; Matskevitch et al., 1999; Loo et al., 2000; Sacher et al., 2002; Whitlow et al., 2003;
Karakossian et al., 2005; Gonzales et al., 2007). Chloride dependence also varies with the
membrane potential, as transport appears to be less Cl−-dependent at hyperpolarized membrane
potentials (Mager et al., 1993; Loo et al., 2000).

Results from many laboratories have suggested the ion/substrate transport stoichiometry of
GAT1 to be 2 Na+ : 1 Cl− : 1 GABA per transport cycle (Radian and Kanner, 1983; Keynan
and Kanner, 1988; Lu and Hilgemann, 1999a; Loo et al., 2000; Wu et al., 2007). Although this
ion/GABA coupling stoichiometry suggests that one net positive charge is translocated across
the plasma membrane per GABA molecule, numerous studies have shown that, in fact, two
net positive charges are transported for every GABA molecule translocated across the plasma
membrane (Mager et al., 1996; Loo et al., 2000; Sacher et al., 2002; Whitlow et al., 2003;
Karakossian et al., 2005; Gonzales et al., 2007). Thus, there appears to be a discrepancy
between the predicted (1 net charge) and measured (2 net charges) number of net positive
charges translocated per GABA molecule per transport cycle. Interestingly, the 2:1 charge
flux / GABA flux ratio is not altered in the absence of external Cl−, leading Loo et al. (2000)
to hypothesize that a Cl−-Cl− exchange mechanism may play a role during the transport cycle.
This hypothesis has found both support and opposition (Bicho and Grewer, 2005; Zomot et
al., 2007).

It has been suggested that charge translocation in excess of that predicted by the 2 Na+ : 1
Cl− : 1 GABA stoichiometry may be due to uncoupled ion conduction through GAT1
(Cammack et al., 1994; Risso et al., 1996; Krause and Schwarz, 2005). In a series of
experiments which examined the effect of the selective blocker of GAT1, SKF-89976A, Krause
and Schwarz (2005) proposed that the apparent excess charge may be attributed to a GABA-
gated channel mode of GAT1. These investigators referred to this current as an “uncoupled
transmitter-gated current” and proposed that charge permeation via this mode is not coupled
to GABA translocation across the plasma membrane. They also suggested that Na+ was the
main carrier of this uncoupled current. Krause and Schwarz (2005) suggested that SKF-89976A
differentially inhibits the cotransport and putative channel modes of the transporter with half-
inhibition achieved at 9 μM and 0.03 μM SKF-89976A, respectively. However, that study did
not perform two key measurements necessary to support these hypotheses. (i) The current-
voltage (I-V) relationship and, hence, reversal potential of the putative “uncoupled transmitter-
gated current” was not reported. This measurement is essential for attributing the putative
uncoupled current to Na+ conduction. (ii) The charge flux / GABA flux ratio was not
determined in the presence of SKF-89976A in individual cells under voltage clamp. According
to the proposed hypothesis, the measured charge flux / GABA flux ratio, which is 2 in the
absence of SKF-89976A, should change to 1 net positive charge for every translocated GABA
molecule when measured in the presence of a sufficiently high concentration of inhibitor to
block the putative channel mode.

In the present study, we have tested the hypothesis put forth by Krause and Schwarz (2005)
by directly measuring the number of positive charges that enter the cell per GABA molecule
over a wide range of membrane potentials (−110 mV to +10 mV), as well as in the presence
of the GAT1 inhibitors SKF-89976A and NO-711. While the present study does not reconcile
the measured 2:1 charge:GABA transport ratio with the known 2 Na+ : 1 Cl− : 1 GABA
transport stoichiometry, our results do suggest that GAT1-mediated charge flux and GABA
flux are tightly coupled processes regardless of the imposed membrane potential or presence
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of GAT1 inhibitors. Our results are not consistent with a GABA-induced channel mode of
conduction in GAT1.

EXPERIMENTAL PROCEDURES
Expression in Xenopus Oocytes

Stage V–VI Xenopus laevis oocytes were injected with 50 ng of cRNA for human GAT1
(SLC6A1) (Nelson et al., 1990; Chen et al., 2004). After cRNA injection, oocytes were
maintained in Barth's medium (in mM: 88 NaCl, 1 KCl, 0.33 Ca(NO3)2, 0.41 CaCl2, 0.82
MgSO4, 2.4 NaHCO3, 10 HEPES, pH 7.4, and 50 μg/mL gentamicin, 100 μg/mL streptomycin,
and 100 units/mL penicillin) at 18 °C for up to 14 days until used in experiments. All
experiments were performed at 21 ± 1 °C.

Experimental Solutions and Reagents
Unless otherwise indicated, experiments were performed in a NaCl buffer containing (in mM):
100 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, pH 7.4. Na+-free buffer was prepared by
equimolar replacement of NaCl with choline-Cl. GABA, 1-(4,4-Diphenyl-3-butenyl)-3-
piperidinecarboxylic acid (SKF-89976A), and/or 1-[2-[[(diphenylmethylene)imino]oxy]
ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic acid (NO-711) were added to the NaCl buffer
as indicated. [3H]-GABA was obtained from GE Healthcare (Piscataway, NJ). All other
reagents were purchased from Fisher Scientific (Pittsburgh, PA) or Sigma (St. Louis, MO).

Electrophysiological Measurements and Data Analysis
The two-microelectrode voltage clamp technique was used for the recording of whole-cell
transporter-mediated currents. Oocytes were voltage clamped at the indicated membrane
potential (Vm) by using the Warner Oocyte Clamp (OC-725C; Warner Instrument Corporation;
Hamden, CT). In the experimental recording chamber, oocytes were initially stabilized in the
NaCl buffer, and the composition of the bath was changed as indicated. In all experiments, the
reference electrodes were connected to the experimental oocyte chamber via agar bridges (3%
agar in 3 M KCl). For continuous holding current measurements, currents were low-pass
filtered at 1 Hz (LPF 8; Warner Instrument Corporation), and sampled at 10 Hz (pCLAMP 8.1,
Axon Instruments; Union City, CA). For steady-state current-voltage (I-V) relations, the pulse
protocol (pCLAMP 8.1, Axon Instruments; Union City, CA) consisted of 400-ms voltage
pulses from a holding potential of −50 mV to a series of test voltages (Vm) from +100 to −140
mV in 20-mV steps. Currents were low-pass filtered at 500 Hz, and sampled at 2 kHz. At each
voltage, the GABA-evoked current was obtained as the difference in steady-state current at the
end of the 400-ms pulse in the absence and presence of GABA and/or inhibitor. As the GAT1-
mediated GABA-evoked current is Na+- and Cl−-coupled (Loo et al., 2000), it is referred to as

 (Gonzales et al., 2007).

Both SKF-89976A and NO-711 are competitive inhibitors of GAT1 and, thus, the data for the
inhibition experiments were fitted to Equation 1 (Krause and Schwarz, 2005; Segel, 1975):

(1)

where Imax is the maximum current evoked by a saturating concentration of GABA in the
absence of the blocker (B, here SKF-89976A or NO-711), I is the evoked current in the presence
of the indicated concentrations of GABA and blocker (B),  is the GABA concentration
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at which I is half of Imax (25 μM at −50 mV; Gonzales et al., 2007), and  is the blocker
concentration at which I is 50% of Imax (apparent half-inhibition constant).

To determine the relationship between the GABA-evoked current and GABA flux, uptake
experiments were performed under voltage clamp in individual control and GAT1-expressing
cells (Eskandari et al., 1997; Forster et al., 1999; Loo et al., 2000; Sacher et al., 2002; Whitlow
et al., 2003; Karakossian et al., 2005; Gonzales et al., 2007). The membrane potential was held
at the indicated value (+10, −10, −30, −50, −70, −90, or −110 mV), and the holding current
was continuously monitored. Oocytes were initially incubated in the NaCl buffer until baseline
was established. GABA (500 μM) and [3H]-GABA (28 nM) were added to the perfusion
solution for 5–10 minutes. At the end of the incubation period, GABA and the isotope were
removed from the perfusion solution until the holding current returned to the baseline. The
oocytes were removed from the experimental chamber, washed in ice-cold choline-Cl buffer,
and solubilized in 10% sodium dodecyl sulfate (SDS). Oocyte [3H]-GABA content was
determined in a liquid scintillation counter (Beckman LS 6500; Fullerton, CA). Net inward
charge was obtained from the time integral of the GABA-evoked inward current and correlated
with GABA influx in the same cell. GABA uptake under voltage clamp was also performed
in the presence of GAT1 inhibitors SKF-89976A (5 μM and 25 μM) and NO-711 (2 μM). In
these experiments, after the initial stabilization in the NaCl buffer, the oocyte was exposed to
the inhibitor at the indicated concentration for at least 5 minutes prior to the addition of GABA
(500 μM), and the inhibitor was also included at the same concentration in all subsequent
solutions perfusing the chamber. In all experiments, GAT1-mediated GABA uptake was
obtained by subtracting endogenous GABA uptake in control cells from the same batch that
were subjected to the same experimental condition as GAT1-expressing cells. Endogenous
GABA uptake was ≤ 5% of total GABA uptake (endogenous + GAT1-mediated uptake).

Where sample sizes are indicated (n), they refer to the number of oocytes in which the
experiments were repeated. Reported errors represent the standard error of the mean obtained
from data from several oocytes.

RESULTS

The GABA-evoked current of GAT1 ( ) is voltage-dependent (Fig. 1, A–C).  is
directly proportional to Na+, Cl−, and GABA influx and, thus, is a good assay of GAT1 transport
function (Loo et al., 2000; see also Figs. 2–4). In the voltage range tested (−140 to +100 mV)
and under the zero-trans conditions of our experiments,  (500 μM GABA) increased with
hyperpolarization and only began showing evidence of saturation at the most negative
membrane potential of −140 mV (Fig. 1B). At an external Na+ concentration of 100 mM (Fig.
1B) or 50 mM (Fig. 1C),  decreased with membrane depolarization and did not reverse
under these conditions even at membrane potentials more positive than the predicted Na+

equilibrium potential (VNa) (Fig. 1, B and C). Assuming that the cytoplasmic Na+ concentration
is 6–10 mM (Nakhoul et al., 2001), VNa is predicted to be 58–71 mV at 100 mM external
Na+, and 41–54 mV at 50 mM external Na+. In the presence of 25 μM SKF-89976A, the GABA-
evoked (500 μM) current was reduced by ∼65% (Fig. 1B). Inhibition of  by SKF-89976A
did not reveal an outward current beyond the Na+ equilibrium potential (Fig. 1B). Similar
results were obtained with NO-711 (used at 2 μM; not shown).

In the absence of GABA, application of GAT1 blockers NO-711 (25 μM) or SKF-89976A (30
μM) alone to GAT1-expressing cells did not reveal a constitutive GAT1-mediated leak current
(Fig. 1, D and E). These inhibitor levels were sufficiently high because at these concentrations
and in the absence of GABA, SKF-89976A and NO-711 lead to complete inhibition of
transporter conformational changes (not shown) (Mager et al., 1993; Lu and Hilgemann,
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1999b; Li et al., 2000; Forlani et al., 2001; Meinild et al., 2009). SKF-89976A and NO-711
led to complete inhibition of  in a concentration dependent manner (Fig. 1, F, G, and I).
To better understand the mechanism of inhibition by SKF-89976A and NO-711, as well as to
determine the appropriate inhibitor concentration to be used in the uptake under voltage clamp
experiments (see Figs. 3 and 4), inhibition kinetics experiments were carried out at different
GABA concentrations (Vm = −50 mV) (Fig. 1, G and I). At each GABA concentration (10, 25,
and 500 μM), SKF-89976A and NO-711 inhibition of  could be adequately described as
competitive inhibition at a single site (Equation 1) (Fig. 1, G and I). For SKF-89976A, the
Ki value obtained from all trials was 640 ± 50 nM (n = 12), and that obtained from the Dixon
plot was 700 nM (Fig. 1H). For NO-711, the Ki value obtained from all trials was 78 ± 12 nM
(n = 9), and that obtained from the Dixon plot was 95 nM (Fig. 1J).

Despite numerous attempts in > 50 GAT1-expressing cells, we were not able to record a
GABA-evoked outward current (even at Vm values more positive than VNa) (see Fig. 1, B and
C). Further, inhibition of  by SKF-89976A or NO-711 always blocked an inward current
(irrespective of Vm) and not an outward current (see Fig. 1A). These results do not support the
proposal that GABA evokes an uncoupled Na+ conductive mode in GAT1 (Krause and
Schwarz, 2005).

The voltage-dependence of the GABA-evoked current (Fig. 1, B and C) prompted us to
examine the relationship between the GABA-evoked current ( ) and GABA uptake over
a wide range of membrane potentials. If a GABA-evoked channel mode of GAT1 exists
(Cammack et al., 1994; Risso et al., 1996; Krause and Schwarz, 2005), it is likely that the
conductance of the channel mode would be different than that associated with Na+/Cl−/GABA
cotransport, such that alterations in the driving force would differentially affect the current
conducted via each of the two modes of function. Therefore, it is predicted that the relative
contribution of the channel mode to the total GABA-evoked current would be different at
different membrane potentials. Moreover, this difference should be reflected in the measured
GAT1-mediated charge flux for every GABA molecule translocated across the plasma
membrane. For the related dopamine (DAT, SLC6A3) and serotonin (SERT, SLC6A4)
transporters, which have confirmed channel modes of function, such an experimental approach
has provided evidence for substrate-evoked currents far in excess of substrate fluxes (Lin et
al., 1996; Sonders et al., 1997; Quick, 2003; Carvelli et al., 2004). The experiments of Fig. 2
examined this possibility for GAT1.

In the experiments of Fig. 2, [3H]-GABA uptake was measured under voltage clamp at the
indicated membrane potential (−110 mV to +10 mV) in individual GAT1-expressing cells.
This experimental protocol yielded two measured parameters for each cell: (i) net GABA-
evoked inward charge translocation during the recording period (charge flux), and (ii) GABA
uptake in the same cell (GABA flux) (Fig. 2A). The ratio of charge flux to GABA flux was
2.1 ± 0.1 (−110 mV; n = 7), 2.0 ± 0.1 (−90 mV; n = 8), 2.1 ± 0.1 (−70 mV; n = 9), 2.0 ± 0.1
(−50 mV; n = 6), 1.9 ± 0.1 (−30 mV; n = 9), 2.0 ± 0.1 (−10 mV; n = 10), and 2.0 ± 0.1 (+10
mV; n = 7) (Fig. 2, B–H). Thus, in the membrane potential range −110 mV to +10 mV, the
ratio of charge influx to GABA influx was 2 positive charges per GABA (Fig. 2I). These results
suggest a fixed charge:GABA translocation stoichiometry, and argue against a GABA-evoked
channel mode of GAT1 (Cammack et al., 1994;Risso et al., 1996;Krause and Schwarz,
2005).

To further examine the ratio of charge influx to GABA influx, we performed similar uptake
under voltage clamp experiments in the presence of GAT1 competitive inhibitors SKF-89976A
and NO-711 (Figs. 3 and 4). In these experiments, two concentrations of SKF-89976A were
chosen (5 μM and 25 μM), and were based on the results of the data shown in Fig. 1. Based
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on the data of Fig. 1, at 500 μM GABA, 5 μM and 25 μM SKF-89976A block the GABA-
evoked current by ∼30% and ∼65%, respectively. In the study of Krause and Schwarz
(2005), it was reported that SKF-89976A blocks two modes of GAT1; an uncoupled channel
mode (Ki = 0.03 μM) and a coupled Na+/Cl−/GABA cotransport mode (Ki = 9 μM). Thus, when
used at 5 μM, SKF-89976A is expected to inhibit the putative GABA-gated channel mode by
>99%. Based on the data of Krause and Schwarz (2005), we hypothesized that in the presence
of SKF-89976A, the ratio of charge influx to GABA influx should decrease, as the putative
GABA-evoked channel component would be blocked nearly completely. Contrary to this
prediction, we observed that regardless of the SKF-89976A concentration (5 μM or 25 μM),
the ratio of charge influx to GABA influx remained the same: 2 positive charges/GABA (Fig.
3). Moreover, the 2:1 charge flux to GABA flux ratio obtained in the presence of SKF-89976A
was independent of the imposed membrane potential (−50 mV or −90 mV) (Fig. 3). These
results argue against the existence of a GABA-evoked channel mode of GAT1 that is sensitive
to SKF-89976A, as suggested previously (Risso et al., 1996;Krause and Schwarz, 2005).

Finally, we examined the ratio of charge influx to GABA influx in the presence of another
high-affinity, competitive blocker of GAT1, NO-711 (Fig. 4). For these experiments, a
concentration of 2 μM was chosen based on the data obtained in Fig. 1. At this concentration
and in the presence of 500 μM GABA, NO-711 inhibits the GABA-evoked current by ∼60%.
Similar to the results obtained with SKF-89976A blockade of GAT1 (Fig. 3), NO-711 did not
alter the ratio of charge influx to GABA influx (Fig. 4). Further, this result was independent
of the membrane potential (Fig. 4, B and C).

DISCUSSION
The purpose of the present study was to test a specific hypothesis put forth by Krause and
Schwarz (2005) that GABA binding to the GABA transporter GAT1 evokes a GABA-gated
uncoupled Na+ current that is mediated by a channel mode of GAT1. Overall, our findings did
not support this hypothesis because (i) we did not detect an outward current evoked by GABA
at membrane potentials more positive than the predicted Na+ equilibrium potential (VNa); (ii)
inhibition of the GABA-evoked current by SKF-89976A or NO-711 did not reveal an outward
current at any Vm; (iii) the ratio of GAT1-mediated charge flux to GABA flux was 2 positive
charges per GABA and was independent of the membrane potential; and (iv) the 2:1 charge
flux / GABA flux ratio was not altered in the presence of GAT1 competitive inhibitors
SKF-89976A and NO-711.

Fixed Charge/GABA Translocation Stoichiometry of GAT1
Krause and Schwarz (2005) proposed that the GAT1-mediated GABA-evoked current has two
components: (i) a transport-associated component, which is directly coupled to and results from
electrogenic cotranslocation of 2 Na+, 1 Cl−, and 1 GABA across the plasma membrane, and
(ii) an “uncoupled transmitter-gated current” that is carried by Na+ ions via a channel mode of
GAT1. Implicit in this proposal is the fact that, under the zero-trans conditions of our
experiments, a current-voltage (I-V) relationship of the GABA-evoked current should reveal
an outward current at membrane potential values more positive than the Na+ equilibrium
potential (VNa). As Krause and Schwarz (2005) did not extend the I-V relationship to voltages
beyond zero mV, in this study, we measured the GABA-evoked current mediated by GAT1 at
a wide voltage range from +100 mV down to −140 mV. Our results did not reveal an outward
current at any voltage tested (Fig. 1B), and this result was consistent even when the external
Na+ concentration was reduced to 50 mM so as to shift VNa to less positive values (Fig. 1C).
Thus, our data are not consistent with the existence of a GABA-gated uncoupled current of
GAT1 that is carried by Na+ ions.
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Another proposal put forth by Krause and Schwarz (2005) was that the GABA-evoked
transport-associated current and the putative uncoupled GABA-gated current of GAT1 exhibit
differential sensitivity to the GAT1 inhibitor SKF-89976A with Ki values of 9 μM and 0.03
μM, respectively. Thus, it should be possible to expose GAT1 to a concentration of
SKF-89976A that is high enough to completely inhibit the putative channel mode, while
leaving the coupled mode of transport intact or only partially inhibited. Under such a treatment,
SKF-89976A inhibition of GAT1 GABA-evoked current should reveal an outward current at
membrane potential values more positive than VNa. Our examination of the effect of
SKF-89976A on the I-V relationship of the GABA-evoked current was not consistent with this
possibility (Fig. 1B). Therefore, at least based on the simple criterion of the thermodynamic
Na+ equilibrium potential, our results are not consistent with the existence of a GABA-evoked
uncoupled current of GAT1 that is carried by Na+ ions.

To further look for the existence of a GABA-evoked channel mode of GAT1, we performed
GABA uptake experiments under voltage clamp at voltages ranging from −110 mV to +10 mV
in order to correlate GAT1-mediated charge flux and GABA flux in individual cells expressing
GAT1. We reasoned that the conductance of a putative channel mode of GAT1 is likely
different than the conductance associated with Na+/Cl−/GABA cotransport, such that
alterations in the driving force would differentially affect the magnitude of the currents
mediated by the two modes of transporter function. Therefore, the relative contribution of the
putative channel mode to the total current evoked by GABA should vary with the membrane
potential. Consequently, the ratio of GAT1-mediated charge flux to GABA flux should be
different at different membrane potentials. If present, this channel mode of GAT1 function
may account for the variable ion/GABA stoichiometry suggested by Cammack et al. (1994).
The results of our experiments were not consistent with this scenario, as the ratio of GAT-
mediated charge flux to GABA flux was 2 net positive charges per GABA molecule at all
voltages examined (−110 mV to +10 mV) (Fig. 2), suggesting that, similar to the glycine
transporters GlyT1b (SLC6A9) and GlyT2a (SLC6A5) (Roux and Supplisson, 2000), GAT1
GABA-evoked currents are directly proportional to GABA fluxes. Thus, these results do not
support the existence of a GABA-evoked uncoupled current of GAT1, and differ from those
reported for the related dopamine (DAT, SLC6A3) and serotonin (SERT, SLC6A4)
transporters, which have been shown to possess a channel mode of function and in which the
ratio of charge flux to substrate flux varies with the membrane potential (Lin et al., 1996;
Sonders et al., 1997; Quick, 2003; Carvelli et al., 2004). Previously, we also demonstrated that
GAT1-mediated charge flux and GABA flux are tightly coupled at different GABA
concentrations (25–500 μM) as well as at different temperatures (21–32 °C) (Gonzales et al.,
2007). Altogether, the data suggest tight coupling of GAT1-mediated GABA and charge
translocation across the plasma membrane. The data are not consistent with a variable ion/
GABA transport stoichiometry (Cammack et al., 1994).

As discussed above, Krause and Schwarz (2005) proposed that a fraction of the electrogenic
signal evoked by GABA results from the putative uncoupled mode, and that this mode can be
inhibited by SKF-89976A with a Ki of 0.03 μM. Thus, if uptake under voltage clamp
experiments are performed in the presence of SKF-89976A, the resulting charge flux to GABA
flux should be closer to 1 net positive charge per GABA, as predicted by the 2 Na+ : 1 Cl− : 1
GABA transport stoichiometry. To test this possibility, we performed GABA uptake under
voltage clamp in the presence of two different concentrations of SKF-89976A, which ensured
complete inhibition of the putative channel mode proposed by Krause and Schwarz (2005),
but only partially inhibited the cotransport mode. Our results demonstrate that SKF-89976A
inhibition of GAT1 does not alter the ratio of charge flux to GABA flux (Fig. 3). These results
do not lend support to the hypothesis that a fraction of the GAT1 electrogenic signal is
uncoupled and can be blocked by SKF-89976A. Similar data were obtained with another high-
affinity, selective, and competitive GAT1 inhibitor (NO-711) (Fig. 4).
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Studies of the effects of SKF-89976A and NO-711 on the presteady-state currents of GAT1
evoked by voltage and/or concentration jumps suggest that, by competing for the GABA
binding site, these inhibitors lock the transporter in a conformation that does not allow the
transport cycle to be completed (Mager et al., 1996; Lu and Hilgemann, 1999b; Li et al.,
2000; Forlani et al., 2001; Hirayama et al., 2001; Krause and Schwarz, 2005; Soragna et al.,
2005; Meinild et al., 2009). Thus, we propose that by competing for the GABA binding site,
sub-saturating concentrations of GAT1 blockers (SKF-89976A and NO-711) merely reduce
the number of active GAT1 molecules that participate in the transport process. The charge/
GABA ratio of the GAT1 transport cycle, as judged by the ratio of inward charge flux to GABA
flux, is not altered either at low or high SKF-89976A concentrations. Our results are not
consistent with the notion that GAT1 inhibitors uncouple charge flux and GABA flux
(Eckstein-Ludwig et al., 1999; Krause and Schwarz, 2005).

Uncoupled Modes of Conduction in GABA Transporters
Uncoupled modes of ion conduction have been proposed for a number of electrogenic Na+-
coupled transporters including the neurotransmitter transporters (Sonders and Amara, 1996;
DeFelice and Goswami, 2007; Andrini et al., 2008; Vandenberg et al., 2008), and are defined
as transporter-mediated ion translocation across the plasma membrane that is not
thermodynamically coupled to substrate translocation. In general, uncoupled or “leak” currents
can be classified as those that are detected in the absence of the substrate, and those that are
evoked by substrate binding to the transporter. In both cases, electrophysiological methods
have served a pivotal role in identifying and characterizing these uncoupled modes of
transporter function.

Evidence for the existence of a GABA-independent uncoupled current in GAT1 appears to
depend on the experimental system used. When examined at normal extracellular Na+ and
Cl− concentrations and in the absence of GABA, all studies using the Xenopus oocyte
expression system have failed to detect an uncoupled or leak current in GAT1 (Mager et al.,
1993; Lu and Hilgemann, 1999a; Karakossian et al., 2005; Krause and Schwarz, 2005;
Gonzales et al., 2007; current study). However, when the extracellular Na+ is replaced with
Li+, the GABA transporters, GAT1 (SLC6A1), GAT3 (SLC6A13), and GAT4 (SLC6A11),
exhibit an uncoupled Li+ leak current, which is sensitive to external Na+, and has been proposed
to result from a channel mode of transporter function (Mager et al., 1996; Bismuth et al.,
1997; MacAulay et al., 2002; Grossman and Nelson, 2003; Kanner, 2003; Karakossian et al.,
2005; Zhou et al., 2006; Meinild et al., 2009). Remarkably, when the extracellular Na+ is
replaced by a large cation that does not interact with the transporter (e.g., choline or
tetraethylammonium), GAT3 (SLC6A13) and GAT4 (SLC6A11) exhibit a Na+-inhibited
Cl− leak current which is believed to result from a channel mode of function (Karakossian et
al., 2005). The Na+-inhibited Cl− channel mode does not exist in GAT1 (Karakossian et al.,
2005).

On the other hand, earlier studies which examined GAT1 expressed in mammalian cell lines
detected GABA-independent uncoupled currents that were believed to result from a channel
mode of transporter function (Cammack et al., 1994; Cammack and Schwartz, 1996). Using a
human embryonic kidney cell line (HEK-293) stably transfected with rat GAT1, Cammack
and Schwartz (1996) provided evidence for GAT1-mediated single-channel currents in the
absence of GABA. The open-state probability of the channel mode was very low (0.02–0.06),
and it was predicted that only a small fraction of the transporters operated in this mode at any
given time. This finding suggests that when over-expressed in Xenopus oocytes that can insert
up to 1011 transporter copies in the plasma membrane of individual GAT1-expressing cells
(Gonzales et al., 2007), a GABA-independent macroscopic leak current should be detectable.
As described above, no such currents are detected in oocytes expressing GAT1, and different
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expression systems may be responsible for the discrepant results obtained by different
investigators.

The existence of a GABA-evoked channel mode of GAT1 appears to be more controversial
and cannot be attributed to different expression systems. Most studies using the Xenopus oocyte
expression system have failed to observe GAT1-mediated GABA-evoked uncoupled currents
(Lu and Hilgemann, 1999a; Loo et al., 2000; Gonzales et al., 2007; current study). However,
as discussed above and in the Introduction, using the oocyte expression system, Krause and
Schwarz (2005) proposed the existence of a GABA-gated, Na+-conductive channel mode of
GAT1 that exhibits much greater sensitivity to SKF-89976A than does the cotransport mode
of GAT1. The results of the experiments presented in this study are not consistent with their
proposal. Rather, our results suggest tight coupling of GAT1-mediated charge flux and GABA
flux. We propose that at least in the Xenopus oocyte expression system and under our
experimental conditions, GAT1 does not have a GABA-evoked uncoupled mode of function.
In contrast, two earlier studies, which examined GAT1 expressed in mammalian cells
(HEK-293 and HeLa cells), proposed the existence of GABA-evoked uncoupled currents
which arise from a channel mode of function (Cammack et al., 1994; Risso et al., 1996).
However, in a more recent study of GAT1 transiently expressed in HEK-293 cells, the steady-
state GABA-evoked current was suggested to be consistent with the accepted 2 Na+ : 1 Cl− :
1 GABA stoichiometry (Bicho and Grewer, 2005). Clearly, additional studies are needed to
probe this issue further.

Although our data argue against the existence of a channel mode of conduction in GAT1, it is
important to emphasize that there is strong evidence for channel modes of function in other
neurotransmitter transporters (Lester et al., 1996; Sonders and Amara, 1996; DeFelice and
Goswami, 2007; Vandenberg et al., 2008). A substrate-evoked channel mode of function has
been shown for the serotonin (SLC6A4; Mager et al., 1994; Lin et al., 1996; Galli et al.,
1997), dopamine (SLC6A3; Sonders et al., 1997; Carvelli et al., 2004), and norepinephrine
(SLC6A2; Galli et al., 1995, 1996, 1998) transporters, as well as for all five glutamate
transporter isoforms (EAAT1–5; SLC1 gene family) (Fairman et al., 1995; Wadiche et al.,
1995; Arriza et al., 1997).

It is also important to note that not all uncoupled currents of electrogenic transporters result
from a channel mode of function. For example, in the absence of the respective substrate, the
Na+/glucose cotransporter (SGLT1; SLC5 gene family) and type II Na+/Pi cotransporter
(SLC34 gene family) exhibit leak currents that are carried by Na+ ions in a uniport fashion and
are thought to result from transporter conformational changes as characterized by the classical
alternating access model (Panayotova-Heiermann et al., 1998; Andrini et al., 2008).

Whether the channel mode of neurotransmitter transporters serves an important physiological
role remains to be determined. In the case of the Li+ channel mode of GAT1 and GAT4, and
the Cl− channel mode of GAT4, a physiological role is unlikely, as these modes are inhibited
entirely at physiological Na+ concentrations of the extracellular fluid (MacAulay et al., 2002;
Kanner, 2003; Karakossian et al., 2005). On the other hand, the currents associated with the
Cl− channel mode of the dopamine transporter appear to play an important role in setting the
firing rate of midbrain dopaminergic neurons (Ingram et al., 2002). Moreover, the glutamate
evoked Cl− conductance of the glutamate transporter (EAAT5) expressed in rod bipolar cells
leads to hyperpolarization and, hence, a reduction in transmitter release (Veruki et al., 2006).
It has also been suggested that leak currents in transport systems may be evolutionarily built-
in features that serve to dissipate abrupt changes in ion and/or substrate concentrations in the
immediate vicinity of transporters (Nelson et al., 2002).
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Although we are not any closer to understanding the discrepancy between the predicted and
experimentally measured number of charges translocated per GABA molecule transported into
the cell, our current results cast doubt on the possibility that a fraction of the GAT1-mediated
GABA-evoked current results from a channel mode of transporter function, as suggested
previously (Cammack et al., 1994; Risso et al., 1996; Krause and Schwarz, 2005). Thus, unlike
the related monoamine transporters which have channel modes of conduction and exhibit
variable and voltage-dependent charge/substrate stoichiometry (DeFelice and Goswami,
2007), GAT1 does not appear to have a channel mode of conduction, and appears to operate
with a fixed charge:GABA translocation stoichiometry.

Conclusions
Uptake under voltage clamp experiments performed on GAT1 expressed in Xenopus laevis
oocytes demonstrate that for every GABA molecule transported into the cell, GAT1 mediates
the net inward translocation of two positive charges across the plasma membrane. While we
have not resolved the discrepancy between the predicted (1 net charge) and measured (2 net
charges) number of net positive charges translocated per GABA molecule per transport cycle,
our data do suggest that GAT-mediated charge and GABA translocation into the cell are tightly
coupled processes within a wide range of membrane potential values (−110 mV to +10 mV),
as well as in the presence of selective GAT1 inhibitors (SKF-89976A and NO-711).
Importantly, the competitive GAT1 inhibitors, SFK-89976A and NO-711, do not uncouple
charge flux and GABA flux. Altogether, our data are not consistent with the existence of a
channel mode of conduction in GAT1 (in the absence or presence of GABA). Moreover, our
data suggest that the ion/GABA transport stoichiometry of GAT1 is fixed.
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Fig. 1. Pharmacological inhibition of GAT1-mediated GABA-evoked current ( ) does not
reveal a channel component conductive to Na+ ions

(A–C) A representative GAT1-mediated GABA-evoked current  trace is shown (−50
mV), and the corresponding current-voltage relationships are shown for voltages ranging from
−140 mV to +100 mV. [GABA] = 500 μM. When measured at an extracellular Na+

concentration of 100 mM (B) or 50 mM (C),  did not show any evidence of reversal.
Therefore, under the zero-trans conditions of our experiments,  does not have an outward
component even at membrane potentials more positive than the predicted Na+ equilibrium
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potential. When tested at 25 μM, SKF-89976A inhibited the inward current evoked by 500
μM GABA by ∼65% (B). (D–F) Application of NO-711 alone (25 μM) (D) or SKF-89976A
alone (30 μM) (E) to a cell expressing GAT1 did not reveal a constitutive leak mode, however,
both agents inhibited  in a concentration dependent manner. A representative trace is
shown for SKF-89976A at 500 μM GABA and −50 mV (F). The current scale bar is the same
for panels D–F. The time scale bar is 4 minutes for panels D and E, and 15 minutes for panel
F. (G) SKF-89976A inhibition of  was carried out at 10 μM, 25 μM, and 500 μM GABA.
Vm = −50 mV. The data were adequately fitted with Eq. 1 for competitive inhibition at a single
site. (H) Replotting the data in a Dixon plot yielded a Ki value of 700 nM for SKF-89976A
inhibition of GAT1-mediated . (I) NO-711 inhibition of  was carried out at 10
μM, 25 μM, and 500 μM GABA. Vm = −50 mV. The data were adequately fitted with Eq. 1
for competitive inhibition at a single site. (J) Replotting the data in a Dixon plot yielded a Ki

value of 95 nM for NO-711 inhibition of GAT1-mediated . In panels H and J, each data
point was normalized to the maximum GABA-evoked current (Imax) obtained in the same cell.
Imax was obtained at a saturating GABA concentration (5 mM) and in the absence of inhibitor.
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Fig. 2. The ratio of GAT1-mediated charge flux to GABA flux is not altered by changes in the
membrane potential
(A) GABA uptake experiments were performed under voltage clamp at membrane potentials
ranging from −110 mV to +10 mV. (B–H) Net inward charge flux is plotted as a function of
GABA uptake in individual GAT1-expressing cells. Cells expressing GAT1 were held at the
indicated membrane potential and exposed to 500 μM GABA and 28 nM [3H]-GABA for 5–
10 minutes. After washout of GABA and isotope, the cells were solubilized in 10% SDS and
cellular GABA content was determined by using a liquid scintillation counter. In the same cell,
the net inward charge flux was obtained from time integral of the current trace. To determine
GAT1-mediated GABA uptake, endogenous uptake of GABA was determined in control cells
from the same batch and subtracted from total GABA uptake in GAT1-expressing cells.
Endogenous GABA uptake was not voltage dependent but varied in cells obtained from
different donor frogs (0.28–0.66 pmol/min/oocyte). In GAT1-expressing cells, uptake rates
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ranged from 5 to 401 pmol/min/oocyte. In all experiments, endogenous GABA uptake was ≤
5% of total GABA uptake. The ratio of charge flux to GABA flux (i.e., net positive charges
per GABA, e/GABA) was 2.1 ± 0.1 at −110 mV (n = 7), 2.0 ± 0.1 at −90 mV (n = 7), 2.1 ±
0.1 at −70 mV (n = 9), 2.0 ± 0.1 at −50 mV (n = 6), 1.9 ± 0.1 at −30 mV (n = 9), 2.0 ± 0.1 at
−10 mV (n = 10), and 2.0 ± 0.1 at +10 mV (n = 7). In each panel, the smooth line is a linear
regression through the data points. (I) The ratio of charge flux to GABA flux is plotted as a
function of the imposed membrane potential. At all membrane potentials examined (−110 mV
to +10 mV), the ratio of charge flux to GABA flux was 2 positive charges/GABA. The smooth
line is a linear regression through the data points, and its slope is not significantly different
from zero (p = 0.34).
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Fig 3. The ratio of GAT1-mediated charge flux to GABA flux is not altered by SKF-89976A
GABA uptake was performed under voltage clamp in the presence of 5 μM SKF-89976A (A-
C) or 25 μM SKF-89976A (D-F) at −50 mV (B and E) and −90 mV (C and F). GABA was
500 μM and [3H]-GABA was 28 nM. In the presence of 5 μM SKF-89976A, the ratio of charge
flux to GABA flux (e/GABA) was 1.9 ± 0.1 at −50 mV (n = 9) and 1.9 ± 0.1 at −90 mV (n =
10). In the presence of 25 μM SKF-89976A, the ratio of charge flux to GABA flux was 2.0 ±
0.1 at −50 mV (n = 8) and 2.1 ± 0.1 at −90 mV (n = 7). In each panel, the smooth line is a linear
regression through the data points.
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Fig. 4. The ratio of GAT1-mediated charge flux to GABA flux is not altered by NO-711
GABA uptake was performed under voltage clamp in the presence of 2 μM NO-711 at −50
mV (B) and −90 mV (C). GABA was 500 μM and [3H]-GABA was 28 nM. In the presence of
2 μM NO-711, the ratio of charge flux to GABA flux (e/GABA) was 1.9 ± 0.1 at −50 mV (n
= 7) and 1.9 ± 0.1 at −90 mV (n = 8). In each panel, the smooth line is a linear regression
through the data points.
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