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Abstract 
 
The function of GAT1, the transporter for the inhibitory neurotransmitter γ-

aminobutyric acid (GABA), is characterized by expression in Xenopus oocytes and 

measurements of GABA-induced uptake of 3H-GABA, 22Na+ and 36Cl-
, and GABA-

evoked currents under voltage-clamp conditions. SKF-89976-A, a specific inhibitor of 

GAT1, is used in our system as a pharmacological tool. The GABA-evoked current 

can be decomposed into (i) a transport current, which is coupled to the GABA uptake, 

and (ii) a transmitter-gated current, which is uncoupled from the GABA uptake. The 

transport current results from a fixed stoichiometry of 1GABA : 2Na+ : 1Cl- 

transported during each cycle, as determined by radioactive tracer flux measurements. 

The transmitter-gated current is mediated by a Na+ conductance pathway. As a 

competitive inhibitor for GABA uptake, SKF-89976-A can separate the two current 

components. The GABA uptake is blocked with a KI value of about 7 µM, while the 

uncoupled transmitter-gated current is inhibited with a KI value of about 0.03 µM. 

Thus, the results of this study not only identify the transport mode and the channel 

mode of GAT1 but also raise the possibility to separate these components in a 

physiological environment. 
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Introduction 
 
In the mammalian central nervous system neurotransmitter-evoked synaptic signals 

are mainly terminated by diffusion of the neurotransmitter out of the synaptic cleft 

and by active uptake into the presynaptic nerve terminals and surrounding glia cells 

by means of neurotransmitter transporters. Dramatic effects of specific inhibitors of 

the transporters suggest that they play the dominant role in the termination of the 

synaptic activity (Masson et al., 1999). Thus, detailed knowledge of their function is 

essential for understanding the physiology of synaptic transmission. 

We investigated the GABA transporter 1 of mouse brain (mGAT1) belonging to the 

family of secondary active transport systems that are driven by electrochemical 

gradients for Na+ and Cl- (Nelson, 1998; Kanner, 1978; Kavanaugh et al., 1992) . 

Most members of this family share the property that the current generated by the 

activity of transporters consists of three components that were named (i) transport 

current (Sonders and Amara, 1996), (ii) transmitter-gated current (Galli et al., 1997) 

and (iii) transmitter-independent leak current (Sonders and Amara, 1996). The 

transport current is caused by translocation of net charges due to co-transport of Na+ 

and Cl- ions along with the substrate, which is generally assumed to occur at a fixed 

stoichiometry. The transmitter-gated current is not associated with translocation of the 

respective neurotransmitter though the binding of the substrate to the transporter is 

essential. The third component, the transmitter-independent leak current, can be 

detected in the absence of transmitter and is supposed to be carried by alkali ions 

(Sonders and Amara, 1996); in case of the GAT1 expressed in HEK cells, single-

channel events could be observed in the absence of GABA (Cammack and Schwartz, 

1996). Current components that are not related to neurotransmitter uptake have also 

been found in other transporter families (Sonders and Amara, 1996). 
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For the family of Na+/Cl--dependent neurotransmitter transporters the different modes 

of transporter-mediated current have been described in detail for the Norepinephrine 

transporter (Galli et al., 1995; Galli et al., 1996), the Serotonin transporter (Galli et al., 

1997; Mager et al., 1994), and the Dopamine transporter (Sonders et al., 1997; Ingram 

et al., 2002). As an exception, the glycine transporter (GLYT) seems not to exhibit 

transmitter-gated current (Aragon and Lopez-Corcuera, 2003; Supplisson and Roux, 

2002). Although in their series of studies on GAT1 in Xenopus oocytes Lu and 

Hilgemann did not find evidence for additional current components (Lu and 

Hilgemann, 1999a; Lu and Hilgemann 1999b; Hilgemann and Lu, 1999), others 

observed in Hela cells GAT1-mediated currents that are not linked to the transport of 

GABA (Risso et al., 1996). Also, the finding of Eckstein-Ludwig et al. (1999) that 

Tiagabine differently inhibits GABA uptake and GABA-evoked current has been 

judged as an indication for an additional current component. 

In the work presented here, we show (i) that the steady-state current of mGAT1 

evoked by GABA (GABA-evoked current) consists of two components, the transport 

current and the transmitter-gated current with the latter mediated by a Na+ 

conductance. (ii) We characterize the inhibition of mGAT1 by the specific inhibitor 

SKF-89976-A (SKF) (Borden et al., 1995), and show that this drug can be a powerful 

tool to separate transport current and transmitter-gated current. (iii) Finally we show 

by direct flux measurements that the transport stoichiometry of the mGAT1 is indeed 

1GABA : 2Na+ : 1Cl- , which up to now has roughly been estimated either indirectly 

from the analysis of the respective Hill-coefficients (Kavanaugh et al., 1992) or from 

uptake measurements under various conditions (Keynan and Kanner, 1988; Loo et al., 

2000). 
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Materials and Methods 

Expression of mGAT1 in Xenopus oocytes 

Full-grown prophase-arrested oocytes were isolated from female Xenopus laevis and 

treated with 3 or 1.5 unit/10 ml Liberase (Roche Diagnostics, Mannheim, Germany) 

for 2-4 hours or overnight, respectively. mGAT1 was expressed in the oocytes by 

injection of 23 ng complementary RNA (cRNA) per cell. Experiments were done after 

3 days of incubation at 19°C. All experiments were conducted in climate controlled 

rooms at a room temperature of 25°C. 

 

Voltage-clamp experiments 

Electrophysiological experiments were performed on the oocytes with the 

conventional two-electrode voltage clamp (TEVC) (Lafaire and Schwarz, 1986) using 

Turbo TEC -03 or -10 amplifiers and CellWorks software (NPI electronic, Tamm, 

Germany). For measuring GABA-evoked steady-state currents of mGAT1, membrane 

currents were recorded during the last 80 ms of 400-ms rectangular voltage pulses 

from –150 to +30 mV in 10-mV increments applied from a holding potential of -60 

mV. The difference between steady-state currents in the presence of extracellular 

GABA and in its absence was taken as a measure of the GABA-evoked current. For 

measuring mGAT1-mediated charge movements, transient currents were integrated 

which were elicited with rectangular voltage steps from 400-ms prepulses in the range 

of –150 mV to +30 mV in 10-mV increments and back to the holding potential of –60 

mV. The difference between the integrals in the absence of extracellular GABA and 

in its presence was taken as a measure of the mGAT1-mediated charge movement in 
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the absence of GABA. In all experiments, the current was filtered at 100 Hz and 

sampled at 1 kHz. 

 

Radioactive tracer measurements 

For measurements of radioactive tracer uptake, 10 – 20 oocytes were incubated in 200 

µl of the respective tracer solution for 10 minutes. Within this time span, uptake 

showed linear time dependency. For GABA uptake 3H-GABA (9.25 kBq/200 µl, 

Amersham, Braunschweig, Germany) was used, for Na+ uptake  22Na+ (74 kBq/200 µl, 

Amersham), for Cl- uptake  36Cl- (90.6 kBq/200 µl, Amersham), for Rb+ uptake  86Rb+  

(0.57 kBq/50 µl, Amersham). After the incubation, the oocytes were washed, placed 

individually into counting vials, and dissolved in 0.1 ml (5 %) sodium dodecyl sulfate 

solution. The radioactivity taken up by the oocytes was then determined by liquid 

scintillation counting. Rates of uptake of control oocytes, which were not injected 

with mGAT1 cRNA, were subtracted from rates of uptake of mGAT1 expressing 

oocytes. 

For 3H-GABA uptake measurements under voltage clamp, single oocytes were 

clamped for 10 minutes to the respective holding potential, and the corresponding 

holding currents were recorded on a pen recorder. The bath volume of the measuring 

chamber was about 700 µl and contained 37 kBq 3H-GABA. The radioactivity taken 

up by an oocyte was determined as described above. Rates of uptake of control 

oocytes, which were not injected with mGAT1 cRNA, were subtracted from rates of 

uptake of mGAT1 expressing oocytes. The current calculated from 3H-GABA-uptake 

under voltage-clamp control was performed as follows: For each clamped oocyte 1 µl 

bath solution was taken as a control sample, and treated exactly as described above for 

oocytes. Since the 3H-GABA-uptake measurements were performed at a GABA 
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concentrations of 400 µmol/l the activity of 1 µl bath solution determined by liquid 

scintillation counting was proportional to 400 pmol GABA. The amount of GABA 

taken up into each single oocyte (m) could then be calculated by rule of proportion 

according to: 

12400*10 * ( )

( )

activity oocyte
m

activity bath solution

−

=
 

 

Assuming one transported net charge per GABA molecule per tranport cycle (Keynan 

and Kanner, 1988; Kavanaugh et al. 1992) the transport current could then be 

calculated by: 

I
Fm =

600

*
 

where m is the amount of GABA taken up into the oocyte [mol], F the Faraday 

constant [Cmol-1], 400*10-12 the amount of GABA per 1µl bath solution [mol],  600 

the uptake time in seconds [s] and I to the transport current [A]. 

 

Solutions 

The oocyte Ringer’s solution (ORi) was composed of (mM): 90 NaCl, 2KCl, 2 CaCl2, 

and 5 3-morpholinopropanesulfonic acid (MOPS). pH was adjusted with NaOH to pH 

7.4. All compounds were from Sigma (Taufkirchen, Germany). SKF-89976-A was a 

generous gift of Smith Kline Beecham Pharmaceuticals (Brentford, United Kingdom). 

A GABA concentration of 400 µM was chosen to saturate the GABA-evoked current 

also at hyperpolarized negative potentials (See also Grossman and Nelson, 2002). 

 

Data analysis 

If not stated otherwise, normalization and averaging of the data was performed as 

follows: Before averaging GABA-evoked currents, all GABA-evoked currents of 
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each single oocyte were normalized to the GABA-evoked current in the presence of 

400 µM GABA at –100 mV of the respective oocyte. Before averaging rates of uptake, 

the rate for each single oocyte was normalized to the averaged rate of uptake of the 

respective batch of oocytes in the presence of 400 µM GABA. All curve fittings were 

performed by least square fits. Analysis of data was processed using Origin 7.0 

(OriginLab Corporation, Northamton, USA). 

 

Definitions 

GABA-evoked current: the current observed by addition of GABA to the transporter. 

It can be decomposed into 2 components: transport current and transmitter-gated 

current. 

Transport current: a component of the GABA-evoked current, which is coupled to 

GABA uptake. 

Transmitter-gated current: a second component of the GABA-evoked current, 

which is unrelated to GABA uptake and is believed to be due to Na+ conduction 

through the transporter. 

Current calculated from GABA uptake: GABA uptake is measured and the data 

are converted to current based on a fixed stoichiometry of 1GABA : 2Na+ : 1Cl-. 

This is an expected value of the transport current. 

Steady-state current: a term, representing the current near the end of voltage pulses. 

The difference of steady-state currents in the presence of GABA and its absence 

represents the GABA-evoked current. 

Transient current: a term, representing the capacitance current measured after the 

onset of a voltage pulse. The integral obtained in the absence of GABA 
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represents the charges transferred within the electric field associated with 

transition of the transporter between Na+-unbound and Na+-bound states. 

 

 

Results 

In Xenopus oocytes expressing mGAT1, application of GABA induced an inward-

directed, voltage-dependent current (GABA-evoked current) (Fig. 1A). In the 

presence of 400 µM GABA the GABA-evoked current (Fig. 1B, filled squares) was 

greater than the current calculated from the voltage-clamp controlled GABA-uptake 

(filled circles) by a factor of 3 to 5 over the entire potential range, assuming a 

coupling stoichiometry of 1GABA : 2Na+ : 1 Cl- (Kavanaugh et al., 1992; Keynan and 

Kanner, 1988). The current-voltage curve in the presence of 400 µM GABA and 25 

µM SKF (dashed line) shows little deviation from the calculated current over the 

entire voltage range from –20 mV to –80 mV. In order to clarify the inhibiting 

properties of SKF, 3H-GABA uptake and GABA-evoked current on SKF 

concentration were recorded. Figure 2 shows that GABA uptake and GABA-evoked 

current are differently inhibited. The uptake measurements in Fig. 2 were not 

performed under voltage-clamp control. To compare these uptake measurements with 

GABA-evoked current, we used the GABA-evoked current at –20 mV, which is close 

to the resting potential of mGAT1-expressing oocytes in the presence of 400 µM 

GABA (data not shown). While 50% inhibition of the GABA-evoked current was 

obtained at IC50(current) = 1.5 µM SKF, 36 times higher concentrations were needed 

for 50% inhibition of the rate of uptake (IC50(uptake) = 54 µM SKF). A transmitter-

independent leak current in the absence of GABA, which has been reported in HEK 
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cells expressing GAT1 (Cammack and Schwartz, 1996), was not detected in oocytes 

(U. Eckstein-Ludwig and J. Rettinger, personal communication).  

 

The molecule SKF consists of two major moieties, a GABA-analogous part, which 

naturally can be believed to bind to the GABA binding site of the transporter, and a 

planar ring system, which usually is assumed to interact with aromatic amino acids. 

Figure 3 compares the IC50 values for inhibition of rate of uptake and of GABA-

evoked current by SKF with those of other mGAT1-inhibiting compounds which have 

typical structural moieties in common with SKF. IC50 values for GABA-evoked 

current and rate of uptake were obtained under the conditions as particularly described 

for SKF (see above). While nipecotic acid (NA), which represents the GABA-

analogous residue of SKF, inhibited the GABA-evoked current with an IC50(current) 

of 20 µM, one order of magnitude higher concentration was needed for 50% 

inhibition of the rate of uptake (IC50(uptake)= 384 µM)). Promethazine (PMZ), with 

structural moiety analogous to the planar ring system of SKF, showed no remarkable 

difference in the IC50 values for the inhibition of uptake (790 µM) and current (750 

µM). The results of the experiments with PMZ, NA and SKF suggest, that (i) GABA-

evoked current and GABA uptake do not represent the same process (see IC50 values); 

that (ii) the difference in GABA-evoked current and GABA uptake can be attributed 

to a transport current and a transmitter-gated current (for detailed explanation see 

discussion); and that (iii) GABA uptake as well as GABA-evoked current are 

inhibited by interference of a GABA-analogous moiety interacting with the GAT1 

protein. 
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Since the effect of SKF on GABA uptake can be described by a competitive inhibition 

(Fig. 4A) the following equation was used to fit rates of uptake in Fig. 2: 

Equ. 1  

transp
I

transp
m

transp
mtransp

K

SKF

K

GABA
K

GABA

Vv
][][

1

][

max

++
=  

with Km
transp representing the Km value for uptake stimulation by GABA, and KI

transp 

the KI value for inhibition of uptake by SKF. Fitting Equ. 1 to the uptake data in Fig. 

2 (open cirles), a KI
transp = 7.6 µM was obtained (the Km

transp value was determined 

from the data in Fig. 4A (filled circles) in the absence of SKF to 62 µM). 

The inhibition of GABA-evoked current by SKF could only be described by the sum 

of two independent inhibitory reactions: 

Equ. 2 

gatetrans
I

gatetrans
m

gatetrans
mgatetrans

transp
I

transp
m

transp
mtransp

K

SKF

K

GABA
K

GABA

V

K

SKF

K

GABA
K

GABA

Vv

−−

−
−

++
+

++
=

][][
1

][

      
][][

1

][

maxmax  

The superscript transp refers to the same parameter as in Equ. 1, and trans-gate to the 

respective parameters for the transmitter-gated current. The data for GABA-evoked 

current could be fitted with KI
transp = 8.8 µM and KI

trans-gate = 0.03 µM (using for the 

Km
transp and Km

trans-gate  the values of Fig. 4A and 4B in the absence of SKF).  The 

fitted value for KI
transp of GABA-evoked current was nearly identical to the value 

obtained directly from the uptake measurements. 

For further characterisation of the inhibitory effect of SKF on the uptake and the 

GABA-evoked current, we performed the corresponding experiments for the 

dependence on GABA concentration (Fig. 4A, 4B) in the absence (filled symbols) as 
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well as in the presence (not filled symbols) of SKF. Although the GABA-evoked 

current consists of two components, the results of the GABA concentration 

dependency did not allow realistic fits by the two-component equation (Equ. 2), 

neither in the absence of SKF nor in the presence of SKF. This certainly is due to the 

fact that the Km values for activation of the two components by GABA differ by less 

than a factor of 10, whereas the KI values for inhibition by SKF differ by more than 

two orders of magnitude for the two current components. Therefore the GABA 

concentration dependencies could be described phenomenologically by a Michaelis-

Menten equation with apparent Km values Km
app: 

Equ. 3  

app
m

app
m

K

GABA
K

GABA

Vv
][

1

][

max

+
=  

When the dependence of rate of GABA uptake on GABA concentration was 

determined in the absence and the presence of 25 µM SKF, the competitive inhibition 

of GABA uptake became apparent (Fig. 4A). Addition of 25 µM SKF shifted the 

Km
app(uptake) from 62 µM to 138 µM. Inhibition of GABA uptake by SKF was 

voltage independent; GABA uptake experiments under voltage-clamp control at  -20 

and -60 mV resulted in the same IC50 (uptake) value of 54 µM SKF (data not shown). 

Figure 4B shows the dependence of GABA-evoked current on GABA concentration 

in the absence of SKF as well as in the presence of 0.5 and 25 µM SKF. Addition of 

0.5 µM SKF shifted the Km
app(current) from 17 µM to 41 µM; addition of 25 µM SKF 

shifted the Km
app(current) further to 152 µM. Km

app(current) in the absence of SKF 

does not change in the voltage range from 0 mV to –30 mV, at more negative 

potentials Km
app(current) increases up to a value of  50 µM at a potential of –150 mV. 
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Km
app(current) in the presence of 25 µM SKF does not change over the entire voltage 

range from 0 mV to –110 mV. 

In the absence of GABA, voltage jumps applied to mGAT1-expressing oocytes 

induced voltage-dependent transient currents generated by the binding of extracellular 

Na+ (Mager et al.,1993; Liu et al.,1998). These mGAT1-mediated transient currents 

were nearly abolished by only 2 µM SKF (see Fig. 5A). This becomes apparent  in the 

plot of voltage dependence of the charge movement as well (see Fig. 5B). Since the 

transient current is associated with the transition between two discrete states of the 

mGAT1 (Na+-bound and Na+-unbound state), the voltage dependence of the charge 

movement can be described by Fermi equation according to: 

Equ. 4  min)(
minmax

2/1

1
Q

e

QQ
Q

RT
FzEEtransient

F
+

+

−
= −  

with Qtransient representing the charges moved in response to the potential step, Qmax 

and Qmin the maximal and minimal charge movements, E is the potential, E1/2 the 

potential causing half maximal charge movement, and zF  the effective valency of the 

moved charges per transporter. F/RT has its usual thermodynamical meaning. 

Qmax=N*e0*zF is a measure for the number of mGAT1 which can bind Na+ (with N as 

number of transporters and e0 as elementary charge), and E1/2 gives a measure for the 

Na+ affinity (Liu at al., 1998). The data for the voltage dependence of the charge 

movement in the absence of SKF could be fitted with Qmax = 17.3 ± 0.4 nA, zF = 1.00 

± 0.04 and E1/2 = -30.5 ± 1.2 mV, the data in the presence of 1 µM SKF could be 

fitted with Qmax = 5.1 ± 0.3 nA, zF = 0.90 ± 0.12 and E1/2 = -32.0 ± 3.2 mV. Given 

errors are reduced χ2 errors. A fit of the charge voltage dependence in the presence of 

2 µM SKF was not possible, due to its very low amplitude. 
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The uptake of GABA is coupled to the co-transport of Na+ and Cl-; a stoichiometry of 

1GABA : 2Na+ : 1Cl- is usually assumed on the basis of Hill coefficients for the 

concentration dependencies (Kavanaugh et al., 1992) and on the basis of  estimations 

of rate of uptake for the substrates (Keynan and Kanner, 1988; see discussion). We 

determined the rates of GABA, Na+ and Cl- uptake by radioactive tracer 

measurements on the same batches of oocytes an under identical conditions (Fig. 6). 

In the absence of SKF the ratio of GABA to Na+ and Cl- was 1 : 4.3 : 1.3. In the 

presence of 25 µM SKF neither GABA nor Cl- uptake were significantly affected, but 

Na+ uptake decreased by a fator of 2, resulting in a transport ratio of GABA to Na+ 

and Cl- of 1 : 2.2 : 1. No GABA-induced 86Rb+ uptake could be detected (data not 

shown). Neither Na+ efflux (in the presence of 10 µM Ouabain) nor Cl- efflux could 

be observed (data not shown). 

 

Discussion 

In this study we investigated the current components of the GABA transporter GAT1. 

By means of TEVC and radioactive tracer measurements as well as by 

pharmacological separation we could identify two independent current components of 

the GABA-evoked current. 

 

The components of GABA-evoked current 

The large difference between the currents calculated from GABA uptake 

(representing just the transport current) and the measured current (representing the 

GABA-evoked current) in Fig. 1B clearly indicates that the GABA-evoked current 
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cannot be attributed solely to GABA transport coupled to co-transport of Na+ and Cl- 

at a fixed stoichiometry of 1 GABA : 2Na+ : 1Cl-. The fact that the GABA-evoked 

current was 3 to 5 times larger than the calculated transport current (Fig. 1B) can be 

explained either by an additional current component not linked to the transport, or by 

the existence of a variable transport stoichiometry as described by Cammack et al. 

(1994), yielding another number of transported ions than assumed in our calculation. 

Four of our experimental results are consistent with the view that the GABA-evoked 

current is comprised of a component from a fixed 1:2:1 stoichiometry plus an 

additional current component. The different Km values for uptake and GABA-evoked 

current (Tab. 1) indicate that GABA transport and parts of the GABA-evoked current 

are uncoupled from each other (See also Ingram et al., 2002). Also, GABA uptake and 

GABA-evoked current are inhibited differently by GABA-analogous inhibitors like 

NA and SKF (Fig. 2, Fig. 3), strongly suggesting different underlying processes; the 

discrepancy of the IC50 values of our study from that of others (Borden, 1996) can be 

explained by the different experimental conditions. The SKF dependence of the 

GABA-evoked current can only be described by the sum of two independent 

inhibitory reactions (Equ. 2), whereas the SKF dependence of GABA uptake could be 

perfectly described with a single inhibitory reaction (Equ. 1). Finally, the Km values 

for GABA uptake and GABA-evoked current in the presence of 25 µM SKF are 

nearly identical (Tab. 1), and the current-voltage dependencies of the calculated 

current and the GABA-evoked current in the presence of 25 µM SKF can be 

superimposed (Fig. 1B). This shows that the GABA-evoked current in the absence of 

SKF consists of a transport current and a second current component, which is 

independent of the transport of GABA (the transmitter-gated current) and which can 

be blocked by 25 µM SKF. It should be noted that at 400 µM GABA the rate of 
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uptake is not significantly affected by the presence of 25 µM SKF, but the GABA-

evoked current is decreased by a factor of 3.  

The fact that Hilgemann and colleagues (Lu and Hilgemann, 1999a; Lu and 

Hilgemann 1999b; Hilgemann and Lu, 1999) could not find evidence for additional 

current components may be explained by the excised patch technique they used. The 

giant patch is lacking all cytoplasmic compounds which possibly regulate the 

functions of membrane proteins. This, on the other hand, indicates a possible 

dependence of the transmitter-gated current on cytoplasmic factors. 

 

Separation of the components 

SKF as well as NA inhibit the GABA-evoked current at more than one order of 

magnitude lower concentrations than the rate of uptake (Fig. 3). Since NA has been 

demonstrated to be tansported by the GAT1 (Kanner et al., 1983) and to evoke a Na+-

dependent current (data not shown), for further investigations we concentrated on the 

effects of SKF. To quantify the effects of SKF on GABA concentration dependencies 

of uptake and GABA-evoked current (Fig. 4A and 4B) we fitted the respective results 

with Equ. 3. The identical Vmax values, the parallel shift of the curves and the raise of 

the Km
app value for rate of uptake (Fig. 4A, Equ. 3) from 62 µM GABA to 138 µM 

GABA by the addition of 25 µM SKF supports the competitive inhibition of GABA 

transport. Also the GABA concentration dependence of the GABA-evoked current is 

shifted; in this case we observed a shift of  Km
app  from 17 µM to 42 µM on 

application of 0.5 µM SKF and  to 152 µM on application of 25 µM SKF (Fig. 4B, 

Equ. 3). It is noted that Fig. 4B superficially resembles the situation where SKF, 

acting like a noncompetitive antagonist on GABA transporters, causes a shift in the 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 8, 2005 as DOI: 10.1124/mol.105.013870

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 013870 

 18 

agonist (GABA) dose-response curve in the presence of spare GABA transporters. At 

low concentration (0.5 µM) SKF would cause a parallel shift and at high (25 µM) 

SKF would cause a reduction in the maximum response. However, the presence of 

spare GABA transporters can be ruled out because, as shown in Fig. 4A, at high 

concentrations (25 µM) SKF caused only a parallel shift in the GABA uptake rate. 

Therefore, the best explanation for the SKF effect observed in Fig. 4B is that SKF 

competitively antagonized a transport current component and noncompetitively 

antagonized a transmitter-gated current component of the GABA-evoked current. 

Thus, a combination of 400 µM GABA and 25 µM SKF can be used to separate the 

transport current from the transmitter-gated current. Further evidence for this 

conclusion is the fact that in the presence of 25 µM SKF the apparent Km
app values for 

rate of uptake and GABA-evoked current are nearly identical; that means the two Km 

values in the presence of 25 µM SKF represent the GABA transport process. Also the 

fact that the calculated current (representing the transport current) and GABA-evoked 

current in the presence of 25 µM SKF can be perfectly superimposed strongly 

supports this conclusion. 

 

The SKF binding 

How can we explain that SKF inhibits the GABA-evoked current with two different 

KI values (0.03 and 8.5 µM)? Most likely SKF acts competitively on the GABA 

transport and allosterically on the transmitter-gated current. This idea is particularly 

supported by the competitive and noncompetitive inhibition pattern in Fig. 4A and 4B, 

but also by the inhibition of the voltage-dependent charge movements (Fig. 5). The 

voltage dependency of charge movements in the presesence of 1 µM SKF shows only 
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a reduced amplitude; the other parameters  defining the shape of the sigmoidal curve 

are identical with those in the absence of SKF. This indicates a reduced number of 

Na+-binding GAT1 in the presence of 1 µM SKF, and may be attributed to a potential-

independent binding of SKF to an allosteric binding site. Since PMZ is relatively 

ineffective in blocking the GABA-evoked current and GABA transport, and, on the 

other hand, NA and SKF sharing the structural moiety block the GABA-evoked 

current and GABA transport differentially, it is likely that the allosterically acting 

moiety of SKF is similar to NA (Fig. 3).  The observation that 2 µM SKF can abolish 

the transient current while the GABA-evoked current is inhibited by only 50 % may 

be attributed to a competitive inhibition of the GABA transport. 

 

The stoichiometry of transport 

Based on uptake measurements of substrates (Keynan and Kanner, 1988) and analysis 

of the respective Hill coefficients for GABA-evoked currents (Kavanaugh et al., 

1992), a transport stoichiometry of 1 GABA : 2 Na+ : 1 Cl- was suggested. In the 

presence of 25 µM SKF and 400 µM GABA, the only GAT1-mediated activity is the 

GABA transport mode, and the current measured under these conditions perfectly 

matches the current calculated from rate of GABA uptake on the basis of one positive 

net charge being transported into the cell per GABA molecule taken up (Fig. 1B). Our 

tracer flux measurements under identical experimental conditions with 3H-GABA, 

22Na+, and 36Cl- directly demonstrate that for 1 GABA transported into the cell 2 Na+ 

and 1 Cl- are taken up (Fig. 6). Neither Na+ nor Cl- efflux could be observed. 

The tracer uptake measurements (Fig. 6) yielded that 25 µM SKF not only are 

inefficient to block GABA uptake at 400 µM GABA, but also the Cl- uptake is hardly 
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affected. On the other hand, Na+ uptake is strongly reduced while 86Rb+ translocation 

is not affected, and extracellular Ca2+ (J. Fei, personal communications) as well as 

changings in pH (Cao et al., 1997; Forlani et al., 2001) do not alter GABA-evoked 

currents. These observations indicate that the SKF-sensitive transmitter-gated current 

is carried by Na+ ions. The reduction of Na+ uptake by 25 µM SKF fits well with the 

reduction of GABA-evoked current by a factor of 3 in potential range of -20 to -40 

mV (Fig. 1B). However, due to the not precise enough superimposition of the 

calculated current-voltage curve and the current-voltage curve in the presence of 25 

µM SKF between -60 and -80 mV (Fig. 1B), we think without further experiments it 

is not reasonable to assume a Na+-selective conductance pathway.  

 

Conclusion 

We could demonstrate that the GABA-evoked current in Xenopus oocytes is 

composed of two independent components, the transport current that originates from 

the 1GABA : 2Na+ : 1Cl- stoichiometry, and the transmitter-gated current that is 

mediated by a Na+ conductance pathway. SKF is a useful tool to separate these two 

components since it inhibits them in a different manner, and thus offers the possibility 

to investigate the transmitter-gated current in a physiological environment. 
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Legends for figures: 

Figure 1: Voltage dependence of GABA-evoked current. (A) shows typical current 

responses of a single mGAT1-expressing oocyte to 400-ms voltage pulses from –100 

to 0 mV in 20-mV increments applied from a holding potential of -60 mV. The left 

traces are recorded in the absence of GABA, the right traces in the presence of 400 

µM GABA. The dotted line represents the 0 nA current level. Differences of steady-

state currents in the presence of GABA and its absence are plotted in (B) as GABA-

evoked current.  Due to the scaling the capacitive peaks of the oocytes are cut. (B) 

Filled circles represent the current calculated from rate of GABA uptake measured 

under voltage clamp. The current of each single oocyte was calculated separately. 

Filled squares represent the respective recorded GABA-evoked current at 400 µM 

GABA. Data are averages ± SEM from 5 oocytes. The solid line connects data of 

GABA-evoked currents at 400 µM GABA from other sets of oocytes in the absence 

of SKF. Data are averages of 28 oocytes + SEM.  The dashed line connects data of 

GABA-evoked currents at 400 µM GABA in the presence of 25 µM SKF. Data are 

averages of 10 oocytes + SEM. All curves are normalized to the value at 400 µM 

GABA and –80 mV in the absence of SKF. In case of oocyte sets used in uptake 

measurements (filled squares and circles) current and uptake were recorded for 10 

min and one unit corresponds to -90 ± 4 nA; during the recording time the GABA-

evoked current did not show any considerable decay. In case of  oocyte sets used in 

electrophysiological recordings in the absence and presence of SKF (solid line and 

dotted line) currents were recorded for 400 ms (as described in A) and one unit 

corresponds to –200 ± 41 nA. 
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Figure 2: Dependence of GABA-evoked current and rate of uptake in the 

presence of 400 µM GABA on SKF concentration. Open squares represent steady-

state currents at -20 mV.  Data are averages of 3-8 oocytes + SEM. The inset scales 

up the SKF dependence of the GABA-evoked current in the range from 0 to 5 µM 

SKF. Open circles represent rates of uptake of GABA. Data are averages of 30 

oocytes + SEM. Data sets for current and uptake are normalized to the value at 0 µM 

SKF. In case of the steady-state-currents at -20 mV one unit corresponds to 43 ± 8.6 

nA; in case of rate of uptake one unit corresponds to 275± 22 fMol/s. The lines are fits 

of equ. 2 and 1, respectively, to the data points. The fitted parameters are listed in 

Table 1. 

 

 

Figure 3: IC50 values of GAT1 inhibitors. SKF and NA share the same GABA-like 

structural moiety. The moieties of the inhibitors, particulary the Lewis-base and the 

Lewis-acid are underlayed in grey. The additional planar ring-system of SKF is found 

in Promethazine. 

 

Figure 4: Dependence on GABA concentration of GABA-evoked current and 

rate of uptake in the presence and absence of SKF. (A) Filled circles represent 

rates of uptake of GABA in the absence of SKF. Open circles represent rates of 

uptake of GABA in the presence of 25 µM SKF. Data represent the averages of 16 - 

58 oocytes + SEM. One unit corresponds to a rate of uptake of 433 ± 26 fMol/s. The 

lines represent the fits according to equ. 3.   (B) Filled squares represent GABA-

evoked currents at -20 mV in the absence of SKF, half open squares in the presence of 
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0.5 µM SKF, and open squares in the presence of 25 µM SKF. Data are averages of 5-

10 oocytes + SEM. Data sets are normalized to the value at 400 µM GABA and –100 

mV in the absence of SKF. One unit corrensponds to a current of 264 ± 69 nA. The 

lines are fits according to equ. 3.  The fitted parameters are listed in Table 1.  

 

Figure 5: Transient current and charge movements. (A) shows typical current 

responses of a single mGAT1-expressing oocyte in the absence of GABA to a 400-ms 

voltage pulse from –60 mV to +30 mV. The solid line represents the current in the 

absence of SKF, the dashed line represents the current in the presence of 2 µM SKF. 

Due to the scaling the capacitive peaks of the oocyte are cut. (B) filled squares 

represent moved charges in the absence of SKF, open circles represent moved charges 

in the presence of 1 µM SKF, open stars represent moved charges in the presence of 2 

µM SKF. Data are averages from 4 - 8 oocytes + SEM. The lines are fits according to 

Fermi equation (Equ. 4). Fit parameters are given in the text. 

 

 

Figure 6: 3H-GABA, 22Na+ and 36Cl- uptakes. The open bars represent the uptake in 

presence of 400 µM GABA only. The black bars represent the uptake in the presence 

of 25 µM SKF and 400 µM GABA. The uptake of each substrate is normalized to the 

rate of GABA-uptake in the absence of SKF. One unit corresponds to a rate of uptake 

of 247 ± 3 fMol/s. The numbers above the bars indicate the number of oocytes. Error 

bars are SEM. To eliminate uptake via non-GAT1 pathways, rates of uptake from 

control oocytes were substracted from the rates of uptake from mGAT1-expressing 

oocytes. 
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Table 1: Fitted parameters for GABA and SKF dependencies of rate of GABA 

uptake and GABA-evoked current.  The given errors are reduced χ2 errors derived by 

least square fittings of averaged values (Origin 7.0).  

 

  Rate of 

uptake 

   Current  

 µM fit Figure µM fit Figure 

Km  62 ± 7 Equ. 3 Fig. 4A 17 ± 1.8 Equ. 3 Fig. 4B 

Km (0.5 µM SKF)    42 ± 3 Equ. 3 Fig. 4B 

Km (25 µM SKF) 138 ± 15 Equ. 3 Fig. 4A 152 ± 25  Equ. 3 Fig. 4B 

IC50 (400 µM GABA) 54 estimated Fig. 2 1.5 estimated Fig. 2 

KI
transp 

KI
trans-ass 

7.6 ± 0.15 Equ. 1 Fig. 2 8.8 ± 3.7 

 0.03 ± 0.004 

Equ. 2 Fig. 2 
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