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Inhibition of uptake, steady-state currents, and transient charge
movements generated by the neuronal GABA transporter by various

anticonvulsant drugs

2Ursula Eckstein-Ludwig, '*Jian Fei & *'Wolfgang Schwarz

"Max-Planck Institut fiir Biophysik, Kennedyallee 70, D-60596 Frankfurt/Main, Germany

1 We have expressed the GABA transporter (GAT1) of mouse brain in Xenopus oocytes and have
investigated the effects of four antiepileptic drugs, tiagabine (TGB), vigabatrin (VGB), gabapentin
(GBP) and valproate (VAL), on GATI transporter function by measurements of H-labelled GABA
uptake and GATI1-mediated currents.

2 Not only TGB, a well-known inhibitor of GAT1-mediated transport, but also the other drugs
efficiently inhibit the uptake of [PH]-GABA by GATI. Inhibition at 50% is obtained for VGB, TGB,
GBP, and VAL at concentrations of about 1 nM, 1 uM, 50 uM and 100 uM, respectively.

3 However, GAT1-mediated steady-state and transient currents are nearly unaffected by VGB,
GBP, and VAL at even five times higher concentrations. Only TGB blocks the uptake and steady-
state and transient currents at micromolar concentrations.

4 VGB exhibits a complex interaction with GAT]1; at concentrations about 1 nM, the inhibition of
uptake is released, but at millimolar concentrations the uptake is inhibited again, and also the
GATI1-mediated current is finally inhibited at these concentrations with a K; value of 0.5 mM. The
concentration dependency of inhibition of uptake can be explained by two interaction sites with
different affinities, a blocking site and a transport site.

5 The differences in effects of VAL, GBP, and VGB on uptake and currents can be attributed to
the fact that GAT1 has the capability to operate in an electrogenic mode without uptake of GABA.
We suggest that inhibition occurs only when GAT1 operates in the GABA-uptake mode.

6 The inhibition of GABA uptake by these four drugs will result in an elevation of the GABA
concentration in the synaptic cleft, which will enhance synaptic inhibition and thereby contribute to

their antiepileptic effects.
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Introduction

The dominating inhibitory neurotransmitter in mammalian
brain is y-aminobutyric acid (GABA), and the GABAergic
system has been assumed to play a key role in the occurrence of
pathological conditions like epilepsy. For treatment of
epilepsy, therefore, drugs have been designed to increase
inhibitory synaptic activity by elevation of the concentration
or dwell time of GABA in the synaptic cleft (see Loscher,
1998). These drugs include those that inhibit GABA
transaminase, the major enzyme for its metabolic breakdown,
or uptake of GABA, or that stimulate GABA synthesis. For
example valproate (VAL), which belongs to the ‘old
generation’ of anticonvulsant drugs, and vigabatrin (VGB) of
the so-called ‘second generation’ are well-known for their
inhibitory effect on transaminases. For VGB it has been
suggested that it is also transported into the cell by the GABA
transporter (Leach et al., 1996). Drugs of the newer generation
are gabapentin (GBP) that is believed to stimulate the synthesis
of GABA, and tiagabine (TGB), which has been shown to be a
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specific inhibitor of the transport system that mediates the
uptake of GABA into neurones and glial cells. Usually, a
single antiepileptic drug is applied for therapy, but recently
add-on application became of interest in the therapy of
refractory epilepsies since the combination of two drugs may
have ‘supra-additive effects’ (see e.g. Leach ez al., 1997; Liicke
et al., 1998). To understand the mechanisms, it is essential to
have detailed knowledge on the mechanisms of each drug effect
alone. Therefore, we have investigated whether not only
tiagabine but also the other three drugs affect the GABA-
uptake system GATI, and what the mechanism could be. To
test the function of GATI without interference from other
GABAergic pathways, we expressed GAT1 from mouse brain
(Tam et al., 1994) in Xenopus oocytes.

The GABA transporter GATI can be found as the
dominating isoform in nerve terminals, but it exists also to a
smaller extent in glial cells (Borden, 1996). GAT1 has been
cloned and sequenced from the brains of a variety of animal
species (Nelson & Mandiyan, 1990; Guastella et al., 1990; Liu
et al., 1992; Tam et al., 1994). The transporter belongs to a
family of secondary active systems (see e.g. Schloss et al., 1992)
that are driven by the electrochemical gradients of Na* and
Cl~. Due to its 1 GABA/2 Na™/Cl~ stoichiometry, the
transporter is electrogenic. Nevertheless, the generated current
cannot serve a priori as a measure for transport activity, since
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the transporter can operate in a mode, in which just the ions
but no GABA are translocated (Cammack & Schwartz, 1996).
In addition, transient currents can be detected in the absence of
GABA in response to voltage steps, and can be attributed to
partial reactions of the transport cycle (Mager et al., 1993;
1996; Liu et al., 1998). The combination of measurements of
steady-state and transient currents with radioactive uptake
measurements is an optimal protocol for the analysis of
modulation of the transport function. Part of the results has
recently been reported in abstract form (Eckstein-Ludwig &
Schwarz, 1998; Eckstein-Ludwig et al., 1999).

Methods

Oocytes

Females of the clawed toad Xenopus laevis were anaesthetized
with tricaine (MS222, Sandoz, Basel (Switzerland) 1 g171).
Parts of the ovary were removed and treated with collagenase.
Full-grown prophase-arrested oocytes were selected for
experiments. For expression, cCRNA of GAT1 of mouse brain
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Figure 1 Currents at a holding potential of —60 mV, and in
response to a 400-ms voltage pulse (pulse protocol in (a)) from the
holding potential to +60 mV (b) and —150 mV (c) in the absence
and presence of 100 um GABA. The thick sections in the pulse
protocol indicate the periods (20% of the pulse length) where
averaged steady-state currents were determined. The grey areas
represent the amount of transiently moved charges in the absence of
GABA. They are determined as the difference of the transient
contributions to the current responses in the absence and presence of
GABA.

(about 50 ng per oocyte) was injected. These cells as well as
non-injected control oocytes were incubated at 19°C in oocyte
Ringer’s solution (ORI, see ‘Solutions’) containing 70 mg 1!
gentamicin. Experiments were performed after 3—5 days of
incubation.

Measurements of [PH]-GABA uptake

For determining the maximum transport activity, uptake of
*H-labelled GABA (Amersham, Braunschweig) was measured
at 90 mM external Na™ and 100 uM total GABA. The oocytes
were incubated for 20 min in a solution (volume 200 ul) of ORi
(see Solutions) containing 100 uM GABA and 15 nMm [*H]-
GABA (9.25 kBq per 200 ul). For determination of non-
specific GABA uptake, measurements were performed in
parallel with oocytes kept in a Na™-free incubation solution,
in which NaCl was replaced by choline chloride, or non-
specific uptake of uninjected control oocytes was determined.
For all the data presented here, the unspecific uptake was
subtracted. To exclude oocytes with high membrane leakage,
1 mM sucrose with 18 um ["“C]-sucrose (16 kBq per 200 pul,
DuPont NEN, Bad Homburg) were added to the incubation
medium (see Schmalzing et al., 1991). Only oocytes with less
than 150 d.p.m. of "C per oocyte were used for averaging.

Voltage-clamp experiments

The electrophysiological experiments were performed on
oocytes with the conventional two-electrode voltage clamp
(TEVC) technique (see e.g. Lafaire & Schwarz, 1986). For
characterization of the GABA transport, steady-state
membrane currents were recorded at the end of 200- or
400-ms rectangular voltage pulses (from —150 up to
+60 mV in 10-mV increments) that were applied from a
holding potential of —60 mV, and voltage dependencies of
steady-state membrane currents were obtained. The current
generated by the GAT1 was determined as the current
activated by extracellular application of 100 uM GABA in the
presence of Na® minus that in the absence of GABA
(difference current). In control experiments, we confirmed
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Figure 2 Normalized rates of GABA uptake (1 corresponds to
99+9 fmol s~ ') in the absence and presence of TGB, VGB, VAL,
and GBP, respectively. The GATI-mediated transport (in the
presence of 100 uM GABA) was determined as the difference of
PH]-GABA uptake in the presence and absence of 90 mm Na™, or
by subtraction of unspecific uptake measured in uninjected oocytes of
the respective batch. Data represent averages from three batches of

oocytes +s.e.mean (with 10 oocytes per batch).
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that the difference current is the same as the current
component that can be blocked by 10 um SKF89976A, a
GAT -specific inhibitor, kindly provided to us by SmithKline
Beecham Pharma GmbH, Munich. In addition to functional
characterization of the GATI by [’H]-GABA uptake and
steady-state current measurements, we determined the
charges moved in the electrical field in the absence of GABA
in response to rectangular voltage pulses. The amount of
charges moved was calculated by integration of the transient
component of the GATI-mediated current signal. Since the
time constants of the transients were in the range of several
tens of milliseconds (Mager et al., 1996, and see results), the
current was filtered at 150 Hz and sampled at 1 kHz. In a
few experiments with a filter setting of 500 Hz we confirmed
that determination of the time constants was not limited by
the filter setting. The time course of the transient currents
could be described by a single exponential.

Typical responses to voltage pulses in the absence and
presence of 100 uM GABA are shown in Figure 1. No
difference could be detected if GAT1 was not expressed in
the oocytes. GATI1-mediated steady-state responses are
represented by the difference in steady-state currents
(GABA—-no GABA). In these particular records, the
potential was set from the holding potential to + 60 (Figure
Ib) or —150 mV (Figure 1c). At —150 mV an inward
GATl1-mediated current of —420 nA can be detected, at
—60mV of —150nA, and at +60 mV the current
vanished. Comparison of the records in the absence and
presence of GABA also reveals that in the absence of
GABA a slow transient current occurs, which was not seen
in oocytes without expressed GATI1 and represented the
charge movements associated with a partial reaction. These
transients were clearly visible for the pulses to +60 mV, but
only a very small signal could be extracted from the
response to pulses to —150 mV (see grey areas in Figure

1.2
8 1.0¢
% p
£ 0.8
(o]
g .
o 0.64
X
'.(_ﬂ. 4
8 04
< ]
om
< 02-
< 0
0~0 llll_'_l A | M | M | L MLl LWL M | bl )
10" 10% 10% 10* 10?

Drug Concentration (M)

Figure 3 Concentration dependence of inhibition of [*H]-GABA
uptake mediated by GATI1 (1 corresponds to 155+ 19 fmol s~! for
experiments with VGB, and to 102426 fmol s~! for those with
TGB). The GATl-specific transport (in the presence of 100 um
GABA) was determined as the difference of ["H]-GABA uptake in
the presence and absence of 90 mM Na™, or by subtraction of
unspecific uptake measured in uninjected oocytes of the respective
batch. Data represent averages from three batches of oocytes for
inhibition by TGB and two batches for inhibition by VGB +s.e.mean
(with 10 oocytes per batch). The solid line represents a fit of equation
1 for inhibition by TGB with an app. K; value of 1.8 um (with a Hill
coefficient of n=1); the broken line was drawn by eye to follow the
biphasic concentration-dependent inhibition by VGB.

1b,c) indicating an asymmetric charge distribution with
respect to the holding potential.

Solutions

The standard solution (ORi) had the following composition
unless stated otherwise (in mM): NaCl 90, KCl 2, MgCl, 2,
MOPS/Tris 5 (adjusted to pH 7.4). To reduce background
currents mediated by Ca®>"-activated channels (Cl~ channels),
no Ca®* was added (see Miledi, 1982; Barish, 1983).

Results
Measurements of [°H]-GABA uptake
GATI1-mediated transport of GABA into oocytes in the

presence of 100 uM GABA was determined from the specific
tracer uptake of [PH]-GABA, and is illustrated in Figure 2.
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Figure 4 (a) Partially reversible inhibition of GATI1-mediated
steady-state current by TGB determined as the difference of current
in the presence and absence of 100 uM GABA. Washout time was
15 min. The GATl-mediated current was determined as the current
activated by 100 um GABA. Data are normalized and represent
averages from 10 oocytes +s.e.mean. The value of —1 corresponds to
—227+12nA at —60mV. (b) Concentration dependence of
inhibition by TGB of GATI-mediated current at different membrane
potentials. Data represent averages from 10 oocytes+s.e.mean. The
solid lines represent fits of equation 1 with a voltage-independent
app. K; value of 270 nm and a Hill coefficient of n=1.
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Data are shown for measurements in the absence and presence
of different antiepileptic drugs. At the applied concentrations,
which are in the range used in medical treatment (see
Ostergaard et al., 1995; Jung & Palfreyman, 1995; Taylor,
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Figure 5 (a) Voltage-dependence of GATI-mediated current (—1
corresponds to —179+17 nA at —60 mV) in the presence of 100 um
GABA and in the absence of drug and during additional application
of 500 um VGB, and in the presence of only 500 um VGB without
GABA. Washout time after drug application was 4 min. Data
represent averages from 8 oocytes+s.e.mean. The GATI-mediated
current was determined as the current activated by 100 um GABA or
by 500 um VGB in the absence of GABA. (b) Concentration
dependence of inhibition by VGB of GABA-induced current. Data
represent averages from 9 oocytes+s.e.mean. The solid lines
represent fits of equation 1 with a voltage-independent app. K; value
of 0.5mm and a Hill coefficient of n=1. (c) Concentration
dependence of stimulation of GATIl-mediated current by VGB in
the absence of GABA. Data represent averages from 9 oocytes+
s.e.mean. The solid lines represent fits of

I [VGB]
" "™ [VGB]+ Ky

with a voltage-independent K/, value of 1.22 mMm.

1995), all drugs inhibited the GABA uptake: 20 uM TGB gave
93+1%, 100 um VGB 44 +7%, 140 um VAL 62+3%, and
60 uM GBP also 62 +3% inhibition.

We analysed the concentration dependencies for two of the
drugs in more detail: TGB, which was specifically designed to
cross the blood-brain barrier to inhibit the GAT1 of neurones
and glial cells, and VGB, which was developed to inhibit
GABA transaminase. The results are shown in Figure 3.
Inhibition of the uptake ® by TGB can be described by:

[ Kl] n
[K1)" + [drug]"

with K;=1.8 uM and a Hill coefficient of n=1.

The concentration dependence of inhibition by VGB is
more complex: 50% inhibition of uptake was first achieved at
about 1 nM, then the inhibition was partially relieved with
increasing concentration up to 10 uM, beyond which the
inhibition developed again with an estimated K; value of about
800 uM. This complex dependency can be described by

P = (I)max (1)
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Figure 6 Voltage-dependence of normal GATIl-mediated current
(—1 corresponds to —163+21 nA for experiments with GBP, and
— 196+ 16 nA for those with VAL) induced by 100 uM GABA before
and during application of (a) | mm VAL and (b) 300 um GBP, and
after washout. The GATIl-mediated current was determined as the
current activated by 100 um GABA. Data represent averages from 4
and 5 oocytes ts.e.mean, respectively.
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assuming two independent sites for VGB interaction with the
GAT1, one inhibitory site and one transport site where VGB is
accepted as substrate in competition with GABA (see
Discussion).

For GBP and VAL we only estimated the concentration for
inhibition at 50% of uptake rate from measurements at two
different drug concentrations to about 100 uM for VAL and
50 uM for GBP (compare also Figure 2).
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Figure 7 (a) Irreversible effect of TGB on GATI1-mediated charge
movements measured in the absence of external GABA. Voltage
dependence of charge movements in the absence and presence of
100 nM TGB, and after washout (15 min). Solid lines represent fits of
equation 2, fit parameters see text. (b) Voltage dependence of time
constant of the transient on-responses in the absence and presence of
100 nMm TGB. (c) Dependence of Q.. (see equation 2) on TGB
concentration. The solid line represents a fit of equation 1 with
K;=220 nm (with a Hill coefficient of n=1), and Q,,,»=1 in the
absence of drug corresponds to 3246 nC. The GATIl-mediated
charge movements were determined as the charge movements blocked
by 100 um GABA. Data represent averages from 10 oocytes+
s.e.mean.

Measurements of steady-state current

Application of GABA activates a steady-state current that is in
part mediated by the transporter due to the 1 GABA/2 Na™/1
Cl~ stoichiometry and in part by a non-transporting mode
(Cammack et al., 1994; Risso et al., 1996). We have analysed
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Figure 8 Effect of VGB on GATI-mediated charge movements in
the absence of external GABA. (a) Voltage dependence of charge
movements in the absence and presence of 100 and 500 um VGB.
Solid lines represent fits of equation 2; fit parameters see text. (b)
Voltage dependence of time constant of the transient on-responses in
the absence and presence of 100 uM and 500 um VGB. (c)
Dependence of Q,,.. (see equation 2) on VGB concentration. The
solid line represents a fit of equation 1 with K;=474 um, with a Hill
coefficient of n=1.51, and Q,,., =1 in the absence of drug
corresponds to 40.2+3.6 nC. The GATIl-mediated charge move-
ments were determined as the charge movements blocked by 100 um
GABA. Data represent averages from 9 oocytes+s.e.mean.
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the effects of the antiepileptic drugs on total GAT1-mediated
currents.

Figure 4a shows the effect of TGB on the current-voltage
dependence. Application of 20 uM TGB produces an inhibi-
tion that is only partially reversible even after 15 min of
washing with drug-free solution. The concentration depen-
dence of inhibition is plotted for a series of selected potentials
in Figure 4b. The apparent K; value (equation 1) is
independent of membrane potential and amounts to about
0.3 uM (with a Hill coefficient of n=1). This K| value is smaller
than that determined from the flux measurements but is of the
same order of magnitude.

The effect of VGB on the GATIl-mediated current is
shown in Figure 5. Application of 500 uM VGB leads to
about 50% reduction of the current that can be induced by
100 uM GABA. The effect is nearly completely reversible
after washing with drug-free solution. Interestingly, in the
absence of GABA, 500 um VGB can induce a current of
—62.5+0.3 nA at -60 mV, which corresponds to about 40%
of the current induced by GABA alone at this potential
(Figure 5a). The voltage dependence of the VGB-induced
current is the same as that of the GABA-induced current.
Because of its structural similarities to GABA, VGB besides
being an inhibitor, is expected to serve as a substrate and
gets transported into the cell (see also Leach et al., 1996).
Both the dependencies on VGB concentration of inhibition
of GABA-induced current and of the VGB-induced current
are shown for different membrane potentials in Figure Sb,c,
respectively. The inhibition can be described by a voltage-
independent apparent K; value of 500 um (with a Hill
coefficient of n=1). The activation of VGB-induced current
was investigated only for concentrations up to 1 mM, where

VGB acts also as inhibitor; this allows only an estimate of
an K;, value for activation up to about 1 mM. Assuming
that VGB can generate at a particular potential a current
not exceeding the current induced by GABA, a K, value of
500 uM  was obtained. These values are of the same
magnitude as the K; value determined from the inhibition
of GABA uptake for the higher concentration range (c.f.
Figure 3). Since the rate of GABA uptake is already
saturated at 100 uMm GABA, the similarity between the K;
and K, values suggests that VGB competes against GABA
for the transport site. Concentrations of VGB in the
submicromolar range that give clear inhibition of GABA
uptake do not show any effect on the GATI-mediated
currents.

The concentrations of 140 uM VAL and of 60 uM GBP that
produce about 40% inhibition of GABA uptake do not show
any effect on the GAT1-mediated currents. Even increasing the
concentrations to 1 mM and 300 uM, respectively, leads only to
a slight inhibition, if any (see Figure 6a,b), but this may be
attributed to a slight run-down.

Measurements of transient currents

In the absence of GABA, we could not detect GAT1-mediated
steady-state electrogenic transport in the oocytes. However,
transient charge movements were clearly observed (see Figure
1) that have been attributed to voltage-dependent interaction
of external Na™ with the transporter (Mager et al., 1993; 1996;
Liu et al., 1998). The amount of charges moved (Q) can be
calculated by fitting an exponential time course to the transient
signal and subsequently integrating the time course. The
voltage-dependent distribution of Q follows a Fermi equation:
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Figure 9 Effect of VAL (a and b) and GBP (c and d) on GAT1-mediated charge movements in the absence of external GABA. (a
and c) Voltage dependence of charge movements in the absence and presence of 1 mm VAL and 300 um GBP, respectively. Solid
lines represent fits of equation 2. Data in the absence and presence of drug were fitted by the same parameters: for (a)
Omax=50.2nC, z;= —1.1, E|p= =392 mV, for (b) Q,,,x=66.6 nC, z;= —1.1, E; = —54.4 mV. (b and d) Voltage dependence of
time constant of the transient on-responses in the absence and presence of 1 mM VAL and 300 um GBP, respectively. The GATI1-
mediated charge movements were determined as the charge movements blocked by 100 um GABA.
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Q+oc - Q—oc
Qo | + o~ E=E;2)E/RT (2)

Q(E) =

with maximally moved charge Qu.x=Q+ . —Q_.. Similar to
the effects on fluxes and steady-state currents, 20 uM TGB
nearly completely block the charge movements, whereas
100 nM give partial inhibition (Figure 7a) with a reduction of
Qumax from 30.0 nC to 19.7 nC. The effect is hardly reversible
even after 15 min of washing. The mid-point potential
E,»=—29 mV, the effective valency z;= —0.98 as well as the
time constants (Figure 7b) of the transients are unaffected by
TGB. These findings suggest that the charge movements
remaining in the presence of TGB are not affected. The
dependence of Q,,,., on TGB concentration (equation 1) reveals
a K; value of 220 nm (with a Hill coefficient of n=1, Figure
7c), which is close to the K; value obtained for inhibition of
steady-state current (Ky=0.3 um).

Similarly, the effect of VGB on the Q.. like its effect on
steady-state currents is hardly affected by 100 um VGB,
decreasing from 30.2 to 28.7 nC; but at 500 uM VGB produces
clear inhibition (Qu.«=16.1 nC, Figure 8a). While the mid-
point potential is not affected (E;,= —31.6 mV), the effective
valency is altered slightly from — 1.1 (in 0 and 100 um) to —1.4
(in 500 puMm). The K; value of 474 um (with a Hill coefficient of
n=1.51, Figure 8c) is closed to the value obtained for
inhibition of the steady-state current (K;=500 um). Applica-
tion of 500 uM VGB also reduces the time constants, but
without affecting its voltage dependence (Figure 8b). The
extremely low concentrations in the nanomolar range, which
lead to inhibition of GABA uptake, are without effect on
steady-state current as well as on charge movements.

The two antiepileptic drugs VAL and GBP, which inhibit
GABA uptake at about 100 uM (see Figure 2), are without any
effect on steady-state currents even at concentrations of 1 mm
and 300 uM for VAL and GBP, respectively (see Figure 6).
They also do not alter the charge movements; neither the
amount of charges moved (Figure 9a,c) nor the time constants
(Figure 9b,d) are altered.

Discussion

In our investigations on the effects of antiepileptic drugs on the
GABA transporter GAT1, we have measured GABA uptake,
steady-state currents and transient charge movements. All the
tested drugs inhibit GABA uptake at clinically relevant
concentrations (see Ostergaard et al., 1995; Jung & Palfrey-
man, 1995; Taylor, 1995). The uptake measurements give
direct information about the effectiveness of the GATI1 in
removing GABA from the extracellular space. In principle, the
steady-state current is also a measure of transport activity,
provided that the stoichiometry of 1 GABA/2 Na™/l1 Cl™ is
not variable; but this seems not to be the case under all
conditions (Cammack et al., 1994; Risso et al., 1996). In

Table 1 Drug concentrations at 50% inhibition (in case of
current the values at —60 mV are given)

Inhibition of Inhibition of

Inhibition of GATI-mediated ~ GATI-mediated
GABA uptake  steady-state current transient current
(um) (M) (™M)
TGB 1.8 0.27 0.22
VGB 1.107%/~800 500 474
VAL ~100 1.10° »1.10°

GBP ~100 $300 $300

particular, the existence of a transport mode, in which the
transporter behaves like a channel allowing ion movements
without GABA translocation, has been reported (Cammack &
Schwartz, 1996). In our experiments on the oocytes, we never
detected GATI1-mediated current in the absence of GABA
(compare also Risso et al., 1996), except in the experiments
with VGB that stimulates a current with similar voltage
dependence as seen with GABA, suggesting that VGB is
accepted as transported substrate. On the other hand,
comparison of the results of uptake and steady-state current
measurements suggests that GAT1 can operate in the presence
of GABA either in the GABA-transporting mode or in a non-
transporting electrogenic mode: in the presence of GABA a
rate of uptake of about 100 fmol s=' (see Figure 2) would
correspond to a current of —10 nA assuming that GATI
operates in the 1 GABA/2 Na“/1 Cl- mode. The resting
potential of an oocyte in GABA-containing solution is
between —20 and —10 mV. At this potential a current of
50 nA at least can be detected in the voltage-clamp
experiments. In addition, in a few preliminary measurements
of GABA uptake under voltage clamp, we obtained at
—60 mV an uptake rate of 191419 fmol s=' (n=4, corre-
sponding to about —20 nA) and measured a GABA-induced
current of —295+25 nA. At —100 mV the rate of uptake
increases by a factor of 1.3, the current by a factor of 2.2.
These discrepancies between estimated and actually measured
currents suggests a non-transporting mode, which contributes
to the total current at least 4— 10 times more than the GABA-
uptake mode. Whether the non-transporting mode is a pore-
forming conformation of the transporter (see Cammack &
Schwartz, 1996) or operates in a carrier-like mode, cannot yet
be decided. The most straightforward interpretation would be
a mode with alternating gates (Lduger ez al., 1980), but an
alternative model of two separate pathways cannot be
excluded.

The transient charge movements in the absence of GABA
are supposed to reflect voltage-dependent interaction of
external Na*t ions with the transporter (Mager et al., 1993;
1996; Liu et al., 1998), an essential step in the reaction cycle
proceeding GABA binding and translocation. The z, value
(equation 2) represents the fraction of an elementary charge e
that is effectively moved during the voltage-dependent step.
The ratio Q,,../zse, therefore, is a measure for the number of
transporters, and is in the range of 1.5 to 1.9-10'! per oocyte
(see Table 2). From the membrane capacitance of about
250 nF (data not shown), a surface area of 0.25 cm? (assuming
1 uF cm~?) and a density of transporters of 6—7.6-10° per um?>
can be estimated. The ratio 7/Q,,... of the steady-state current 7
at a given potential and of maximum charge movement Q,,,.
provides the transport rate at this potential, and is in the range
of 5.8 to 7.6 s~' at —60 mV (see Table 2). These values for

Table 2 Drug effects on electrical parameters. If application
of the drug has no significant effect, only one value is given

Qmax/ I 60 m V/

I 60 mV Qma.\‘ E],’Z ze=N Qnmx
(nA) nC)  (mV) z aoty h
TGB 227-152 30.0-19.7 —29 098 19-13 7.6
(100 nm)
VGB 179-81 30.2—16.1 —31.6 1.1-14 1.7-1.3 59-5.3
(500 um)
VAL 196 33.3 —54.4 1.1 1.9 5.8
(1 mm)
GBP 163 25.1 —3.92 1.1 1.5 6.4
(300 M)
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transporter density and turnover rate are compatible with the
values estimated previously from GABA-induced currents and
charge movements in the oocytes (Mager et al., 1993). On the
other hand, Risso et al. (1996) calculated a density of about
10° um~2 from GATIl-mediated currents in transfected HeLa
cells assuming a turnover rate of 10 s~'. The authors took such
an obviously very high density as evidence that the rate of
charge translocation was much higher, and proposed that
GAT]I1 could exist also in a channel mode as had previously
been suggested (Cammack et al., 1994). Our values are based
on the assumption that Q.. and I originate from the same
number of transporters. If 0, arises only from the fraction of
transporters that can operate in the GABA-transporting mode,
then only one fifth to one tenth of I (see above) should be
considered for the calculation.

Tiagabine

Of the four anticonvulsant drugs tested, TGB is the most
potent in inhibiting GABA uptake when applied in micro-
molar concentrations. TGB (20 uM) produces a nearly
complete inhibition of GABA uptake (Figures 2 and 3) and
also of GATIl-mediated steady-state current (Figure 4) and
transient charge movements (Figure 7). This inhibition and its
nearly irreversible binding justifies the usage of [*H]-tiagabine
in counting the transporters (Mager et al., 1996). On the other
hand, the concentrations for 50% inhibition of the flux and
electrical measurements clearly differ (see Table 1), but this
discrepancy may in part be ascribed to the different techniques
applied to measure transport activity, and may in part reflect
different sensitivity of the different transport modes for TGB.
Those transporters that are not blocked in the presence of
TGB exhibit the same characteristics as in the absence of the
drug: the time constants of the transients (Figure 7), the
voltage-dependence of charge distribution as well as the
transport rate are not affected. TGB simply reduces the
number of functioning transporters per oocyte (see also Table
2). Our data are in concert with the electrophysiological
mechanism of seizure suppression by TGB. In treatment of
epilepsy inhibition of the uptake will result in an elevated
concentration of GABA in the synaptic cleft. It has been
shown that application of 20 uM TGB results in prolongation
of inhibitory postsynaptic currents (IPSC) and potentials
(IPSP) (Roepstorff & Lambert, 1992), and in genetically
epileptic mice, application of TGB increases the duration of
IPSCs and IPSPs to those of control mice, reduces
disinhibition in paired-pulse protocols, and is capable in
suppressing seizures (Lambert et al., 1996; Fueta et al., 1998).

Vigabatrin

The results of this study indicate that VGB has a more
complex mechanism of inhibition of the GABA transporter.
Only at very high concentrations, in the range of 500 um,
VGB inhibits (like TGB) all three GAT1-mediated signals:
uptake, steady-state current and transient charge movements
(see Table 1). In contrast to TGB, VGB speeds up the time
course of the transient signals at these high concentrations
(Figure 8b) suggesting that VGB modulates the transport
cycle. The stimulation of GAT1-mediated current by VGB in
the absence of GABA supports the view that VGB can
replace GABA and is transported as a substrate (see Figure
Sc, compare also Schousboe et al., 1986; Leach et al., 1996);
this may account for the slightly reduced transport rate
(Table 2). The well-known uptake inhibitor nipecotic acid has
also been proposed to act as a substrate, based on the

observation that nipecotic acid, in contrast to TGB, only
slightly prolongs IPSC but reduces its amplitude (Roepstorff
& Lambert, 1992), and that it can induce in the absence of
GABA a current (Mager et al, 1993) with voltage
dependence similar to the GABA-induced current (own
observations). Nevertheless, transport of VGB by GATI still
needs to be demonstrated directly.

The complex dependency of the GABA uptake on VGB
concentration can be explained if two independent sites of
interaction with VGB are assumed (see Figure 10a): in addition
to a transport site that accepts GABA as well as VGB,
represented by the right site in the state symbols, an inhibitor
site is assumed, represented by the left site in the state symbols.
That two binding sites are involved is supported by the finding
that the concentration-dependent inhibition of the charge
movements could be described with a Hill coefficient of
n=1.51. Of course, other models are also able to account for
the dependence on VGB concentration, but the reaction
scheme in Figure 10 represents the minimum model that can
describe the partial relief of block at micromolar concentra-
tions. At these concentrations completion of the transport
cycle for GABA translocation, after binding of VGB to the
inhibitor site, is assumed to go through k45. Using the diagram
method developed for analysis of electrical networks by

k46 k45
W +e——— VO —> VG
a k64
k63 || k36 k41 || k14 k52 1| k25
k13 k12
oV =« = 00 &= oG
k31 k21
T 1.24
b 2
T 1.06—
§ .
= 08
o
5 0.6
o
e
2 0.4
& ]
E 0.2
=
€<D 0_0__/[1" LI R L B | T 1 1 1 1
0 10 10® 10° 10* 102
Drug Concentration (M)

Figure 10 (a) Reaction diagram for GAT1-mediated transport in the
presence of GABA and VGB. For simplicity the binding of Na™ and
Cl™ are not considered explicitly. The O’s represent the transport site
for GABA or VGB (right O) and the blocking site for VGB (left O),
which can be occupied by VGB (V) or GABA (G), respectively. The
allowed transitions are represented by arrows; the rates k21 and k31
lump together all transitions that lead to translocation and internal
release of ions and substrate and the return of the unloaded
transporter. (b) Concentration-dependent inhibition by VGB of
[PH]-GABA uptake ®. Same data as in Figure 3. The line represents
the fit of equation A2 to the data with the fit parameter for
concentrations given in uMm:
al a2 bl b2 b3
0.7x10*  42x10* 1.5x10* 53x10*  0.04x10*
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Kirchhoff (1847) and of enzyme reactions by King & Altman
(1956), the probabilities of the states in steady-state can be
described by the rate coefficients (see Appendix). Due to the
large number of transitions, determination of the transition
rates from the available data is impossible, and we rather tried
to fit the equation A2 (of the Appendix) to the measured data
of GABA uptake as a function of VGB concentration. In this
equation all the terms with the same power in VGB
concentration are lumped together. The result of the fit is
shown in Figure 10b. The aim of this illustration is just to show
that such a two-site model for VGB (an inhibitory and a
transport site) can in principle describe the complex
concentration dependence found in the flux measurements.
The finding that VGB seems to be accepted as substrate with
an apparent K,, value of about 0.5 mM suggests that the
transport site is a low-affinity and the inhibitory site a high-
affinity site. In this case, very low concentrations produce
inhibition of transport, at micromolar concentrations GABA
translocation becomes possible through the Pyo— Py transi-
tion.

To explain the ineffectiveness of VGB in blocking GATI1-
mediated current at the low concentrations, we can assume
different effects of VGB on the two transport modes, on the
electrogenic substrate-transporting mode and on the electro-
genically dominating non-transporting mode; the latter one
effected only at the higher concentration. We have discussed
above the existence of such modes in the oocytes (Cammack &
Schwartz, 1996, see also Risso et al., 1996) in accounting for
the discrepancy between the current calculated from GABA
uptake and the current actually measured under voltage clamp
conditions. Also the higher K; values found for inhibition of

Normal modes in the absence
of drugs

a b

Na’ Na' @ Na’ Na' Na’ Na
Cl
GABA GABA
Tiagabine;

GABA

Na Na GABA BB 7Y Na

Inhibition by Tiagabine

uptake by TGB compared with those for inhibition of current
and charge movement can be ascribed to different effects on
the modes of operation.

Though VGB has been shown to be an inhibitor of GABA
transaminase, our results demonstrate that VGB can also act
as an inhibitor of GABA transport at extremely low
(nanomolar range) as well as extremely high (millimolar
range) concentrations, and thus contributes to elevation of
GABA concentration in the synaptic cleft. The proconvulsant
effect previously reported by other investigators (see e.g.
Loscher et al., 1989; Jackson et al., 1994; Veliskova et al.,
1996) have been attributed to different concentration
dependencies of different components of the GABAergic
system (for a discussion see Jackson et al., 1994) including
VGB acting on GABA receptor or as ‘false’ transmitter taken
up by the transporter and, therefore, reducing the release of
GABA. Our findings of the different concentration dependen-
cies of direct inhibition of GAT1 and of being taken up would
be in line with the later interpretation.

Valproate and gabapentin

The existence of two modes of operation is also supported by
the findings with VAL and GBP. Both drugs efficiently inhibit
GABA uptake, but are without effect on the electrical signals.
This suggests that VAL and GBP allow the transporter to
continue ion translocation, but restrict GABA from getting
coupled to the transport. Nevertheless, the presence of GABA
is necessary, but these drugs are not transported like VGB
since in the absence of GABA, application of VAL or GBP
could not induce a current (not illustrated). Though these

Inhibition by Valproate or Gabapentin
Cc

IGABA Na' Na' Na' Na' Na' Na*
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Figure 11 Cartoon illustrating the interaction of antiepileptic drugs with GATI1. The left-side symbols of each pair represent the
mode in which only the ions are transported, the right side symbol the mode in which substrate can be transported. Upwards
oriented symbols represent transporters with outward-directed binding sites, downwards oriented symbols with inward-directed

binding sites.
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drugs are not as efficient as TGB, their inhibitory effect on
GABA uptake may contribute to raising GABA levels and to
their efficacy as antiepileptic drugs.

Conclusion

The results of this work are summarized in the cartoon shown
in Figure 11. In the presence of GABA the GAT]I can operate
in a GABA-transporting mode (Figure 11a right), and/or in a
mode where just the ions are translocated (Figure 11a left). The
most likely interpretation would be an alternating-gate model
(Lduger et al., 1980) that can acquire with a certain probability
a pore conformation (channel mode). The existence of a
channel mode of a transporter has first been shown for the
anion exchanger of red blood cells (Passow et al., 1988). Also
for neurotransmitter transporters a pore conformation has
been suggested though the single-channel conductance may be
extremely low (see DeFelice & Blakely, 1996).

(1) TGB, well known as an inhibitor of GABA uptake,
blocks both of these modes (Figure 11b) in the micromolar
range though with slightly different K; values. (2) VAL, known
to be an inhibitor of GABA transaminase, and GBP, known to
stimulate synthesis of GABA, efficiently suppress GATI-
mediated GABA uptake (Figure 11c right) at concentrations
applied in medical treatment but are in contrast to TGB
without effect on the non-GABA transporting mode (Figure
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Appendix

According to the Kirchhoff-King-Altman method, the prob-
abilities of the states P; given in the diagram (Figure 10) can be
described by

Pi

S Xp

with the indices representing the states the klj are directing to,
and p; are given by the sum of the trees listed in Table Al. The
uptake can be expressed as:

O =By Pok21 =

P;

> PpoGk21 (A1)
" poo + poG + pov + pvo + +pve + prv

Inspection of the trees in Table Al yields that this expression
has the form:

B B
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1+ bi[VGB] + by[VGB] + bs[VGB
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Table A1 Directed trees for the states of the diagram. Pairs
of numbers ij represent the transition rates kij. The
transitions that involve VGB binding are shown in bold

To: 00 To: 0G To: OV
21 31 41 52 63 12 31 41 52 63 13 21 41 52 63
21 31 41 52 64 12 31 41 52 64 13 21 41 52 64
21 31 45 52 63 12 31 45 52 63 13 21 45 52 63
21 31 45 52 64 12 31 45 52 64 13 21 45 52 64
21 31 46 52 63 12 31 46 52 63 13 21 46 52 63
21 36 41 52 64 12 36 41 52 64 14 21 46 52 63
21 36 45 52 64 12 36 45 52 64

13 36 45 52 64

14 31 45 52 63

14 31 45 52 64

14 36 35 52 64
To: VO To: VG To: VV
13 21 36 52 64 12 25 31 41 63 13 21 36 41 52
14 21 31 52 63 12 25 31 41 64 13 21 36 45 52
14 21 31 52 64 12 25 31 45 63 13 21 36 46 52
14 21 36 52 64 12 25 31 45 64 14 21 31 46 52

12 25 31 46 63 14 21 36 46 52



