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SUMMARY

1. Double-barfelled ion-sensitive micro-electrodes were used to measure the changes
of the intracellular activities of Cl-, K+, and Na+ (at1, ak, aka) in neurons of isolated
rat sympathetic ganglia during the action of y-aminobutyric acid (GABA).

2. The membrane potential of some of the neurones was manually 'voltage
clamped' by passing current through the reference barrel of the ion-sensitive
micro-electrode. This enabled us to convert the normal depolarizing action ofGABA
into a hyperpolarization.

3. A GABA-induced membrane depolarization was accompanied by a decrease of
at1, ai and no change in ai whereas a GABA-induced membrane hyperpolarizationnoK Na' a A
resulted in an increase of ati, ak and also no change in aka.

4. GABA did not change the free intracellular Ca2+ concentration, as measured
with a Ca2+-sensitive micro-electrode, whereas such an effect was seen during the
action of carbachol. pH-sensitive electrodes, on the other hand, revealed a small
GABA-induced extracellular acidification.

5. The inward pumping of Cl- following the normal, depolarizing action ofGABA
required the presence of extracellular K+ as well as Na+, whereas C02/HCO3--free
solutions did not influence the uptake process. Furosemide, but not DIDS, blocked
the inward pumping of Cl-.

6. In conclusion, our data show that only changes in intracellular activities of K+
and Cl- are associated with the action of GABA. Furthermore, they indicate that
a K+/Cl- co-transport, and not a Cl-/HCO3- counter-transport, may be involved
in the homoeostatic mechanism which operates to restore the normal transmembrane
Cl- distribution after the action of GABA.

INTRODUCTION

Intracellular Cl- activity (at1) in rat sympathetic neurones is higher than predicted
from a passive distribution of this ion. Recently this was measured by means of
ion-sensitive micro-electrodes (Ballanyi, Grafe, Reddy & ten Bruggencate, 1984 a) as
well as in terms of element concentrations with an electron microprobe (Galvan,
Dorge, Beck & Rick, 1984). A GABA-induced opening of Cl- channels, therefore,
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results in a Cl- efflux, a decrease of a 1, and a membrane depolarization of these
neurones (Adams & Brown, 1975). During and after the end of the GABA response,
a Cl- pump is activated which can restore and maintain the high ai l. However, no
precise mechanism has been described yet to underlie this inwardly directed Cl- pump.
Previous investigations of inward Cl- transport in frog spinal cord (Nicoll, 1978) and
cat dorsal root ganglia (Gallagher, Nakamura & Shinnick-Gallagher, 1983) have
characterized the pump mechanism in pharmacological terms. In these studies, the
reversal potential of GABA-induced membrane polarizations was used as an indirect
measure of a'1. The authors reported that a variety of compounds which are known
to block Cl- transport in other tissues depressed the GABA-induced membrane
depolarizations. However, these drugs did not change the reversal potential of the
GABA action. Therefore, Gallagher et al. (1983) suggested that the Cl- pump in cat
dorsal root ganglia was resistant to SITS, furosemide or bumetanide. An exception
seemed to be piretanide. This compound has been reported to produce a weak
reduction of the inward pumping of Cl- in frog dorsal root ganglion cells (Wojtowicz
& Nicoll, 1982).

In the present study, we have attempted to explore the ionic mechanism of
GABA-activated Cl- transport in rat sympathetic neurones by means of an intra-
cellular study using double-barrelled micro-electrodes sensitive to Cl-, K+, Na+ and
Ca2+. Using the reference barrel of such electrodes to pass current GABA-induced
membrane hyperpolarizations as well as depolarizations could be elicited. This report
describes (a) changes ofintracellular ion activities associated with the action ofGABA
and (b) experiments designed to characterize the transport mechanism necessary to
restore the GABA-induced ion movements. With respect to the latter, the effects of
extracellular Na+, K+, Cl-, and HC03- were examined, as well as those of furosemide
and DIDS, on the inward pumping of Cl-. Furthermore, extracellular pH was
recorded during the action of GABA in order to get an indirect measure of possible
changes in the extracellular HCO3- concentration. The results indicate that a
furosemide-sensitive, Na+-dependent K+/Cl- co-transport may be the mechanism
underlying the GABA-activated Cl- transport. Parts of these results have been
presented at a meeting of the German Physiological Society (Ballanyi, Grafe & ten
Bruggencate, 1984b).

METHODS

Preparation and 8olution8
Experiments were performed on superior cervical ganglia isolated from urethane (1-5 g/kg,

i.P.)-anaesthetized rats using methods which have previously been described in detail (Ballanyi et
al. 1984a).
The standard Krebs solution contained (mM): NaCi, 118; KCI, 4-8; NaHCO3, 25; KH2P04, 1-2;

MgSO4, 1-2; CaCl2, 2-5 and glucose, 10 (gassed with95% 02,5% C02; pH 7 4). In K+-free and K+-rich
solutions KCI was replaced by NaCl and vice versa. Na+-free solutions were prepared with either
Trizma (Tris(hydroxymethyl)aminomethane) or choline as the Na+ substitute. Trizma solutions
had the following composition (mM): Trizma HCI, 115; Trizma base, 27-8; KCI, 4-8; KH2PO4, 1-2;
MgSO,, 1-2; CaCl2, 2-5. In spite of no difference in the Cl- concentration as measured with a Cl-
meter (Eppendorf 6610), the Cl- activity in such solutions was about 74 as compared to 94*5 mM
in the normal Krebs solution. Choline-substituted solutions were made by replacing NaCl with an
equimolar concentration of choline chloride. In the low-Cl- solutions Cl- was replaced by
glucuronate (Na+ salt). C02/HC0--free solutions had the following composition (mM): NaCl, 118;
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Na+ isethionate, 25; KCl, 4-8; KH2PO4, 1P2; MgSO4, 1-2; CaCl2, 2-5; HEPES, 5-8 (pH adjusted to
7-4 with NaOH and gassed with 100% 02). Drugs were added to the superfusion solutions (all
chemicals in this study purchased from Sigma, Mfinchen, F.R.G.).

IoM-8en8itive micro-electrode8
The methods used for the construction and the calibration of the double-barrelled ion-sensitive

micro-electrodes and their properties are described in detail elsewhere (Grafe, Rimpel, Reddy &
ten Bruggencate, 1982; Grafe, Ballanyi & ten Bruggencate, 1985). The ligands used for the Cl--,
K+-, Na+-, Ca2+- and pH-sensitive micro-electrodes were IE-170 (WP Instruments), Corning
477317, Fluka 71176, Fluka 21048 and Fluka 82500, respectively. All values of intracellular Cl-,
K+ and Na+ are given in activities (and in voltage of the difference channel output in the case of
the Cl- measurements), assuming an intracellular activity coefficient of 0-74 for these ions (Meier,
Ammann, Morf & Simon, 1980). The Ca2+-sensitive micro-electrodes were calibrated in terms of
free ion concentrations according to calibration solutions given by Tsien & Rink (1981). The
Ca2+-sensitive electrodes used in our study had slopes between 26 and 30 mV at pCa 3-6, between
16 and 24 mV at pCa 6-7, and below 10 mV at pCa 7-8. The electrodes were also tested for their
sensitivity against Na+. The results resembled data given by Deitmer & Schlue (1983) and Weingart
& Hess (1984). Changing Na+ from 5 to 20 mm at pCa 6 resulted in a potential reading indicating
an apparent increase of Ca2+ by about 3 mV. Intracellular impalements with double-barrelled
micro-electrodes were performed by means of a piezo driven micromanipulator (built by M.
Frankenberger, Muinchen, F.R.G.).

In some of the experiments the reference barrel of the ion-sensitive micro-electrode was used (a)
to measure the input resistance of the neurones by injection of short lasting (ca. 300 ms)
hyperpolarizing current pulses and (b) to manually 'voltage clamp' the membrane by injection of
adequate current for several minutes. These tasks required an amplifier (designed byE. Schmidbauer)
with both a current source and a bridge balance on the reference side (input impedance 1012 (Q).
In addition, 'crosstalk compensation' on the ion-sensitive side (input impedance 1015 Q) was used
to compensate for the voltage drop along the high resistance of the ion exchanger resulting from
leakage currents originating from the reference side and flowing through the partition wall. This
modification was necessary since the ratio between the resistances of the partition wall and the
ion-sensitive side was sometimes only as low as 3:1. Therefore, before the impalement of a neurone
and sometimes also intracellularly both bridge balance (using current pulses) and 'crosstalk
compensation' (using constant current) had to be adjusted. After withdrawing the electrode from
the neurone, the adjustment ofthese parameters was tested again. With appropriate settings, hardly
any voltage shifts were observed at the output of the differential amplifier during current injections
(see right part of Fig. 1). Nevertheless a transient voltage deflexion both at the beginning and at
the end of a current pulse was inevitable due to the capacitative coupling between the two barrels.
Typical values for the resistances of the ion-sensitive barrel (R1on), reference barrel (Rrei), and
partition wall (Rpw) of a K+-sensitive micro-electrode were: Rion 1-3 GO; Rref (1 MMg2+ acetate):
150 MO; RPW: 10-20 GQ. The corresponding values for a Cl1-sensitive micro-electrode were: Rion
10-30 GQ; Rref (0-5 M-K+ sulphate): 80-100 MCI; Rpw: 100-300 Gil.

RESULTS

General obfervation8
The mean ait in neurones of the superior cervical ganglion of rats was 29-9+ 4-4 mm

(mean+ S.D., n = 39), whereas ai was measured as 96-2+9-6 mm (n = 48). In a
preceding paper (Ballanyi et al. 1984 a), these values were given as free intracellular
ion concentrations. Membrane resting potentials (Em) of these neurones were in the
range of -40 to -75 mV (- 49-1 + 5-4 mV) with a mean action potential amplitude
of 91-8+14-1 mV. Since, in the present study, manipulations of the membrane
potential were performed (in order to evoke hyperpolarizing actions ofGABA), a short
description of the voltage dependency of intracellular K+ and Cl- will be given. An
experiment inwhich the membrane potential ofa sympathetic neurone was depolarized
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Fig. 1. Intracellular K+ activity (aK) in a manually 'voltage-clamped' sympathetic
neurone. At the beginning of the pen recording turning from a hyperpolarizing to a
depolarizing current (see lowermost trace) resulted in a decrease of a' from 100 to about
65 mm. Further depolarization decreased ai rapidly to about 20 mm. Note, that there
appears to be a correlation between loss of K+ and reduction of depolarizing current most
probably due to a reduced driving force for K+ illustrated as the potential difference
between K+ equilibrium potential (EK) and membrane potential (Em). (EK was plotted
under the assumption that the extracellular K+ activity does not change significantly.)
Subsequent hyperpolarization led to a rapid restoration of ax. Em, as measured after
turning off the hyperpolarizing current (end of intracellular recording), was -40 mV. At
the time indicated by the arrow, the electrode was withdrawn from the cell and currents
similar to those used intracellularly were applied again. Note, that due to the bridge
balance and 'crosstalk compensation' (see text) only very small voltage shifts on both
Em and a' traces occurred. The vertical inflexions, present throughout the recording, are
due to correction of the bridge balance.

from -60 to -20 mV by the injection of depolarizing current is illustrated in Fig. 1.
Such a potential shift usually resulted in a rapid loss of intracellular K+ within a few
minutes. In the experiment illustrated, a drop of ai from 100 to 20 mm was observed
within about 5 min. Neurones 'voltage clamped' to low membrane potentials in
order to elicit hyperpolarizing GABA actions therefore always had low intracellular
K+ activities. at1 (and the Cl- reversal potential as a consequence) increased less
rapidly during membrane depolarizations. For example, at1 increased from 30 to
40 mm during a period of 5 min in which the membrane potential was depolarized
from -55 to -10 mV (not illustrated).

Intracellular ion activities during GABA application
We have shown previously (Ballanyi et al. 1984a) that the depolarizing action of

GABA is accompanied by a decrease of a1,ajA and no change in aia. These observa-
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tions are extended here by the measurement of the alterations in these intracellular
ion activities during a hyperpolarizing action ofGABA. As illustrated in the following
Figures such a GABA action led to an increase of ati as well as of ai and again no
change in aia. The recording illustrated in Fig. 2 was made with a ClO-sensitive
micro-electrode. At the onset of the pen recording (resting potential about -45 mV),
application of GABA resulted in a membrane depolarization, decrease of input
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Fig. 2. Reversal of GABA-induced membrane potential and alb shifts during membrane
depolarization. Note that a depolarizing action of GABA is accompanied by a decrease
of acl, whereas a hyperpolarizing action results in an increase of a4 . Constant current
pulses (-01 nA, 300 ms) were passed through the reference channel every 10 s to test for
GABA-induced changes in membrane conductance, and are seen as hyperpolarizing,
vertical inflexions. The Cl- equilibrium potential (Ec1 = 60 log(acl/a&1)) was calculated
and plotted. Vc1 in this and the subsequent Figures is the difference voltage of the
Cl-sensitive micro-electrode (Vc1 = Eion-Eref).

resistance, and a diminution of a'I from 25 to 21 mm. Afterwards, 08 nA of constant
current passed through the reference barrel of the electrode resulted in a membrane
depolarization of 25 mV. Beside a transient, artificial potential shift (capacitive
coupling as described in Methods) no change of at1 was observed. However,
application of GABA now led to a membrane hyperpolarization and an increase of
at1 from 25 to 33 mm. After the end of the constant current injection, the GABA-
induced membrane potential change as well as the GABA-evoked shift of at I were in
the same direction as during the control application.
A similar reversal was seen in the direction of GABA-related K+ movements.

Usually, as shown in the left column of the recording illustrated in Fig. 3, the
GABA-induced membrane depolarization was.accompanied by a diminution of ai.
However, at a depolarized potential, an increase of ai consistent with the GABA-
induced membrane hyperpolarization was observed (central column in Fig. 3).
Another example of the correlation between K+ movements and GABA-related
potential shifts is illustrated in Fig. 4. In this neurone injection of current was used
before the start of the illustrated record to depolarize the membrane. This
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Fig. 3. Reversal of GABA-induced membrane potential and ak shifts during membrane
depolarization. After a control application (left column), GABA was applied again at a
depolarized membrane potential. This depolarization was produced by current injection
through the reference barrel as shown in Fig. 1. At such potentials, a GABA-induced
membrane hyperpolarization was accompanied by an increase of a1k. Repolarization of the
membrane restored the high ai as well as the depolarizing GABA action (right column).
Three insets show the changes of aK during GABA with higher resolution. The numbers
at the beginning and in the middle of the traces refer to a' values at these times.
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Fig. 4. Effects of GABA on a'K. In this neurone both a constant depolarizing current, as
well as low-Cl- solutions were used to alternate between hyperpolarizing and depolarizing
actions ofGABA. At the beginning of the recording from this artificially depolarized cell,
a hyperpolarizing action of GABA was accompanied by an increase of aK. The ganglion
was then superfused with a low-Cl- solution (10 mM). Under these conditions, GABA in
low extracellular Cl- evoked a membrane depolarization, whereas GABA during a short
application in normal extracellular Cl- (128 mM; note gap in the bar indicating low
extracellular Cl-) induced a membrane hyperpolarization. Note the clear correlation
between a GABA-induced membrane hyperpolarization and an increase in ak, whereas a
depolarization was accompanied by a decrease of aK. Constant hyperpolarizing current
(-0-1 nA; 300 ms) was passed through the reference barrel every 15 s to illustrate the
changes in membrane conductance during GABA application.
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depolarization was accompanied by a depletion of ai as already shown in Fig. 1 (left
part). After the end of the current injection membrane potential and intracellular
K+ activity reached relatively constant values of -20 mV and 10 mm, respectively.
In this situation (Fig. 4), application of GABA resulted in a membrane hyperpolar-
ization and an increase ofa'. A low-Cl- solution was then used to shift Cl- equilibrium
potential (EC1) towards a more depolarized level. Under these circumstances, GABA
in low extracellular Cl- led to a membrane depolarization and a decrease of aiK,
whereas GABA in normal extracellular Cl- induced a hyperpolarization and an
increase of ai.
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Fig. 5. Effects ofGABA on intracellular Na+ activity (a Ja). In the neurone illustrated in
A, effects of carbachol, GABA, and ouabain on ai a were investigated. It is visible, that
carbachol and ouabain induced a rise in a a, whereas GABA (even in the presence of
ouabain, see text) had no such effect. B, this neurone spontaneously drifted to a
depolarized state. Under these circumstances hyperpolarizing GABA actions were elicited,
which also did not alter ai a.

The effect ofGABA on intracellular Na+ and Ca2+ activities was also investigated.
The neurone shown in Fig. 5A was impaled with a Na+-sensitive electrode. At the
beginning of the recording, carbachol (100 /M) was applied for 30 s. Carbachol
induced an increase of aia from 3 to about 6 mm. However, subsequent applications
of GABA (100 /SM) did not change aika. The lack of such an effect was also evident
in the presence of ouabain, which was added in order to prevent a possible outward
pumping of Na+ which might have obscured a GABA-induced aka increase. The
steady increase of aia seen in this part of the recording is due to the Na+-pump
inhibition induced by ouabain. Also hyperpolarizing actions ofGABA did not change
aka, which can be seen in the recording illustrated in Fig. 5B. This neurone shifted
spontaneously to a depolarized state.
Although the Na+ ligand shows considerable Ca2O interference, it is not likely that
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an increase in the intracellular free Ca2+ concentration contributes significantly to
the potential reading of the Na+-sensitive micro-electrode during the action of
carbachol or ouabain. A calculation based on a selectivity ratio for
Ca2+:Na+:K+= 16:1:0-005 (Meier, Lanter, Ammann, Steiner & Simon, 1982)
reveals that a voltage change of only 1-2 mV would result from a carbachol-induced
increase in the intracellular free Ca2+ concentration from 0 4 to 1 /LM (see Fig. 6;
background 120 mM-K+; 10 mM-Na+). In fact, the Na+-sensitive micro-electrode
showed a potential reading of 14 mV according to a rise of ai'a from 3 to 9 mM.

0 8 -_101
0-6 - -104*5l

0G4 10 L -108

-37-
140 mV

Eexamethonim10 ms
E

68u t min
GABA 100 jAm Carbachol 50 jAm Carbachot 50/gm

Hexamethonium 1 mm~

Fig. 6. Lack of effect of GABA on free intracellular Ca2l concentration (jICa2+]1). In this
neurone, a Ca2+-sensitive micro-electrode was used to measure the effects of GABA and
carbachol on intracellular Ca2+. Only in the presence of carbachol, was a rise of the [Ca2+]
observed, whereas GABA was without effect. Ca2+-sensitive micro-electrodes were cali-
brated as voltage of the difference signal (Vca = E -onEre) and as free ion concentrations.
The inset shows an action potential recorded in this neurone elicited by stimulation of
the preganglionic nerve trunk. After the second application of carbachol, hexamethonium
was used to block the nicotinic receptors. This experimental procedure, which is supposed
to abbreviate passive ion fluxes at the time of carbachol wash-out (Brown, Brownstein
& Scholfield, 1972) accelerated the post-carbachol hyperpolarization.

Fig. 6 illustrates a typical example of observations made with Ca2+-sensitive
micro-electrodes. Whereas carbachol induced a clearly visible rise of the free
intracellular Ca2+ concentration ([Ca2+]i), application of GABA did not induce such
an effect. However, it remains possible that part of the voltage change seen by the
Ca2+-sensitive micro-electrodes in the presence of carbachol is due to the rise in
intracellular Na+ (due to the Na+ sensitivity of the Ca2+ ligand; see Deitmer & Schlue,
1983; Weingart & Hess, 1984). Nevertheless, the electrodes would have been sensitive
enough to detect a possible GABA-induced rise of [Ca2+]i.

GABA and extracellular pH
Extracellularly positioned pH-sensitive micro-electrodes were used in order to gain

insight in possible changes of the extracellular HCO3- concentration induced by the
action of GABA. In such experiments, changes of extracellular pH (pHO) during
repetitive synaptic stimulation and the application of carbachol and GABA were
compared. A typical result is illustrated in Fig. 7. Synaptic stimulation resulted,
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parallel to a rise of the extracellular K+ activity, in a biphasic, alkaline-going followed
by an acid-going shift of pHo as previously described in the cerebellar cortex (Kraig,
Ferreira-Filho & Nicholson, 1983). Carbachol, in this example, induced an extracellular
acidification. In some ganglia, however, an alkaline-going shift was seen at the
beginning of a response to carbachol. In contrast, in the case ofGABA, always a pure
acidification, which did not exceed 0-04 pH units in C02/HC03--buffered solutions,
was observed.

Ref. [SmV

7-25 [- mV

7-30 a GABA 100pM
* Carbachol 50 JM
t Stimulation 25 Hz

E]
O le

Ct ~~~~~~~~~~5mV
4.4

t ° U I ° a 10 min
Fig. 7. Effects of GABA on extracellular K+ and pH (aK and pH.). In this experiment,
a K+- and a pH-sensitive micro-electrode were positioned nearby each other in the
extracellular space of the ganglion. The effects of synaptic stimulation, carbachol, And
GABA on these parameters were compared (for further explanation see text).

Cl- transport mechanism
Effects of extracellular K+. In a series of ten experiments, effects of K+-free solutions

(KCl replaced by NaCl) were tested on the Cl- uptake after the action of GABA. In
all cases an almost complete blockade of the ai I recovery was observed. A typical
example is illustrated in Fig. 8. At the beginning of this recording, GABA (100 ,SM)
was applied for 45 s in the standard Krebs solution (extracellular K+ concentration
([K+]O) = 6 mM). This resulted in a reversible decrease of at1 from 28 to 25 mm. The
ganglion was then superfused with a K+-free solution. An initial membrane
hyperpolarization was followed by a slowly developing depolarization, and a fall of
at1 by about 2 mm was then observed. A quantitative analysis of such measurements
revealed that at1 decreased within 5 min by 2-6 + 0-37 mm (mean+ S.D.), in ten cells
tested. At this time, ati was still above equilibrium. Application ofGABA in a K+-free
solution (Fig. 8) resulted in an enhanced fall of ai .- The post-GABA ai recovery,
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Fig. 8. Effects of a K+-free solution on the post-GABA 4~l recovery. Note that the a~1
recovery, usually seen after the end of a GABA application, was significantly slowed down
in the absence of extracellular K+.
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Fig. 9. Effects ofNa+-free solutions on the post-GABA a'1recovery. This Figure illustrates
a continuous recording from a neurone impaled with a C1~-sensitive micro-electrode. The
normal bathing solution was replaced twice for short periods by a Nat-free (Trizma)
solution. In Nal-free solution a complete blockade of the post-GABAaicl recovery was
observed. Dashed lines on the ECi plot indicate that the decrease of the C1 activity in
Trizma solutions was taken into account.
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however, was significantly slowed down. After readdition of 6 mM-K+ to the bathing
solution, at1 returned to its resting value with kinetics similar to those usually seen
after GABA applications in normal extracellular K+.

Effects of extracellular Na+. To explore the Na+ dependency ofthe Cl- transport, the
effects of Na+-free solutions were tested on a4 . In thirteen experiments Na+ was
replaced by Trizma base/HCl (Tris(hydroxymethyl)aminomethane), whereas in
three cases choline was used as the Na+ substitute. In all these recordings, a block
of the post-GABA at1 recovery was observed. In the experiment illustrated in Fig. 9
the normal bathing solution was replaced twice with a Na+-free solution (NaHCO3
and NaCl replaced by Trizma base/HCl; bubbled with 5% C02/95% 02, pH = 7 4).

40 17
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301 [221

HEPES
C02/HC03--free l

-30-

E

GABA 100 pM 4 min
Fig. 10. Effects of C02/HC03--free solutions on the post-GABA a1c recovery. In this
experiment the normal bathing solution was replaced by a HEPES-buffered 100%
O2-gassed solution. This procedure did not alter the kinetics of the post-GABA ai
recovery.

In this solution the at1 base line was decreased and a blockade of the post-GABA
at1 recovery was observed. In each case this effect was readily reversible. However,
in spite ofa nominally equimolar Cl- concentration, Trizma solutions had a decreased
Cl- activity. Extracellular Cl- activity (a° 1) was about 74 mm in Trizma as compared
to 94-5 mm in the normal bathing solution. However, this lack of 20 mM-Cl- activity
alone is insufficient to explain the observed effects since solutions in which 20 mM-Cl-
was substituted by glucuronate did not change the post-GABA at1 recovery (not
illustrated). Nevertheless, the change of the aO1 was taken into account for the
calculation of the Cl- equilibrium potential (EC,, note dashed lines in Fig. 9). Such
calculations always revealed a good correlation between the amplitude of the
GABA-induced depolarizations and ECi.
As an alternative to Trizma, choline (118 mM) was used as a Na+-substitute in three
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further experiments. These recordings were difficult in view of the excitatory
cholinomimetic effects of this compound. Therefore, the nicotinic antagonist hexa-
methonium (1 mM) was added to the low-Na+, choline-containing solutions. In
choline-substituted solutions an inhibition of the post-GABA at1 recovery was
observed (not illustrated).

Effects of extracellular HCO3. The effects of C02/HCO3 -free, HEPES-buffered
solutions were examined in nine experiments to investigate whether a Cl-/HCO3-
exchange is involved in the post-GABA at1 recovery. Such solutions have been
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Fig. 11. Pharmacology of the post-GABA a{1 recovery. This Figure shows a continuous
recording from a single neurone with a Cl--sensitive micro-electrode. Note that DIDS, even

in a HEPES-buffered solution, did not alter the ai 1 recovery following the application of
GABA (A, B), whereas such an effect was seen immediately after the addition of
furosemide (C). There was a 15 min break between traces A and B.

reported to slow Cl- reuptake in heart and smooth muscle cells (Vaughan-Jones, 1979;
Aickin & Brading, 1984). In rat sympathetic ganglion cells, however, no differences
with respect to the normal bathing solution were observed. In the experiment
illustrated in Fig. 10, two control applications of GABA (100 gM) were followed by
three applications ofGABA in a HEPES-buffered solution. No change in the kinetics
of the ai1 recovery in such HCO3--free solutions was observed. The small increase
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of the ati base line visible in this cell was not a consistent finding. In the other
neurones CO2/HC3--free solutions had no influence on the at1 base line.

Pharmacological aspects. The disulphonic stilbene derivatives are well established
inhibitors ofCl-/HCO3 counter-transport. We have used DIDS to further investigate
a participation ofanion exchange in the ai I recovery after the action ofGABA. Fig. 11
shows a continuous recording from a single cell. First DIDS (200 fM) was added to a
bicarbonate-buffered solution (Fig. 11 A). It can be seen that DIDS and later on
HEPES-buffered solutions (Fig. 11 B) did not affect the kinetics of the at1 recovery
after GABA. However, addition of furosemide (500 #M) to the HCO3--free solution
resulted in a decrease of ait base line and a blockade of the ai I recovery after GABA
(Fig. 11C). Furosemide has been demonstrated to be an inhibitor of (Na+)/K+/Cl-
co-transport in a variety of tissues (see Discussion for references) and we have
previously shown that it blocks the reuptake of both Cl- and K+ in sympathetic
neurones bathed in HC03--buffered solutions (Ballanyi et al. 1984a).

DISCUSSION

GABA-associated ion movements
The Cl- movements associated with the action of GABA can be sufficiently

explained by the opening of receptor-activated Cl- channels. At the resting potential
an at1 higher than that expected from the passive distribution of this ion was
observed. The consequence of a GABA-induced increase in Cl- conductance is
therefore a net Cl- efflux according to the outwardly directed driving force (Adams
& Brown, 1975; Gallagher, Higashi & Nishi, 1978). At low membrane potentials, an
EC, more negative than the membrane potential was found. Application of GABA
under these circumstances, therefore, resulted in a net Cl- influx observable as an
increase of ait1 due to the inwardly directed driving force.
The decrease of ai seen during the depolarizing action of GABA could be the

consequence of either a GABA receptor-coupled K+ channel, voltage-dependent K+
channels gated by membrane potential changes, and/or by K+ fluxes through leak
channels. In the latter case, the increase in the outwardly directed driving force
(Em - EK) would promote the K+ efflux. A GABA-induced elevation of [K+]o has been
previously observed in rat sympathetic ganglia (F6rstl, Galvan & ten Bruggencate,
1982), frog spinal cord (Kudo & Fukuda, 1976; Sykova, 1979), rat dorsal root ganglia
(Deschenes & Feltz, 1976) and rat pituitary cells (Loeffler, Desaulles, Demeneix &
Feltz, 1982). At the moment, we cannot differentiate between these mechanisms.
However, it might also be possible to manually 'voltage clamp' the neurones during
the action ofGABA and to measure changes in intracellular ion activities. This should
enable one to separate receptor-, voltage-, and leak-dependent effects. In the case of
the hyperpolarizing GABA response, we favour the idea that the decrease of the
outwardly directed driving force in this situation can result in a net uptake of K+
assuming a constant, Na+/K+ pump-mediated K+ uptake. A K+ uptake due to a
membrane hyperpolarization, indicated by a decrease of the extracellular K+
activity, can be clearly seen in the retina during light-induced hyperpolarization of
the receptors (Shimazaki & Oakley, 1984). Ifthis interpretation is correct, application

53



K. BALLANYI AND P. GRAFE

of ouabain should remove the hyperpolarization-induced increase in ak; such
experiments have not yet been performed in the present study.
The lack of changes in the intracellular activities of Na+ and Ca2+ indicates that

GABA, in contrast to carbachol, does not directly increase the membrane conductance
for these ions. An indirect effect via an activation of voltage-dependent ion channels
apparently is also of little importance in rat sympathetic ganglia. However, it has
been reported that GABA can decrease the extracellular Ca2+ concentration in the
rat pituitary (Loeffler et al. 1982).

GABA and cell volume
In the present study measurements of intracellular ion activities were used to

estimate transmembrane ion movements. In such a context, however, one has to
consider possible variations in cell volume and the consequences of such alterations
on intracellular ion activities. Since no direct information is available on changes in
cell volume during the GABA response, we can only estimate the most likely
situation. The assumptions of such a calculation are: total intracellular
osmolarity = 300 mosmol/l; intracellular concentration of K+ = 130 mM; intra-
cellular concentration of Cl- = 40 mm; cell membrane freely permeable for water.
During a depolarizing action of GABA, KCl is supposed to leak out of the cells as a
300 mosmol solution, i.e. the neurone will be losing K+ at a concentration of 150 mM,
and also Cl- at 150 mm. After a loss of, say, 10% of the cell volume, the remaining
ions will distribute within 90% of the original cell volume. This will result in a final
intracellular concentration of 127-8 mM-K+ and 27-8 mM-Cl-, respectively. This
calculation shows that volume changes can compensate differentially for a decrease
in the amount of intracellular ions. In spite of the same GABA-induced decrease in
the amount ofK+ and Cl-, ai will be less affected as compared to at1. In other words
and with respect to the following discussion, we conclude that cell volume changes
associated with the GABA response do not interfere importantly with the interpre-
tation of changes in ai I as being due to transmembrane Cl- movements.

C0- transport mechanism
No changes of the membrane potential were recorded in our experiments during

the phase of the ai1 recovery. This observation is already sufficient to restrict the
discussion about the GABA-activated Cl- transport in rat sympathetic neurones to
two main principles. Since the lack of a change in membrane potential indicates
electroneutrality, Cl- can either enter the cell in exchange for an anion leaving the
cell or be coupled to cation(s) also entering the cell (Hoffmann, 1982). Both types
oftransport mechanisms have been previously described in nervous tissues. Astroglial
cells and glioma cells in culture, for example, seem to possess a Cl-/HCO3- exchange
to maintain an at1 higher than predicted from a passive equilibration (Kimelberg,
1981; Wolpaw & Martin, 1984). Snail and crayfish neurones use such a transport
mechanism participating in their pH-regulating system (Moody, 1981; Roos & Boron,
1981; Thomas, 1977, 1984). Furthermore, an in vivo study has revealed the presence
of a fast Cl-/HCO3 exchange between brain cells and brain extracellular fluid in
respiratory acidosis (Ahmad & Loescheke, 1982).
There have also been reports of Cl- transport linked to cations in nervous tissue.
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A furosemide-sensitive K+/C1- co-transport has been described which maintains a low
intracellular C1- activity (and a hyperpolarizing inhibitory post-synaptic potential
as a consequence) in crayfish stretch receptor neurones (Aickin, Deisz & Lux, 1982,
1984; Deisz & Lux, 1982). A K+/Cl co-transport has also been reported to underlie
the high ai1 in squid axon (Russell, 1983) and in glioma cells (Wolpaw & Martin, 1984).
For the latter mechanism, a source of energy is required to transport K+ and C1-
against their outwardly directed driving forces. Russell (1983) found that the
coupling of the K+/Cl- transport to Na+ and its inwardly directed driving force could
provide this energy. Such a Na+/K+/Cl- co-transport has been previously described
in a variety of non-nervous tissues (Geck, Pietrzyk, Burckhardt, Pfeiffer & Heinz,
1980; Aiton, Chipperfield, Lamb, Ogden & Simmons, 1981; Haas, Schmidt &
McManus, 1982; Greger, Schlatter & Lang, 1983; Duhm & G6bel, 1984). It may well
have a functional significance in maintaining the cell volume in hypertonic media
(Kregenow, 1981).
The prerequisites for the at1 recovery which follows the depolarizing action of

GABA on rat sympathetic ganglion cells was also examined in this study. One possible
mechanism of the ai I recovery, described above, would be an efflux of HCO3- in
exchange for an influx of Cl- (Vaughan-Jones, 1979; Aickin & Brading, 1984).
However, no changes in the kinetics of the at1 recovery after GABA were seen in
nominally HCO3-- and C02-free, HEPES-buffered solutions (gassed with 100 % 02).
In such a solution the intracellular HCO3- concentration would then be too low to
support such an equimolar exchange with Cl-. However, the tissue itself might
produce some CO2, and thus small effects of HCO3- movements cannot be completely
excluded on the basis of this observation (see also Aickin & Brading, 1984).
Experiments with the well known anion-exchange blocker DIDS were therefore
performed. Such recordings did not show any impairment of the at1 recovery. Thus
it can be concluded that HCO3 is probably not important for the post-GABA at
recovery.
The lack of importance of HCO3- for the ati recovery was confirmed by pH.

recordings. If HC03- leave the cell in exchange for Cl- entering the cell an
extracellular alkaline-going shift would be produced. However, this was not the case
(see Fig. 7). In fact, an acidification was seen, which might be related to a meta-
bolically linked lactate release (Kraig et al. 1983).
The presence ofextracellular K+ was clearly a prerequisite for the at1 recovery since

low-K+ solutions inhibited the post-GABA inward pumping of Cl- (see Fig. 8).
However, a transport mechanism with simple coupling of K+ and Cl- would need a
source of energy since in rat sympathetic ganglia both ions need to be pumped
against their outwardly directed driving forces. This energy appears to be the Na+
gradient. Our data revealed a block of the GABA-associated Cl- transport in Na+-free
media (see Fig. 9). A possible role for a linked Na+ and K+/C1- movement to maintain
a high ati has been previously described in squid axon (Russell, 1983). However, in
spite of a dependency of the at1 recovery on extracellular Na+, we have no evidence
that a Na+ transport is linked to the K+/Cl- uptake. Even in the presence of ouabain,
no GABA-induced increase of aia was seen. However, it still remains a possibility
that some other ouabain-insensitive mechanism (e.g. Na+/Ca2+ exchange) closely
regulates aia and so obscures the predicted increase. It may also be that Na+ is
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necessary for an allosteric binding site at the external surface of the presumed K+/C1-
carrier.
Taken together, our data indicate that a Na+-dependent K+/Cl- co-transport may

be the mechanism underlying the GABA-activated Cl- transport in rat sympathetic
ganglion neurones. It is also possible, that the same mechanism contributes to the
regulation of the steady-state transmembrane Cl--distribution (see effects of Na+-free
and K+-free solutions on ai1 base line). The effects of furosemide are consistent with
this view, since furosemide is known to block this particular type of Cl- transport
in a variety of cell types. However, it should be noted that cat dorsal root ganglia
and frog primary afferent terminals seem to possess an inwardly directed Cl- pump
that is resistant to furosemide (Nicoll, 1978; Gallagher et al. 1983). These authors
reported a block of the GABA-associated Cl- channel within 5 min of the application
of furosemide. In our hands, this application time was too short to lower aiC1.
Furthermore, several subsequent GABA applications were necessary to decrease a4C
to values which could be measured on the basis of reversal potential recordings (see
also Wojtowicz & Nicoll, 1982). It therefore seems possible that furosemide has effects
on both the Cl- channel as well as on the Cl- pump.
A final question concerns the possible mechanism underlying the outward pumping

of Cl- which follows the hyperpolarizing actions ofGABA. Unfortunately, it was not
possible to explore the ionic dependency and pharmacology of this transport, since
neurones could not be recorded long enough in such a depolarized state. However,
there seems no reason to assume that the mechanism responsible for outward
transport of Cl- following a GABA-induced hyperpolarization is different from that
responsible for the inward transport studied. There is increasing evidence for
reversibility of ion transport mechanisms of many different types. In this context,
it has been shown already that in crayfish stretch receptor neurones the outward
pumping of Cl- may be also linked to K+ (Aickin et al. 1982).
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