0306-4522/X4 $3.00 + 0.00
PergamonPress Ltd
0 1984 IBRO

NeuroscienceVol. 12, No. 3, pp. 917-927, 1984
Printedin Great Britain

DIFFERENT
TYPES OF POTASSIUM TRANSPORT LINKED
TO CARBACHOL AND y-AMINOBUTYRIC
ACID
ACTIONS IN RAT SYMPATHETIC
NEURONS
K.
Department

BALLANYI, P. GRAFE*,

of Physiology,

University

M.

M.

REDDY

of Munich,

and G.

Pettenkoferstr.

TEN BRUGGENCATE

12, D-8000

Mtinchen

2, F.R.G.

Abstract-Carbachol
and y-aminobutyric
acid depolarize mammalian
sympathetic
neurons and increase
the free extracellular
K+-concentration.
We have used double-barrelled
ion-sensitive microelectrodes
to
determine
changes
of the membrane
potential
and of the free intracellular
Na+-,
K+- and
Cl--concentrations
([Na+li, [K+], and [Cl-Ii) during neurotransmitter
application.
Experiments
were
performed
on isolated, desheathed
superior cervical ganglia of the rat, maintained
in Krebs solution at
30°C. Application
of carbachol
resulted in a membrane
depolarization
accompanied
by an increase of
[Na+],, a decrease of [K+], and no change in [Cl-],. Application
of y-aminobutyric
acid also induced a
membrane depolarization
which, however, was accompanied by a decrease of [K+], and [Cl-Ii, whereas

[Na+], remained constant. Blockade of the Na+/K+-pump by ouabain completely inhibited both the
reuptake of K+ and the extrusion of Na+ after the action of carbachol, and also the post-carbachol
undershoot of the free extracellular K+-concentration. On the other hand, in the presence of ouabain,
no changes in the kinetics of the reuptake of K+ released during the action of y-aminobutyric
acid could
be observed. Furosemide,
a blocker of K+/Cl--cotransport,
inhibited the reuptake of Cl- and K+ after
the action of y-aminobutyric
acid.
In summary, the data reveal that rat sympathetic
neurons possess, in addition to the Na+/K+-pump,
another
transport
system to regulate free intracellular
K+-concentration.
This system is possibly a
K+/Cl--cotransport.

Neuronal activity in the central and peripheral nervous system of mammals is accompanied
by a release
of K+ into the extracellular
space (for reviews see refs
24 and 28). In this context, it is generally assumed
that the Na+/K+-pump,
activated by an increase of
intracellular
Na+, is the mechanism responsible
for
the neuronal reuptake of K+. However, direct measurements of the free intracellular
Na+-, K+- and
Cl--concentrations
([Na+li, [K+], and [Cl-],) in conjunction with the membrane potential of mammalian
neurons during activation of the Na+/K+-pump
have
not yet been described. The first aim of the present
study was to obtain these very basic data.
Furthermore,
it is also known that K+ can be
released by neurons during events which are unlikely
to be linked to an increase of [Nat],.
Such an
example is the increase of extracellular
K+-concentration
([K’],) accompanying
the membrane depolarization
produced
by a y -aminobutyric
acid
(GABA)-induced
opening of Cllchannels.‘2,‘5~2’~22~29
The second aim of the present study, therefore, was
to investigate whether transport mechanisms in addition to the Na+/K+-pump
might exist for the regulation of [K+li in the mammalian nervous system. In
order to answer this question, intracellular recordings
Address
for all correspondence:
Dr. P. Grafe, Physiologisches Institut, Pettenkoferstr.
12. D-8000 Miinchen
2,F.R.G.
Abbreviations:GABA, y-aminobutyric
acid; [K+],,,, extracellular and intracellular
concentrations,
respectively, of
free potassium ions; [Na+],, [CIV],, intracellular
concentrations of free sodium and chloride ions, respectively.
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with double-barrelled
ion-sensitive
microelectrodes
were performed to study directly the effects of receptor agonists on free intracellular
ion concentrations
of neurons in rat superior cervical ganglia. In particular, effects of the acetylcholine-receptor
agonist carbachol and of GABA on [K+]i, [Na+]i and [Cl-Ii
have been tested.
Specifically,
mechanisms
contributing to the neuronal reuptake of Kf at the end
of the neurotransmitter
action were investigated
using blockers of K+-transport
systems (ouabain, furosemide). Parts of the results have been published in
a preliminary form.4
EXPERIMENTAL PROCEDURES

Preparation
Experiments
were performed on isolated superior
cervical ganglia of rats. Following the dissection, the
ganglia, including their pre- and postganglionic
nerve
trunks, were desheathed
and placed in a recording
chamber (vol 1.5 ml), which was continuously
perfused with Krebs solution by means of a roller pump
(4ml/min).
The pH of the Krebs solution was adjusted to 7.4 by gassing the fluid with a mixture of
95% 0, and 5% CO,. The Krebs solution contained
(mM): NaCl 118; KC1 4.8; NaHCO, 25; KH,PO, 1.2;
MgSO, 1.2; CaCl, 2.5 and p-glucose
10. The temperature of the superfusion
fluid was maintained
at
30°C. Pre- and postganglionic
nerve trunks were fixed
with two suction electrodes, one for electrical stimulation and the other one for recording
the postganglionic compound action potential. The cells were
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impaled by means of a piezo-step motor driven
manipulator. Drugs were added to the superfusion
solution (all drugs used in the present study were
purchased from Sigma, Munich).
ion -sensitil!e microelectrodes
The method used for the construction of the
double-barrelled
ion-sensitive microelectrodes was
described elsewhere.” In brief, theta-capillaries were
pulled with a Brown-Flaming
type microelectrode
puller resulting in tip-diameters below 0.3 pm.* For
the determination of [K+], or [K’ I,, a Corning ion
exchanger resin (4773 17) or a valinomycin-cocktail
were filled into the ion-sensitive barrel; the reference
barrel contained I M magnesium-acetate
(pH adjusted to 7.4; resistance of ion-sensitive barrel:
IO-50 GZf, of reference barrel: > 100 MD). All electrodes were calibrated before and after the experiments in solutions containing 3, 12 and 60mM KCI
with a constant background of 150 mM NaCl. The
mean values for the slope for a tenfold change in K +
and the selectivity coefficient versus Na+ at room
temperature were 56.6 f 4.4 mV and 0.019 f 0.008
(mean k SD, n = ZI), respectively. The method for
the determination
of [K+], was described previously. ” For determination of fNa+ 1, a Na+-sensitive neutral ligand (ETH 227) was used. The reference
barrel, again, was filled with 1 M magnesium-acetate.
Resistances of the ion-sensitive barrel were between
50 and 100 GQ. [Na’], was determined by comparing
the voltage of the pure ion signal obtained upon
withdrawing the electrode from the cells into the bath
fluid with the voltage obtained upon changing the
normal Krebs solution to solutions containing no
Ca2+ and different Na+ concentrations (1, 3, 12 and
60mM) with a variable background of K+ to keep
the sum of Na+ and K+ at 150mM. In these solutions, the Nat-sensitive microelectrodes had slopes of
42-55 mV for a tenfold change in Nat at concentrations above 20 mM. In lower Na +-concentrations
the slopes were reduced, possibly due to interference
with other ions. The selectivity ratios for the
Na+-ligand (ETH 227) containing a small amount of
K+-tetrachlorophenylborate
were in accordance with
a previous study:lY Ca:Na:K = 2-4: 1:0.025.
[Cl -1, was determined using a Cl--sensitive ion
exchanger (W-P Instruments, IE- 170). These electrodes were calibrated either in pure KCl-solutions or
in solutions containing
KC1 in different concentrations and Nat-gIucuronate
in order to keep the
ionic strength constant.‘2 The slope of the electrodes
was 50.0 k 3.0 mV (mean i SD; n = 25). KC1

er (I(.

(200 mM) was used as internal reference solution; the
reference barrel contained 0.5 mol/l K+-sulphate.
Due to the difficulties in determining the exact level
of free intracellular Cl-concentrations
(unknown
interference with intracellular anions and anionleakage from the reference barrel), data concerning
intracellular Cl--levels will be given both in voltage
of the ion signal (V,.)’ and in free intracellular
Cl--concentrations
determined on the basis of calibration curves with pure KC&solutions.
All values of intracellular Na+ and Cll as well as
extra- and intracellular K’ refer to free ion concentrations. A conversion into ion activities was not
performed.
RESULTS

After impalement of a neuron, it usually took
several minutes before the intracellular free ion concentrations reached stable values. During this time,
transient decreases of [K + Ii and increases of [Na +1,
were often observed, which were probably due to
injury leaks created by the electrode penetration.
[Cl-], was stable or showed small shifts in either
direction during this ‘*seating”-period. However, if a
stable situation was reached, it was possible to record
intracellularly for more than I h without signs of
cellular deterioration. Data obtained under such conditions are listed in Table 1. Resting membrane
potentials, action potential amplitudes and [K+]i
were slightly higher, and [Nat 1, lower, as compared
to a preliminary report.’ This difference is probably
the expression of an improved impalement-t~hnique
and finer electrode tips.
Effects qf’ carhachol

Application of carbachol (50 or 100 PM) for 45 or
60 s resulted in a depolarization of the membrane that
usually switched into a hyperpolarization after the
end of the carbachol-superfusion.
These findings
made by intra~llular
recordings of the membrane
potential using the reference channel of the ionsensitive microelectrodes confirm previous data obtained by an extracellular electrode system.’ The
membrane potential changes were accompanied by
decreases of [K+1, in the range of 7740 mM as
observed with Kc-sensitive microelectrodes. A neuron in which during 50 PM carbachol (45 s), [K* 1,
decreased from 144 to 116 mh4 and the membrane
depolarized to - 20 mV is illustrated in Fig. 1. Immediately after the end of the carbachol appiication and

I. Free mtracellular ion concentrations
of neurons in rat sympathetx ganglion. Data were
taken IOmin after impalement. Neurons with resting membrane potentials below -40 mV were
discarded (mean k SD)

Table

IOIl

Free intraceliular concentrations (mMf
Resting membrane potential (mV)
Action potential amplitude (mV)
&on(mVt
Number of observations

K’

Nat

cl-

129.7 +_11.9
-50.7 * 7.6
82.9 & 15.X
-80
48

7.7 * 3.3
-47.3 & 5.8
76.4 + 13.0
$_I%
22

40.4* 6.0
-49.1 i 5.4
91.8 i: 14.1
-27
39
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Fig. 1. Effects of carbachol on free intracellular K+-concentration (K,) and membrane potential (E,) of
a rat sympathetic neuron. The slow membrane potential changes upon bath application of carbachol were
accompanied by transient decreases of K,. Hexamethonium was added after the second carbachol
application to block the nicotinic receptors. Note that the post-carbachol hyperpolarization is much larger
in the presence of hexamethonium.5 Furthermore, there is a smaller decrease of K, in the presence of
hexamethonium due to the faster recovery of the membrane potential. The deflections on both E,- and
K,-traces are due to electrically elicited action potentials. A typical example of such an action potential
with an amplitude of 95 mV is shown in the inset.

clearly before the lowermost
[K+ Ii-value was
reached, the membrane potential turned into a hyperpolarization to -61 mV and then returned to its
control level of - 60 mV. During this period, a forced
reuptake of K+ occurred which lasted about 8min.
After a 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,7,27 accelerated the post-carbachol hyperpolarization. In agreement with the shorter period of
membrane depolarization,
the [K+li decrease was
only 14mM, i.e. from 132 to 118 mM.
The effects of carbachol on [Na+], mirrored those
on [K+], . The transient increases of [Na+ Ii were in
the same range (7-40mM) as the [K+],-decreases
when compared for cells with comparably large membrane potentials. In the example illustrated in Fig. 2,
100 p M carbachol (45 s) depolarized the membrane
to - 15 mV. This effect was accompanied by an
increase of [Na+ 1, by about 20 mM. The decreasing
slope of [Na+],, visible before the first carbachol
application, was due to a “sealing’‘-phase of the cell
membrane (see above). A smaller carbachol dose
(50 /*M, 45 s) resulted in a relatively smaller membrane depolarization
and a smaller increase of

[Na+],. In this experiment no hexamethonium was
added during the washing phase. Therefore, only a
small post-carbachol hyperpolarization
was visible
(compare with Fig. 3). In general, observations using
ion-sensitive microelectrodes resemble previous data
obtained by Brown and Scholfield,5,6.27who have used
flame photometry or radioactive labelling in order to
observe the kinetics of Na+- and K+-movements in
rat sympathetic ganglia pretreated with carbachol.
Experiments with tetrodotoxin and veratridine
were performed in order to characterize the nature of
the carbachol-induced increases of [Na+], Veratridine (60pM, 30 s) had similar effects on both the
membrane potential and [Na+], when compared to
carbachol (Fig. 3). A membrane depolarization to
-21 mV was followed by a post-veratridine hyperpolarization to - 73 mV. [Na’], increased from 4 to
50 mM and recovered to 4 mM after 9 min. Application of carbachol (50 PM, 45 s) on the same cell also
resulted in a typical, although smaller increase of
[Na+],. During superfusion of the ganglion with
tetrodotoxin (1 PM), a complete blockade of the
veratridine response occurred, whereas the increase
of [Na+li during carbachol persisted. These results
indicate that carbachol-induced elevations of [Na+],
are due to the activation
of receptor-linked
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Fig. 2. Effects of carbachol on free intracellular
Na+-concentration
(Na,) and membrane
of a rat sympathetic
neuron. The depolarization
upon bath application of 100 p M
accompanied by a considerable transient increase of Na,. A smaller depolarization of
accompanied by a smaller increase of Na,, was induced by 50 p M carbachol. The initial

potential

(E,)

carbachol was
the membrane,
decrease of Na,
is due to a “sealing’‘-phase of the cell. A d.c.-pulse (- 20 mV) was applied between the bath and main
ground to test the gain adjustment of the amplifier.
Na+-channels
and not due to voltage-dependent
Na+-channelsz3
Finally, effects of carbachol have been tested on
[Cl-Ii. Such experiments did not reveal a carbacholinduced change of [Cl-], (Fig. 4).
Effects of y-aminobutyric acid
y-Aminobutyric
acid also depolarizes isolated rat
sympathetic
ganglion cells.’ Our observations
using
ion-sensitive microelectrodes
show that the depolarization by GABA was accompanied
by a decrease of
[Cl-], and [K+], and no change of [Na+],. Experiments using Cll-sensitive
microelectrodes
revealed
that the baseline level of [Cll], in rat sympathetic
neurons is higher than expected from a passive
distribution
(see Table 1). These data, therefore,
confirm previous assumptions
about [Cl-], in these
cells.’ In all cells tested (n = 39), GABA produced a
typical decrease of [Cl-Ii in the range of 4-16mM,
whereas carbachol had no effect (see Fig. 4).
y-Aminobutyric
acid transiently decreased [K+], in
the range of 4-20 mM depending on the magnitude
of the membrane depolarization.
A typical example
of simultaneous
measurements
of both [K+], and
membrane
potential
upon application
of 50 PM

GABA (45 s), combined with the corresponding
measurements of [K+], and the membrane potential of a
glial cell (in different ganglia), is illustrated in Fig. 5.
The membrane
depolarization
of 25 mV is accompanied by a decrease of [K+], by about 6 mM for each
of the two applications of GABA. [K+], at the same
time increased from 6 to 7 mM. In general, increases
of [K+], were in the range of 1-2 mM. The kinetics
of the extra- and the intracellular
K+-concentration
changes were very similar to each other and different
to the carbachol-induced
changes of extra- and
intracellular K+ (see below). A GABA-induced
neuronal K+-release was also confirmed by intracellular
recordings from glial cells. A typical example is given
in the lower inset of Fig. 5. The membrane of this
glial cell was depolarized from - 68 to - 63 mV, from
which an increase of [K+], of about 1 mM can be
calculated under the assumption
that the glial cell
membrane behaves like a K+-electrode.
(This calculation can be performed even if the membrane of this
glial cell was partially injured by the impalement as
indicated by the low resting potential).
In contrast
to alterations
of [Cl-~],, [K’ 1, and
[K+],, no changes of [Na+], could be detected in the
presence of GABA. A neuron, in which subsequent
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Fig. 3. Effects of carbachol and veratridine on intracellular Na+-concentration (NaJ and membrane
potential (E,) in the presence of tetrodotoxin (TTX). Note that the effects of veratridine and carbachol
on both the membrane potential and Na, were very similar to each other in spite of different amplitudes.
In the presence of TTX, the carbachol response was unaffected whereas the veratridine response was
totally blocked.
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Fig. 4. Effects of carbachol and GABA on free intracellular Cl--concentration
(Cl,) and membrane
potential (E,). The first membrane depolarization (during GABA) is accompanied by a transient decrease
of Cl, from 45 to 32 mM. In contrast, carbachol-administration evoked no change of Cli in spite of a larger
membrane depolarization. The inset shows an action potential induced by orthodromic stimulation of the
ganglion at the beginning of the recording. Calibrations of the W-traces
are given in free ion
concentrations (Cli) and in voltage of the ion signal (V,,) (registration
of Cli filtered above 0.1 Hz).
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Fig. 5. Effects of GABA on free extra- and intracellular K +-concentrations (K,, K,) and membrane
potential (E,) of a neuron and a glial cell. Depolarizations of about 25mV upon bath application of
GABA were accompanied by transient decreases of K, of about 6mM. In addition, K, increased from
6 to 7 mM. Note &hat the kinetics of the changes of K, and & are very similar to each other. The upper
inset shows an action potential of 95 mV amplitude orthodromicaliy evoked 8 min after the second GABA
application. The lower inset illustrates that also glial cells were depolarized in the presence of GABA
(recording from a different ganglion).
appIications of carbachoI(50
PM, 1 min) and GABA
(100 FM, 45 s) resulted in membrane depolarizations
between 20 and 25 mV, is illustrated in Fig. 6. In
Immolll)

iL

(mV)
-20

Carbachol

GABA
100 rmolll
Fig. 6. Effects of carbachol and GABA on free intracellular
Nab-concentration (Na,) and membrane potential (E,) of
a rat sympathetic neuron. Application of carbachol resulted
in the typical membrane depolarization and a Na,-increase.
However, GABA has no effect on Na, in spite of a membrane depolarization comparable in amplitude to that during carbachoi. The Na,-decrease before and after the first
carbdchol application is due to a “‘sealing”-phase of the cell.
The noise on both the Na, and E,,, trace is partly due to
spontaneous activity of the neuron.
50 pmolll

I

contrast to the carba~hol-induced
increase of [Na ’ I,,
no effect of GABA on [Na+], was detected. The
decline of [Na+], at the beginning
of the measurements, again, is due to a “sealing”-phase
of the
cell.

In order to study the mechanisms
leading to the
restoration
of ion distributions
after the action of
neurotransmitters,
effects of ouabain have been investigated.
We have already shown” that ouabain
reversibly blocked the reuptake of K’ previously
released by carbachol.
Similar data were obtained
with Na’-sensitive
microelectrodes
(Fig. 7). In this
neuron, two control applications
of carbachol illustrate the typical etrects on both the membrane potential and [Na ‘1,. Upon
subsequent
addition
of
300 PM ouabain,
the membrane
depolarized
by
about 4 mV. [Na ‘I, increased steadily during this
period from 2 to 5 mM. Under the assumption
that
the Na +/K +-pump is completely blocked at this time.
this increase of [Na’ 1, would correspond
to the
passive influx of Nat into the cell via the leak
conductance
of the membrane.
Application
of carbachol in the presence of ouabain resulted in a
membrane depolarization
and a rise in [Na ( Iasimilar
to the control measurements.
However,
both the
membrane hyperpolarization
and the Na ’ -extrusion
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Fig. 7. Effects of ouabain on carbachol-induced changes of free intracellular Na+-concentration (Na,) and
membrane potential (E,). After two control applications of carbachol, ouabain was added to the
superfusion fluid. This resulted in a depolarization of the membrane by about 4 mV accompanied by an
increase of Na,. Membrane potential recovery after carbachol is incomplete in the presence of ouabain.
In addition, the Na+-extrusion after carbachol is totally blocked by ouabain. After washout of ouabain,
Na, returned to baseline level accompanied by a corresponding hyperpolarization of the membrane. Inset
shows an action potential with an amplitude of 100 mV electrically elicited after the recovery from ouabain
(see deflection on E,- and Na,-trace).
normally observable after the end of the carbacholsuperfusion,
were completely absent. The actions of
ouabain were reversible as judged by the fall in ma+],
and the membrane hyperpolarization
observed immediately after washout of ouabain.
The observation
that the GABA-induced
neuronal
K+-release
is not accompanied
by an increase of
[Na+li raises the question,
if the Na+/K+-pump
contributes
to the K+-reuptake
after the end of the
GABA-application.
This problem was investigated
by a study of the effects of ouabain on the kinetics of
alterations in [K+ 1, observable during and after the
action of GABA. A typical example from such
experiments
is shown in Fig. 8. In normal Krebs’
solution, application of GABA resulted in a transient
elevation of [K+], from the baseline level of 6.0
to 7.8 mM. The return to baseline lasted about
6 min. Application of carbachol increased [K+], from
6.0 to 9.0 mM; recovery to baseline in this case took
only about 2 min and was followed by a typical
[K+ I,-undershoot for about 6 min (see also ref. 15).
Such a [K+],-undershoot
was never observed after
GABA-applications.
Afterwards,
300 p M ouabain
transiently increased [K+], to 6.2 mM (see dotted line
on the middle trace). It was observed,
that the
kinetics of the GABA-induced
rise and recovery of
[K+], in the presence of ouabain were similar to the
control
applications,
whereas
the [K+],-recovery
after carbachol was markedly delayed and the [K+],undershoot
was completely blocked.

Effects of jiirosemide
The absence of an action of GABA upon [Na+], as
well as the lack of ouabain-effects
on the reuptake of
GABA-released
K+ indicate, that the restoration
of
the K+-gradient
after the action of GABA involves
a K+-reuptake
insensitive to ouabain and different
from the Na+/K+-pump.
In order to investigate the
nature
of this process,
effects
of furosemide
(0.5-l mM) on [K+]],, [K+li and [Cll], were investigated.
Furosemide
is known
to block
a
Cl--dependent
K+-influx in erythrocytes,‘3.‘4 ascites
tumor cells,” squid axon,26 and a variety of other
cultured cells.’
Measurements
with extracellularly
located K+sensitive microelectrodes
revealed that furosemide
did not alter the amplitude and the kinetics of the
K+-response
obtained
by an application
of carbachol.
In particular,
the post-carbachol
[K+],undershoot
was not changed (Fig. 9B). On the other
hand, furosemide reduced the amplitude of the rise of
[K+ le resulting
from GABA-administration
and
slowed down the post-GABA
[K+],-recovery
(Fig.
9B). Intracellular
measurements
with K+-sensitive
microelectrodes
showed that furosemide strongly delayed or completely
inhibited the reuptake of K+
released during the action of GABA (Fig. 9A).
Two of the experiments
in which effects of furosemide on [Cl-], have been tested are illustrated in
Fig. 10. It can be seen that a short application
of
furosemide
(0.5 mM; 6 min) clearly delayed the re-
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Fig. 8. (A) Effects of carbachol and GABA on free extracellular
K+-concentration
(K,) in the presence
of ouabain.
In the control period, GABA transiently
elevated K, by about 2mM. K, increases upon
carbachol were larger. However, the kinetics of the K, recovery after carbachol are different to the K,
recovery after GABA (see K,-undershoot).
In the presence
of ouabain
the carbachol-induced
K,-undershoot
is blocked, whereas the kinetics of the K, recovery after GABA is unchanged. These effects
of ouabain are fully reversible. (B) Effects of GABA and carbachol on the membrane potential (E,) of
a glial cell. Note that the kinetics of K,-measurements
by means of ion-sensitive
microelectrodes
and
glial-cell membrane
potential resemble each other.

released upon GABA-superfusion
uptake of Cl
(Fig. lOA). This effect was reversible within 30min.
Longer applications
of furosemide
(10-20 min) resulted in a complete blockade of the post-GABA
Cl--uptake
for about 2 h (Fig. 10B). In addition to
effects on the reuptake of K + and Cl released during
the action of GABA, furosemide also decreased the
rise of [K+], upon GABA and the GABA-induced
membrane depolarization
(see Figs 9A, B and 10B).
This might be due to a change of the W-equilibrium
potential
as well as to a block of the GABAassociated Cl-channel
(see below).
DISCUSSION

Firstly,
the mechanisms
underlying
carbacholinduced ion movements
will be considered.
Carbachol depolarizes
rat sympathetic
neurons by the
activation of nicotinic receptors. These receptors are
linked to large cation selective channels33 which, in an
open state, allow Na+ to enter the cell. The increase
of [Na+]], is therefore
due to a receptor-coupled
Na+-influx.
Activation
of voltage-dependent
Nat-

channels, as the alternative
possibility,
seems unlikely, since the changes of [Nat], were unaltered in
the presence of tetrodotoxin
(see Fig. 3). On the other
hand, tetrodotoxin
prevented [Na+ 1, from increasing
during the action of veratridine,
a drug which is
known to open voltage-dependent
Na+-channels.”
The decrease of [K+], , which occurred in the presence
of carbachol,
is the result of both an increase in
K+-conductance
as well as an increase of the outwardly directed driving force during the membrane
depolarization.
Several types of K+-permeable
membrane channels might contribute
to the K+-release,
such as receptor-activated
cation channels, leak channels and also voltage-dependent
K+-channels.’
The mechanism responsible for the restoration
of
[Na+li- and [K+],-levels after the carbachol application appears to be the Na ‘/K+-pump.
This view is
supported
by the complete inhibition
of both the
Na+-extrusion
and the K+-reuptake
in the presence
of ouabain.
Previous measurements
of free intracellular ion concentrations
with ion-sensitive microelectrodes in snai13’ and leech neurons”,”
after inhibition of the Na+/K+-pump
gave similar results.
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Fig. 9. Effects of furosemide on GABA-induced changes of free extra- and intra~ilular K+-concentration
(K,,Ki). (A) Intracellular recording with a K+-sensitive microelectrode. Furosemide inhibited the
reuptake of K+ released during the action of GABA. The inset shows an orthodromically elicited action
potential taken at the beginning of the recording period. (B) Extracellular recording with a K+-sensitive
microelectrode. Furosemide reduced the amplitude of the rise of K, during GABA and slowed down the
post-GABA recovery. However, furosemide did not change the post-carbachol K-undershoot
{see
superimposed K+-gestations).
The black bar, used to mark a GABA-application, refers to part (A) and
(B) (registration of Ki filtered above 0.1 Hz). E,, membrane potential.

A

Cli

VCI

l

B

Cli

m GABA IOOMrnot/I
Furosemide 500 Bmol/t

H

- -37
mV
--63
Fig. 10. Effects of furosemide on GABA-induced changes of free intracellular Cl--concentration (Cli). {A)
iliustrates a short-lasting application of furosemide. Note that the reuptake of Cl- released during GABA
is strongly delayed. (B) illustrates a long-lasting application of furosemide. Under these circumstances a
complete blockade of Cl--reuptake occurred. Calibrations of the Cl,-traces are given in free ion
concentrations (Cl,) and in voltage of the ion signal (V,). E,, membrane potential.
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The post-carbachol
and post-ouabain
membrane hyperpolarizations
are consistent with an electrogenic
transport ratio of the Na+/Kf-pump.3’
The ion movements
observed in the presence of
GABA are due to the opening of receptor-activated
Cl --channels. Measurements
of the Cl--equilibrium
potential in rat sympathetic ganglia and other peripheral neurons have indicated that the free intracellular
Cl --concentration
should be higher than expected
from a passive distribution
of this ion.‘.‘6 This assumption
could be confirmed
by the direct ion
recordings performed in the present study. The consequence of an increase in Cl--conductance
is therefore a Cl -efflux according to the outwardly directed
driving force. Parallel to a decrease of [Cl-], , a
diminution
of [K+], and an increase of [K+], were
measured
in the presence of GABA. A GABAinduced elevation of [K+ 1, has been previously observed in rat sympathetic
ganglia,15 the frog spinal
cord,“.‘Y rat dorsal root gangliaI and rat pituitary.22
y-Aminobutyric
acid could
induce
a neuronal
K+-efflux
by activation
of a receptor-coupled
K ’ -channel, voltage-dependent
K+-channels
gated
by the membrane depolarization
and/or by an enhanced K +-flux via leak channels due to an increase
of outwardly directed driving force. Whereas the first
possibility seems to be unlikely in view of the equilibrium potential of the GABA depolarization,‘,‘6
our
data cannot distinguish between the two other alternatives. Our results clearly exclude a contribution
of
large changes of Na+-conductance
to the GABA
action, since no increases of [Na+], were observed.
However, a coupled KCLmovement
of the magnitude
observed might be accompanied
by osmotic effects.
Thus, loss of KC1 during GABA action could cause
some cell shrinkage. This means that there might be
a loss of Na’ even though [Na+], has not changed.
At the moment, we cannot exclude this possibility.
The mechanism responsible for the reuptake of K+

ef al.

released by the action of GABA seems to be different
from the Na+/K+-pump.
This view is supported by
several observations: (a) y-Aminobutyric
acid did not
increase [Na+], and consequently cannot activate the
Na+/K+-pump
via its intracellular
binding site. (b)
No post-GABA
[K+],-undershoot
(which is a typical
indicator
for the activation
of an electrogenic
Na+/K+-transport)
was detectable. (c) Ouabain did
not change the kinetics of the [K+], recovery period
after the end of the GABA application,
whereas a
complete block of the post-carbachol
[K+],-undershoot occurred. These facts indicate that a K+-transport system different from the Nat/K+-pump
might
be involved.
It is more likely that a K+/Cl-cotransport may have such a function in the reuptake
of K+ released by GABA, because such a transport
would restore both ions involved. Our data with
furosemide
support
such a view. Furosemide
is
known to block a Cl--dependent
K+-influx in a
variety of cells.3~‘3~‘4~‘8~20~26
Such a system seems to
operate also in neurons
of rat superior cervical
ganglia. However,
two aspects of a furosemidesensitive, Cl--dependent
K+-influx found in other
cells have to be investigated
in future experiments.
These concern the source of energy required to drive
the uphill transport of K+ and Cl- (participation
of
Na+-gradient?)
and the consequences of such a transport system for the cell volume. Furthermore,
we
cannot exclude that furosemide,
in addition to its
effect on the ion transport,
blocks the GABAreceptor associated Cl-~-channel. Such an effect has
been described on frog dorsal root terminals2’ and cat
dorsal root ganglia.”
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