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ABSTRACT Inhibition of Ca influx and Ca current by
y-aminobutyric acid (GABA) was studied in single synaptic
terminals of isolated retinal bipolar neurons. Measurements of
intracellular Ca concentration ([Cal1) using the fluorescent Ca
indicator fura-2 showed that GABA potently inhibited Ca
influx into the terminal elicited by high extracellular K con-
centration ([K]0). This inhibition was attributed to GABA type
A (GABAA) receptor-activated chloride ion conductance that
prevented bipolar neurons from depolarizing sufficiently to
activate the Ca current, even in response to increased [K]0.
Patch-clamp recordings of the Ca current revealed a second
effect of GABA: GTP-dependent inhibition of the Ca current.
This inhibition was not mediated by GABAA receptors, but
baclofen, which binds to the GABA type B (GABAB) receptor
and is known to inhibit the Ca current in other systems, was not
able to mimic the action of GABA. This suggests the involve-
ment of a different type of GABAB-like receptor in the inhi-
bition of Ca current by GABA. GABA did not cause an overall
suppression of the Ca current; rather, the voltage-dependence
of Ca-channel activation was shifted to more depolarized
potentials. Thus, maximal inhibition of the Ca current by
GABA occurred in the physiological range of potential.

In the central nervous system (CNS), neurotransmitter ac-
tions on presynaptic Ca influx are thought to be an important
mechanism by which the presynaptic release of transmitter
can be modulated. Because most CNS synaptic terminals are
small and inaccessible, information about transmitter actions
on Ca influx in neurons has come for the most part from
studies of neuronal somata (1-4), and it is not clear to what
extent the results extend to presynaptic terminals. In this
paper, we report direct studies of the effects of a CNS
inhibitory transmitter, y-aminobutyric acid (GABA), on Ca
influx and Ca currents in single synaptic terminals of a CNS
interneuron, the type-Mbl bipolar neuron (5, 6) from goldfish
retina. The synaptic terminal of this type of bipolar cell is
large and round (8- to 12-,um diameter) and thus is well suited
to physiological study of Ca influx in single terminals. Pre-
viously, we have used both fura-2 measurements of intracel-
lular Ca concentration ([Ca]i) and patch-clamp measurements
of Ca currents to show that Ca influx in these terminals
occurs via a single type of slowly inactivating, dihydropyri-
dine-sensitive Ca channel (7, 8). In addition, the terminals of
Mbl bipolar neurons are known to receive direct GABAergic
feedback synapses from amacrine cells (9, 10), making the
terminal a likely candidate for study of presynaptic actions of
GABA. We find that GABA has a dual effect on presynaptic
Ca influx in these cells. First, GABA activates a large
chloride ion conductance that clamps the membrane potential
at a more negative potential than the activation range of the
Ca channels in the terminal. Second, GABA reduces the
presynaptic Ca current via a mechanism that requires internal
GTP and that does not involve GABA type A (GABAA)

receptors. Although this second effect of GABA is reminis-
cent of GABA type B (GABAB) receptor actions in other
systems, it cannot be mimicked by the GABAB agonist
baclofen or blocked by the GABAB antagonist 2-hydroxy-
saclofen, suggesting that it is not mediated by a classical
GABAB receptor. The inhibition ofCa current byGABA was
not an overall suppression of the current; rather, the degree
of suppression was largest at more negative potentials, with
little effect at more depolarized levels. The result was a shift
in the current-voltage relation toward more positive poten-
tials.

MATERIALS AND METHODS

Bipolar neurons were acutely isolated from goldfish retina by
mechanical trituration after papain digestion (11). Cells were
loaded with fura-2 acetoxymethyl ester (AM) by incubation
for 10-30 min in 1 AuM fura-2 AM in Ringer's solution
containing 120 mM NaCl, 2.6 mM KCI, 1.0 mM MgCl2, 0.2
mM CaC12, 3 mM Hepes, and 10 mM glucose (pH 7.3). Cells
were washed thoroughly and stored in the same solution
without fura-2 for 20-30 min before experiments were
started. For experiments, the Ringer's solution typically
contained 90 mM NaCl, 30 mM choline chloride, 2.6 mM
KCI, 1.0mM MgCI2, 2.5 mM CaC12, 3 mM Hepes, and 10mM
glucose (pH 7.3). In some experiments, 30mM NaCl replaced
the choline chloride. To depolarize the cells and activate Ca
influx, we increased the extracellular K concentration ([K]O)
by 30 mM to 32.6 mM, with a corresponding reduction in
choline chloride or NaCl. The fluorescence microscopy/
photomultiplier system for measurement of fura-2 fluores-
cence was similar to that described by Neher (12); excitation
wavelengths were about 360 and 380 nm. Emitted light was
collected from a 30 ,um-diameter region of the field of view;
with the terminal in the center of this region, no light emitted
from the soma and dendrites was measured. The formula of
Grynkiewicz et al. (13) was used for calculation of [Ca]j, with
calibration constants (including the effective fura-2-Ca dis-
sociation constant) determined by filling cells via a whole-cell
patch pipette with solutions containing fura-2 and known,
highly buffered amounts of Ca; minimum and maximum
360/380 nm fluorescence emission ratios at 0 and high Ca
concentrations determined in this way were 2.0 and 9.2.
Quenching of fluorescence with Mn (loaded into cells with
4Br-A23187) showed that -94% of the fura-2 was Ca sensi-
tive.
Patch-clamp recordings of whole-cell membrane currents

were made by standard techniques (14). For experiments in
which Ca current was isolated, patch pipettes (10-30 MI)
were filled with a solution containing 120 mM CsCl, 10 mM
tetraethylammonium chloride, 3 mM Hepes, 5 mM
Cs2EGTA, 2 mM MgCl2, 2 mM Na2ATP, and 0.3 mM GTP
(pH 7.2). In some experiments, cesium gluconate replaced

Abbreviations: GABA, y-aminobutyric acid; [Ca];, intracellular cal-
cium concentration; [K]O, extracellular K concentration; GABAA
and GABAB receptors; GABA receptors types A and B.
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the CsCl. For experiments in which it was not desired to
block K currents, the pipette solution contained 130 mM
potassium gluconate, 3 mM Hepes, 5 mM K2EGTA, 2 mM
MgCl2, 2 mM Na2ATP, and 0.3 mM GTP (pH 7.2). Only cells
with a series access resistance <50 MU were accepted;
automatic g-series compensation of the EPC-9 patch-clamp
amplifier was used to compensate =50% of series resistance,
resulting in an estimated voltage error of <25 puV/pA. Cells
were normally bathed in Ringer's solution containing 120mM
NaCl, 2.6 mM KCl, 1.0 mM MgCl2, 2.5 mM CaCl2, 3 mM
Hepes, and 10 mM glucose (pH 7.3). Drugs were applied by
local superfusion, typically only to the synaptic terminal, by
using a pressure-application pipette.

RESULTS
To study the effect of GABA on Ca influx into synaptic
terminals of intact bipolar neurons, acutely isolated cells
were loaded with fura-2, AM (13). When cells were depolar-
ized with increased [K]o (Fig. 1), [Ca]i in the terminal
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FIG. 1. [Ca]i measured in single synaptic terminals of acutely
isolated Mbl bipolar neurons with fura-2 fluorescence. All solutions
were applied by bath exchange at the indicated times; applications of
high [K]0 (32.6 mM) are shown by dark bars below the traces, while
other drugs are marked by gray bars above the traces. Dashed lines
indicate the zero level for each trace. (a) GABA (3 ,uM) was able to
prevent the K-induced increase in [Cali as was 1 ,uM muscimol, a
GABAA receptor agonist. (b) Picrotoxin (30ALM) blocked the inhib-
itory effect of 3 IuM GABA on K-induced Ca influx; subsequently,
3 ILM GABA alone had its usual effect. (c) The GABAB receptor
agonist baclofen had no effect on K-induced Ca influx into the
terminal. (d) The GABAB receptor antagonist 2-hydroxysaclofen (50
jLM) had no effect on the inhibitory action of 5 jM GABA.

increased because of an influx of Ca via dihydropyridine-
sensitive Ca channels (7, 8). As shown in Fig. la, the
K-induced increase in [Cafi was strongly suppressed by
GABA. In 21 experiments, the increase in intraterminal Ca
elicited by 32.6 mM [K]O was reduced by 3 ALM GABA to 13
± 4% (mean ± SEM) of the control increase observed in the
same cells without GABA. Because goldfish bipolar neurons
have been reported to have a large GABAA receptor-
activated Cl conductance (15), we examined whether the
observed suppression of Ca influx might be due to activation
of this Cl conductance. As shown in Fig. la, the GABAA
agonist muscimol was as effective as GABA in suppressing
Ca influx. In eight such experiments, 1 ,uM muscimol reduced
K-induced Ca influx to 9 ± 6% of control, compared with 10
± 4% for 3 ,M GABA in the same cells. When applied
together with 3 ,uM GABA, the GABAA antagonist picrotoxin
(30 ,M) was able to block the suppression of Ca influx by
GABA (Fig. lb). In 11 experiments, the K-induced increase
in [Ca]i observed in the presence of GABA and picrotoxin
was 81 ± 11% (mean ± SEM) of the control level, compared
with 15 ± 7% for GABA alone in the same cells. These results
suggest that GABAA receptors are important in the suppres-
sion by GABA of Ca influx induced by increased [K]O.
Because the GABAB agonist baclofen has been reported to

inhibit the Ca current in amphibian bipolar cells (16), we
examined the effects ofGABAB drugs on Ca influx. As shown
in Fig. ic, baclofen had little effect on the K-induced increase
in [Ca],, whereas GABA suppressed Ca influx as usual in the
same cell. In 11 such experiments, the increase in [Ca]i with
high [K]0 and 50-200,M baclofen was 97 ± 9% of the control
response with high [K]O alone. The GABAB antagonist 2-hy-
droxysaclofen had no effect on the suppression of Ca influx
by GABA (Fig. ld). Thus, there was no evidence of an
additional effect of GABA beyond the GABAA receptor
effect described above.
To establish the mechanism by which GABA antagonized

Ca influx into terminals, we made patch-clamp recordings
from acutely isolated bipolar cells and examined the effects
of high [K]0 and GABA. To mimic the ionic conditions of the
fura-2 experiments on intact cells, a high-potassium, low-
chloride (potassium gluconate) pipette solution was used for
these experiments. Under voltage-clamp, the zero-current
potential (corresponding to the resting potential under cur-
rent clamp) averaged -60 ± 3 mV (mean ± SEM; n = 7) with
a normal [K]0 of 2.6 mM. When [K]O was increased to 32.6
mM, the average zero-current potential shifted to -16 ± 1
mV (see the trace in Fig. 2a labeled "high K"). Such a
depolarization strongly activates the Ca current in bipolar
cells (refs. 7 and 8; note the inward component of current in
Fig. 2a, even in the absence of K-current blockers); this
accounts for the increase in [Ca]i elicited by 32.6 mM [K]O in
intact cells in the fura-2 experiments (Fig. 1). In the same
seven cells, however, addition of 5,uM GABA to the 32.6mM
[K]O shifted the zero-current potential back to near the resting
level (-57 ± 2 mV; see the trace in Fig. 2a labeled "high K
+ GABA"). This is more negative than the activation range
of the Ca current, accounting for the ability of GABA to
suppress Ca influx in the fura-2 experiments (Fig. 1). The
same pattern was also observed with even higher [K]O: the
zero-current potential shifted from -12 ± 2 mV in 62.6 mM
[K]O to -56 ± 3 mV in 62.6 mM [K]0/5 ,uM GABA (n = 7).
At 5 ,uM, GABA increased the input conductance an aver-

age of 7.4-fold, from 304 ± 27 pS to 2249 ± 337 pS (n = 15);
thus, the GABA-activated conductance was sufficiently large
to be able to clamp the cell at a negative potential, even in the
face of increased [K]0. In agreement with previous results (15),
the GABA-activated conductance was a Cl conductance, with
a reversal potential near -60 mV with a potassium gluconate
pipette solution and near 0 mV with [Cl]I = [Cl]0. The
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FIG. 2. Patch-clamp measures of whole-cell currents in acutely
isolated bipolar neurons. (a) Current-voltage relations, obtained
with a linear voltage ramp at 100 mV/sec. Currents are total
membrane currents without subtraction of leak or capacitative
current. High K, 32.6 mM [K]0; high K + GABA, 32.6 mM [K]0 +
5 AM GABA. The arrow indicates the zero-current potential with
normal [K]0 (2.6 mM). The pipette solution had no K-current
blockers (potassium gluconate solution), and the external solution
had no picrotoxin. (Inset) Difference current giving the GABA-
dependent current, obtained by subtracting the trace in high K from
the trace in high K + GABA. (b) Effect ofGABA and muscimol on
the Ca current. Traces: top, current in 5 MM GABA + 100 AM
picrotoxin and control traces before and after GABA application;
middle, current before, during, and after 5 AM muscimol + 100 M
picrotoxin in the same cell as in a; bottom, voltage protocol. A CsCI
pipette solution was used. Capacitative and leak currents in b and c
were subtracted by using a P/6 protocol. GABA and muscimol were
applied locally to the synaptic terminal by means of a pressure-
application pipette. (c) Effect of 0.5 mM baclofen, applied to the
synaptic terminal, on whole-cell Ca current. Control traces were
recorded before and after application of baclofen. Not shown is the
effect of GABA, which reduced the Ca current by 33% at -20 mV
in the same cell. This is a different cell from that in b.

conductance was blocked by picrotoxin and activated by
muscimol, indicating that it is due to a GABAA receptor.

In Fig. 2a, an additional effect of GABA beyond the
GABAA receptor-mediated conductance increase can be
seen: the inward component of current that activated at
potentials positive to -50 mV was reduced by GABA. This
can be seen more clearly in Fig. 2a Inset, which shows the
GABA-dependent membrane current. The inward compo-
nent in the current-voltage relation, which was reduced by
GABA, is a Ca current (7, 8). Because the experiment of Fig.
2a was done without K-current blockers and without picro-

toxin, the Ca current was largely masked by a prominent
outward current and the GABAA-activated Cl conductance.
To examine the effect of GABA on Ca current in more detail,
whole-cell recordings were made with K-current blockers to
allow isolation of the Ca current and with picrotoxin to
eliminate the GABA-activated Cl conductance; picrotoxin
alone had no effect on Ca current. As shown in Fig. 2b, 5 ,uM
GABA reversibly reduced the Ca current, but the GABAA
agonist muscimol had no effect on Ca current in the same cell.
In 21 cells, the Ca current measured at -20 mV (which is near
the potential at which peak Ca current is observed) was
reduced by GABA to 71 ± 3% of control (mean ± SEM).
With muscimol, the Ca current was not significantly affected
(106 ± 3% of control; n = 13). Thus, the effect of GABA on
Ca current was not mediated via GABAA receptors. The
inhibition ofCa current by GABA was slow in both onset and
recovery, typically requiring tens of seconds to reach com-
pletion, in contrast with the rapid action of GABA on Cl
conductance. In addition, the effect ofGABA on Ca current
depended on the presence of GTP in the pipette solution. In
the 21 experiments just mentioned, 0.3 mM GTP was in-
cluded in the pipette solution; without GTP, 5 AuM GABA had
little effect on Ca current, reducing the current to 90 ± 6% of
control (n = 11). The ineffectiveness of muscimol, the slow
speed of the response, and the requirement for GTP all point
to the involvement of a GABA-initiated second messenger
cascade in GABA's inhibition of Ca current; therefore, we
examined the effect of the GABAB agonist baclofen on Ca
current. Baclofen (0.2-1.0 mM) had little effect on Ca current
(Fig. 2c); in 12 cells, the Ca current in baclofen averaged 94
± 3% of control. This is in agreement with the lack of effect
of baclofen on K-induced Ca influx in the fura-2 experiments
(Fig. ic). The GABAB antagonist, 2-hydroxysaclofen, also
had no effect on the suppression ofCa current by GABA (not
shown). A simple interpretation is that in goldfish bipolar cell
synaptic terminals, GABA reduces Ca current via a GABAB-
like receptor for which baclofen is not an effective agonist
(see Discussion). In the fura-2 experiments (Fig. lb), we
found that picrotoxin antagonized GABA's inhibition of
K-induced Ca influx, but not completely; picrotoxin restored
the influx in the presence of GABA to about 80% of control
level. Perhaps the remaining inhibitory effect ofGABA in the
presence of picrotoxin is due to the suppression of the Ca
current shown in Fig. 2b; alternatively, the incomplete res-
toration of Ca influx could reflect incomplete block of Cl
conductance by 30 .M picrotoxin.
To characterize the inhibitory effect ofGABA on Ca current

more fully, the effect ofGABA on the current-voltage relation
for Ca current was examined. An example is shown in Fig. 3a,
which shows that GABA did not produce a simple reduction
in the amplitude of the Ca current throughout its range of
activation. Rather, the degree of inhibition was greatest in the
voltage range from about -50 to -20 mV; indeed, at potentials
more positive than about -10 mV, there was little effect of
GABA on the current. In 17 experiments with 1 AM GABA,
the average membrane potential at which the peak suppression
of current occurred was -33 ± 1 mV, and the current at that
peak potential was reduced to 51 ± 4% of control (mean ±
SEM). With 0.25 .M GABA, the peak suppression of the Ca
current was smaller, averaging 69 ± 4% of control, but the
potential at which peak suppression occurred was no different
(-34.6 ± 1 mV; mean ± SEM; n = 17). To establish whether
the shift in the current-voltage relation produced by GABA
was due to suppression ofCa current, GABA was applied after
the Ca current was eliminated by external Cd. GABA had no
effect on the current-voltage relation in the presence of 200
uM Cd (Fig. 3b).
The inhibition of Ca current by GABA was observed in a

range of GABA concentration below that necessary to pro-
duce appreciable activation of the GABAA receptor-
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FIG. 3. Effect ofGABA on whole-cell Ca current in Mbl bipolar
neurons. Current-voltage relations were obtained with a linear
voltage ramp at 100 mV/sec. Currents are total whole-cell currents
without subtraction of leak or capacitative current. Pipette solution
was cesium gluconate solution. (a) Inhibition of Ca current by 0.25
and 1.0 AM GABA. GABA was applied locally to the synaptic
terminal, and the superimposed control traces were recorded before
and after GABA applications. Unlike most experiments on the effect
of GABA on Ca current, in this experiment picrotoxin was omitted
from the external solutions so that any GABA-activated change in
conductance would be apparent. (b) Lack of effect of 3 gM GABA
on the current-voltage relation when the Ca current was blocked by
200 pM external Cd. The cell was different from that in a; 100 IAM
picrotoxin was present in all solutions in b.

activated Cl conductance. Typically, the dose for measurable
activation of Cl conductance was 1-3 uM, while significant
inhibition of the Ca current could be observed at 0.25 ,uM
(e.g., see Fig. 3a). In fact, the experiment of Fig. 3a was done
without the Cl-channel blocker picrotoxin, so that any change
in conductance due to GABAA-receptor activation would
have been apparent; as shown by the superposition of the
curves negative to -60 mV, no increase in conductance was
produced by GABA. This demonstrates that the receptor
responsible for GABA's action on Ca current is more sensi-
tive to GABA than is the GABAA receptor-activated Cl
conductance.

DISCUSSION
Type-Mbl bipolar neurons of goldfish retina are nonspiking
interneurons that respond to light with a sustained and graded
depolarization and provide excitatory input to ganglion and
amacrine cells (17, 18). Therefore, in terms of retinal signal
processing, the GABAergic feedback inhibition of Ca influx
in bipolar synaptic terminals will tend to convert sustained
responses to steady illumination into transient responses in
amacrine and ganglion cells, thereby enhancing response to
change. We found two mechanisms that underlie this inhibi-
tion: a GABAA receptor-activated Cl conductance (15) and a
GTP-dependent inhibition of Ca current. This latter effect of
GABA on Ca current was strongest in the voltage range from
approximately -50 to -20 mV, which is the range of phys-
iological interest in the bipolar neuron. Thus, GABA shifted
the range of voltage activation of Ca channels to a more
depolarized level, in a manner similar to the effects of
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neurotransmitters on Ca currents in dorsal root ganglion cells
(19) and in sympathetic neurons (20). The GABAB receptor
agonist baclofen was unable to mimic this effect ofGABA on
the Ca current. However, in preliminary experiments, we
recently found that cis-4-aminocrotonic acid, a reported
agonist for GABA receptors that are insensitive to both
bicuculline and baclofen (GABAC receptors; ref. 21), is as
potent as GABA in inhibiting Ca current, without activating
the GABAA receptor Cl conductance. This suggests that a
GABAC receptor underlies GABA-mediated inhibition of Ca
current.
Why should there be two different GABA-dependent feed-

back mechanisms that tend to reduce Ca influx into the
bipolar cell synaptic terminal? Several possibilities can be
suggested. Muscimol, which has no effect on Ca current (Fig.
2b), can quite effectively inhibit Ca influx into the terminal
(Fig. la); thus, it is clear that the GABAA receptor mecha-
nism is by itself capable of mediatingfeedback inhibition. But
at low light levels, when activity of amacrine cells and thus
the feedback release of GABA is low, the increase in Cl
conductance may be insufficient to overcome depolarizing
influences; under these conditions, the contribution of the
second mechanism (inhibition of Ca current) might be of
more importance. In this regard, it is significant that inhibi-
tion of Ca current occurs at a lower concentration ofGABA
than does activation of Cl conductance. Also, at higher levels
of GABA, the GABAA-activated Cl conductance shows
pronounced desensitization typical of agonist-gated chan-
nels, so that the effectiveness of the GABAA receptor mech-
anism might decline with time during steady illumination; it
is interesting that the onset of the GABA-inhibition of Ca
current occurs on a time scale similar to that of this desen-
sitization. Another possibility is that the two actions of
GABA serve qualitatively different functions; because the
effect on Ca current is to shift the range of voltage activation,
this mechanism might keep the range of steep activation near
the steady-state membrane potential (more depolarized in the
presence ofbackground illumination, more hyperpolarized in
the dark). In this view, the GABAA receptor-activated Cl
conductance would be responsible for actual feedback inhi-
bition of Ca influx, while the effect of GABA on Ca current
serves to alter the set-point for activation of Ca entry; such
alteration in activation range might be important, for exam-
ple, in dark and light adaptation. Finally, an electrical mech-
anism-such as the GABAA receptor-activated Cl conduc-
tance-is inherently global in its action, affecting all of the
many individual synaptic output sites made by the bipolar
terminal onto many different postsynaptic cells. However,
the effect ofGABA on Ca current would likely be more local,
allowing activity of an individual amacrine cell to affect its
own input more selectively. In this view, it is interesting that
feedback synapses made by an amacrine cell onto the Mbt
terminal are typically found in close proximity to output
synapses from the bipolar terminal to the same amacrine cell
process (9).
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