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Abstract

Using the in vivo rabbit eyecup, we have studied the light-evoked release of acetylcholine (ACh)
which is presumed to indicate the activity of cholinergic amacrine cells. y-Aminobutyric acid
(GABA) inhibited the light-evoked release of ACh (ICso =~ 1 mm), but the GABA antagonists
bicuculline (5 uM) and picrotoxin (20 uM) potentiated the light-evoked release and markedly
increased the resting release of ACh. This bicuculline/picrotoxin-evoked release was calcium
dependent and the effects of bicuculline, but not picrotoxin, were blocked by muscimol, a potent
GABA agonist. Muscimol also inhibited the light-evoked release of ACh (ICs < 1 uM) and was at
least 1000 times more potent than GABA. Nipecotic acid (1 mm), a GABA transport blocker, also
inhibited the light-evoked release of ACh, but the effect was slow in onset and recovery was prompt.

We conclude that the cholinergic amacrine cells of rabbit retina are inhibited by GABA. The
relatively weak action of GABA, compared to muscimol, may be due to the presence of avid GABA
transport systems. We ascribe the excitatory effects of bicuculline and picrotoxin to the antagonism
of endogenous GABA, suggesting that the cholinergic cells are influenced by a tonic release of
GABA. This is consistent with the effects of nipecotic acid. Although we are unable to specify the
synaptic arrangements involved, we suggest that the most likely interaction is directly between
GABA amacrine cells and the cholinergic amacrine cells and/or their presumed bipolar cell inputs.

There is compelling evidence for cholinergic transmis-
sion in the vertebrate retina. The cholinergic markers
choline acetyltransferase (CAT; EC 2.3.1.6) (Ross and
McDougall, 1976) and acetylcholinesterase (AChE; EC
3.1.1.7) (Nichols and Koelle, 1968), a-bungarotoxin (a-
BTX) binding sites (Vogel et al., 1977; Pourcho, 1979;
Daniels and Vogel, 1980), muscarinic binding sites (Su-
giyama et al., 1977), and high affinity choline (Ch) uptake
(Baughman and Bader, 1977; Masland and Mills, 1979)
are all present and are localized predominantly to the
proximal layers of the retina. In addition, ganglion cells
are responsive to the application of cholinergic drugs
(Masland and Ames, 1976; Negishi et al., 1978; Ariel and
Daw, 1978, 1979) and acetylcholine (ACh) may be re-
leased by flashing light (Masland and Livingstone, 1976;
Massey and Neal, 1979; Neal and Massey, 1980; Vivas
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and Drujan, 1980). In summary, these studies implicate
some amacrine and bipolar cells as the most likely can-
didates for the cholinergic neurons of the vertebrate
retina.

Using [*H]Ch and a process of dry autoradiography
combined with “ACh-protecting” conditions, Masland
and Mills (1979) identified the cholinergic neurons of the
rabbit retina as two cell populations sparsely bordering
the inner plexiform layer in a symmetrical fashion with
terminals ramifying in sublaminas 2 and 4. These cells
probably correspond to the monostratified matching pop-
ulations stained by Vaney et al. (1981) using neurofibril-
lar methods. The more distal neurons fit the classical
description of amacrine cells, while those in the ganglion
cell layer were identified as displaced amacrine cells on
the basis of double label experiments. True ganglion cells
did not accumulate [*(H]Ch and could be depleted by
sectioning the optic nerve or stained with a fluorescent
dye applied to the optic nerve stump (Hayden et al,
1980). Displaced amacrine cells recently have been iden-
tified in numbers sufficient to accommodate the cholin-
ergic neurons in the ganglion cell layer (Ehrlich and
Morgan, 1980; Hughes and Vaney, 1980; Vaney, 1980),
which may account for a large fraction of this cell type.

In addition to the amacrine cell types described in the
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rabbit retina, Baughman and Bader (1977) found choline-
accumulating somas deep in the inner nuclear layer of
the chicken retina, suggesting the presence of cholinergic
bipolar cells. This idea is supported by the postsynaptic
localization of a-BTX /horseradish peroxidase (a-BTX/
HRP) at both conventional and ribbon synapses in the
chicken retina (Vogel et al., 1977; Daniels and Vogel,
1980). These results indicate some species variation since
a-BTX/HRP was restricted to conventional synapses in
the mouse retina (Pourcho, 1979). If indeed the chicken
retina does possess cholinergic bipolar cells, this is not
the case in the rabbit retina since the cholinergic cells of
the inner nuclear layer were, without exception, located
immediately adjacent to the inner plexiform layer (Mas-
land and Mills, 1979).

Although the cholinergic markers are concentrated in
the inner retina, they are not confined exclusively to this
area; there are traces of AChE (Reale et al., 1971) and
some «-BTX binding (Vogel and Nirenberg, 1976) in the
outer plexiform layer of the rabbit retina, which might
suggest the possibility of cholinergic photoreceptors.
However, the significance of these results is not clear
since AChE is not a reliable marker for ACh (Silver,
1974; Lehman and Fibiger, 1979) and it appears to
be located in glial cells of goldfish and turtle retinas
(Nicholas et al., 1972; Sarthy and Lam, 1978). Further-
more, it is not clear whether «-BTX labels only synaptic
receptors (Zucker and Yazulla, 1982). Electrophysiologi-
cal results from horizontal cells in response to cholinergic
drugs have been variable. Positive results in the mud
puppy (Belgum and McReynolds, 1979) and turtle (Ger-
schenfeld and Piccolino, 1977), albeit with high drug
concentrations, are supported by evidence that mud
puppy photoreceptors contain some CAT (Graham, 1974)
and turtle photoreceptors can synthesize trace amounts
of ACh (Lam, 1972; Graham, 1974; Sarthy and Lam,
1978). However, similar experiments on horizontal cells
of cat and fish retinas have been either negative (Murak-
ami et al., 1972; Niemeyer, 1978; Wu and Dowling, 1978)
or the cholinergic effects originated in the inner plexiform
layer and were mediated through interplexiform cells
(Kaneko and Shimazaki, 1976; Negishi and Drujan, 1979).

Thus, while it seems possible that some species have
cholinergic photoreceptors, their numbers must be ex-
tremely limited in the rabbit since the CAT activity of
the distal retina was less than 1% of that in the inner
retina (Ross and McDougall, 1976). Furthermore, Mas-
land and Mills (1979) showed that 96% of the [*H]JACh
synthesis occurred in the inner layers of the rabbit retina.
In view of this evidence, with the consideration that
photoreceptors would be expected to decrease transmit-
ter release in response to light, it seems clear that the
light-evoked release of ACh from the rabbit retina origi-
nates predominantly, if not exclusively, from cholinergic
amacrine and displaced amacrine cells and we shall pro-
ceed on this basis.

The release of ACh in response to the appropriate
physiological stimulus represents a method of monitoring
the activity of the cholinergic amacrine cells and of
identifying the synaptic mechanisms controlling them.
Following this strategy, it was shown previously that y-
aminobutyric acid (GABA) inhibits the light-evoked
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release of [’H]ACh from the rabbit retina (Massey and
Neal, 1979; Neal and Massey, 1980). This interaction is
entirely consistent with the proposed identity of the
cholinergic cells since GABA and its synthesizing en-
zyme, glutamic acid decarboxylase, appear to be re-
stricted to the inner layers of the rabbit retina (Ehinger
and Falck, 1971; Brandon et al., 1979, 1980; Lam et al.,
1980), although in other, nonmammalian retinas, GABA
also may be a horizontal cell transmitter (Lam et al,,
1978, 1979; Marc et al., 1978).

In the experiments reported herein, we have confirmed
and extended the earlier results using a variety of GABA
analogues and we have attempted to establish the spec-
ificity of the GABA antagonists employed. The actions
of these agents have several implications for the inhibi-
tory circuits of the retina.

Materials and Methods

New Zealand White rabbits of either sex (1.5. to 2.5
kg) were anesthetized with urethane (=1.5 gm/kg, i.p.)
and a tracheal cannula was inserted to ensure a clear
airway. Body temperature was maintained at 37°C by a
thermostatically controlled heated blanket and was mon-
itored with a rectal probe. The head was turned sideways
and clamped and the upper eye was proptosed with the
aid of a hemostat. Using a curved atraumatic suture
(Ethicon taper RB-1), a stainless steel support ring was
sutured to the eye at the sclerocorneal junction. The eye
was opened with a scalpel anterior to the supporting ring
and the cornea and iris were cut away with fine curved
scissors. Bleeding was arrested by cauterization when
necessary.

The lens was removed and the vitreous humor was
extracted using tissue swabs and blunt curved forceps.
This often proved difficult, but, when successful, the
vitreous invariably came out as a large globule. This
usually indicated complete removal. The integrity of the
retina is important, particularly since a damaged retina
will detach during prolonged superfusion; consequently,
the resulting eyecup was flushed with Krebs solution and
the retina was examined closely for tears, detachment, or
bleeding.

Low impedance Ag/AgCl electrodes were used to rec-
ord the electroretinogram (ERG); a normal ERG indi-
cated that the retina was electrophysiologically func-
tional at the beginning of the experiment. The ERG
normally was monitored throughout each experiment
and proved especially useful for identifying a detached
retina quickly.

To label retinal ACh, a 20-uCi aliquot of an ethanolic
solution of [’H]Ch (80 uCi/mmol, New England Nuclear)
was evaporated to dryness in a stream of air, redissolved
in a small volume of Krebs solution, and added to the
eyecup. The incubation period was 30 min, and during
this time, the retina was stimulated at 3 Hz to maximize
choline uptake (Masland and Livingstone, 1976). The
eyecup then was emptied carefully and flushed several
times with Krebs solution using a Pasteur pipette before
the superfusion cannulae were lowered into place. Back-
ground radioactivity was reduced by washing the prepa-
ration for 60 min via the perfusion system with Krebs
solution containing 30 pM eserine sulfate. During this
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time, the retina was left to dark-adapt and the rest of the
experiment was conducted under dim red light.

The superfusion system, constructed from fine gauge
polyethylene tubing (Intramedic PE-50) to minimize the
dead space, was driven at 1.5 ml/min by a peristaltic
pump (Harvard). This gave a conveniently short lag time
for both inflow (10 sec) and outflow (12 sec), and the
eyecup contents (approximately 500 ul) were replaced
five or six times in every 2-min collection period. The
cannulae were constructed from 24 gauge stainless steel
tubing and the inflow cannula was twisted slightly to
cause some turbulence. Raising the position of the out-
flow relative to the inflow gave the desired depth of fluid
in the eyecup and a constant level was maintained by
running the outflow channel slightly faster than the
inflow (Fig. 1). Preliminary dye studies showed that
thorough mixing took place with this arrangement. Sam-
ples were collected directly into scintillation vials and
the resulting 3-ml fractions were prepared for counting
by the addition of 10 ml of modified Tritosol counting
solution (Pande, 1976).

Light stimulation (3 Hz, 4 min) was produced by a
xenon photic stimulator (Grass PS 22, setting A) which
provided a brightly photopic flash of 10 usec duration.
Stimulation was started 12 sec before the fraction collec-
tor (ISCO 328) to allow for the dead time on the outflow.
Drugs were applied to the retina by changing the reser-
voir to one containing the required drug at an appropriate
concentration. Precautions were taken to prevent con-
tamination, and after each experiment, the system was
flushed with distilled water.

GABA Inhibition of ACh Amacrine Cells
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The composition of the Krebs bicarbonate medium
used throughout these experiments consisted of NaCl,
118 mm; NaHCO;, 25 mm; KCl, 4.7 mMm; CaCl,, 2.5 mm;
MgS0,, 1.2 mm; KH,PO,, 1.2 mMm; glucose, 11.1 mM,
freshly prepared and gassed with 95% O, 5% CO: to pH
7.4. Low Ca®*, high Mg®* medium was identical, except
the CaCl; concentration was 0.25 mmM and 20 mM excess
MgS0, was added. Eserine sulfate (30 uM) was present
at all times except for the loading period. All chemicals
were obtained from commercial sources except for mus-
cimol and nipecotic acid which were gifts from Dr. S. J.
Enna (Department of Neurobiology and Anatomy, Uni-
versity of Texas Medical School at Houston) and TAG
which was a gift from Dr. G. Yarbrough (Merck Sharp
and Dohme Research Laboratories, West Point, PA). All
drugs were dissolved directly into the Krebs solution
except for bicuculline hydrochloride for which a stock
solution was prepared in 0.1 N HCI for dilution in Krebs
solution shortly before use (Olsen et al., 1975).

In some experiments, [PHJACh was separated from
[®H]Ch by the enzymatic method of Shea and Aprison
(1973) as adapted by Johnson and Pilar (1980), with
minor modifications. Briefly, 1-ml aliquots were taken
from each release fraction, acidified with 20 ul of 1 N HCI,
and frozen. Two stock solutions were prepared: (1) 100
mM MgCls, 100 mm ATP, and 10 mm dithiothreitol in 0.3
N Tris base and (2) choline kinase (Sigma C-7138), 0.1
unit/ml in Tris (pH 7.2). At a convenient time, the
samples were thawed and choline was phosphorylated by
the addition of 100 ul from each stock with incubation at
37°C for 10 min. The final pH of the reaction mixture
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Figure 1. A diagrammatic illustration of the rabbit eyecup preparation. After the contents of the
eye were removed, the retina was loaded with [*H]Ch (20 uCi) for 30 min with light stimulation at
3 Hz. The preparation was allowed to dark-adapt for 60 min during the washout phase and then
fractions were collected at 2-min intervals. Light stimulation (4 min, 3 Hz) was provided by a Grass
PS 22 photic stimulator (setting A). The ERG could be recorded via low impedance electrodes; a
normal ERG showed that the preparation was electrophysiologically functional at the beginning of

the experiment.
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was 8.6. The reaction was stopped by the addition of 4
ml of ice cold 0.1 N T'ris-HC] and ACh was extracted by
shaking with 2 ml of tetraphenylboron in acetonitrile (10
mg/ml) (Fonnum, 1969). Ten milliliters of a toluene-
based fluor were added directly to each vial and radio-
activity was estimated in a Searle Mark III liquid scin-
tillation counter. The crossover from Ch to ACh was
approximately 7% for which a correction was applied.

Results

Light stimulation at 3 Hz caused a prompt rise in the
efflux of total radioactivity from the rabbit eyecup
(evoked release/resting release (E/R) = 5.5). Analysis of
the perfusate revealed that essentially all of the light-
evoked release was due to an increase in the efflux of
[PHJACh (E/R = 11.0; Fig. 2). The release of [*H]Ch
(estimated by subtraction of [’H]ACh from total radio-
activity) accounted for roughly half of the basal efflux
but was unchanged by light stimulation (Fig. 2). These
results are in close agreement with previous work using
this preparation when ACh and Ch were separated by
high voltage paper electrophoresis (Massey and Neal,
1979). However, with the rapid perfusion system, we note
that ACh accounts for more of the basal efflux (50%
versus 20%) and the light-evoked release of ACh is much
greater (E/R of 11 versus 4.1) than in the previous report
when there was no superfusion and the stationary con-
tents of the eyecup were removed at 10-min intervals.
We surmise that continuous perfusion may improve the
condition of the retina or, alternatively, the rapid removal
of released ACh may prevent some form of feedback
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inhibition. This latter suggestion is consistent with the
effect of atropine which potentiates the release of ACh
from the rabbit retina and other cholinergic systems
(Hadhazy and Szerb, 1977; Massey and Redburn, 1980).

In view of the above results, the perfusate analysis was
not carried out in most experiments, but, rather, incre-
ments in the efflux of total radioactivity were taken to be
indicative of ACh release which was quantified by the
integration of the light-evoked peaks. However, it is
important to note that the E/R values for ACh may be
approximately double those shown for total radioactivity.

Exposure of the retina to GABA (1 mM) caused a
marked depression in the light-evoked release of ACh
(Fig. 3) with a small, but reproducible, drop in the resting
release rate. This was accompanied by an increase in the
amplitude of the B wave of the ERG as also reported by
Starr (1975). The GABA antagonists bicuculline (5 um)
and picrotoxin (20 um) caused a striking increase in the
resting release rate of ACh, but the efflux of [’H]Ch was
not affected: light stimulation in the presence of either
GABA antagonist caused a further large increase in ACh
release. Picrotoxin also depressed the B wave, but, par-
adoxically, bicuculline did not alter the ERG, possibly
reflecting some difference in their mechanism of action.
In contrast to the GABA antagonists, 5 uM strychnine
had no effect on the resting or light-evoked release of
ACh. Under these conditions, the cholinergic neurons do
not appear to receive an inhibitory glycinergic input.

If the increased ACh release produced by bicuculline
in the absence of light stimulation results from neuronal
stimulus—secretion coupling, it also should be Ca?* de-
pendent; Figure 4 shows that this criterion is satisfied.
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Figure 2. Analysis of the light-evoked release of radioactivity from the rabbit retina. The asterisks indicate light stimulation
at 3 Hz for 4 min. A, A portion of each sample was counted directly, giving the light-evoked release of total radioactivity (Ch and
ACh). The dashed line is an estimate of [°H]Ch release obtained by subtracting [’H]JACh release from the total (i.e., A-B). The
release of Ch was not influenced by light. B, The light-evoked release of [°H]JACh from the rabbit retina obtained after an
enzyme-based separation of Ch and ACh (see text). A comparison of A and B indicates that essentially all of the light-evoked
release consists of ACh. C, Light-evoked/resting release ratio (E/R) for total radioactivity and [’HJACh under normal conditions
and in the presence of picrotoxin. Each bar is the mean of four experiments; standard errors were less than 12%.
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Figure 3. The effect of GABA (1 mM) and bicuculline (5 M) on the light-evoked release of ACh. The asterisks indicate light
stimulation for 4 min at 3 Hz. The light-evoked release of ACh was inhibited by GABA but clearly enhanced by bicuculline. A
similar result was seen when bicuculline was replaced with picrotoxin (20 uM). The peak immediately after the addition of
bicuculline represents a change in the spontaneous release which we ascribe to GABA disinhibition.
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Figure 4. The bicuculline-evoked release of ACh is calcium dependent. The asterisks indicate light stimulation for 4 min at 3
Hz. The first half of the figure shows that, in low Ca’*/high Mg”* Krebs solution, the resting release fell by approximately 50%
and the light-evoked release of ACh was abolished. On return to normal Krebs solution, a control response was obtained. When
5 uM bicuculline was applied during perfusion with low Ca®*/high Mg** Krebs solution, there was no change in basal efflux even
with light stimulation. On return to normal Krebs solution, another control response was obtained and then bicuculline caused a
large increase in the resting release rate and clearly potentiated the light-evoked response. A similar result was seen when

bicuculline was replaced with picrotoxin (20 um).

The effects of both bicuculline and light stimulation were
abolished during perfusion with low Ca®*/high Mg
Krebs solution. However, on return to normal medium,
the usual effects of light stimulation and bicuculline were
observed on spontaneous and light-evoked release.

We also examined the effects of the GABA agonist
muscimol. This drug was extremely effective (approxi-
mately 2000 times more potent than GABA) and caused
a 90% inhibition of light-evoked ACh release at a concen-
tration of 1 um (Fig. 5). This action was reversible,
although recovery was prolonged. In contrast to GABA,
muscimol had little effect on the ERG. Muscimol also

caused a substantial drop in the basal efflux of radioac-
tivity which perfusate analysis showed was due to the
abolition of resting ACh release. In agreement with our
estimate from Figure 2 and the effect of low Ca®*/high
Mg?* Krebs solution, this shows that approximately 50%
of the resting release of total radioactivity is due to ACh.

The potency of muscimol suggested a way to test the
pharmacological specificity of the GABA antagonists.
Therefore, bicuculline and picrotoxin were applied to the
eyecup in 4-min pulses in the presence of muscimol (2 or
5 uMm) (Fig. 6). The bicuculline-evoked release of ACh was
blocked by muscimol, but picrotoxin was still effective
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Figure 5. The effect of muscimol on the light-evoked release of ACh. The asterisks
indicate light stimulation for 4 min at 3 Hz. Muscimol (1 uM) caused a 50% drop in
the resting release rate and strongly inhibited the light-evoked release of ACh;

recovery was prolonged.

when applied at a concentration of 20 um which was
shown to be submaximal (Fig. 6). This result suggests a
common site of action for bicuculline and muscimol but
a separate site for picrotoxin. Recovery of the light-
evoked release was prolonged due to the higher concen-
tration of muscimol, but this was reversed rapidly on
control application of bicuculline which elicited the nor-
mal response.

We postulated that the relatively high dose of GABA
required to inhibit ACh release, when compared to the
efficacy of muscimol, might be explained by the presence
of neuronal and glial GABA uptake systems which would
decrease the local concentration of GABA but only trans-
port muscimol poorly. Nipecotic acid (1 mM), a substance
known to block GABA transport without activating the
GABA receptor, inhibited the light-evoked release of
ACh (Fig. 7) and decreased the basal efflux in a way
similar to the depression seen with GABA or muscimol.
However, close examination reveals several differences:
(1) inhibition of light-evoked release was slow in onset;
(2) the decline in basal efflux was gradual, especially
compared with the rapid drop seen with muscimol; and
(3) the recovery was rapid. We suggest these effects may
be attributed to the slow accumulation of extracellular
GABA caused by a block of GABA transport. Further-
more, and in contrast to muscimol, nipecotic acid also
mimics the effect of GABA on the ERG but, again, with

a slow onset and rapid recovery consistent with the above
interpretation.

Discussion

Our major findings may be summarized as follows.

(1) These experiments clearly demonstrate a GABA-
mediated inhibition of the cholinergic neurons in the
rabbit inner retina. However, we are unable to specify
the underlying connections by this technique since we
have no evidence that GABA impinges directly on the
cholinergic amacrine cells, although this would -provide
a simple explanation for our observations.

(2) GABA uptake systems may play an important role
in retinal function based on the observations that: (a)
the extreme potency of muscimol, as compared to GABA,
appears to be due, at least in part, to its relatively poor
affinity for the GABA transport site and (b) nipecotic
acid alone produced a gradual inhibition of ACh release.

(3) The stimulation of basal efflux elicited by bicucul-
line and picrotoxin, which we ascribe to GABA disinhi-
bition, indicates that the cholinergic amacrine cells re-
ceive a continuous or tonic GABA input. We stress,
however, that these interpretations are critically depend-
ent on the pharmacological specificity of the compounds
employed, which merits careful consideration.

Specificity of GABA-mimetic drugs. By the criteria of
neuronal inhibition (Krogsgaard-Larsen et al., 1978) or
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Figure 6. Muscimol blocks the effects of bicuculline but not picrotoxin. The asterisks indicate
light stimulation for 4 min at 3 Hz. Muscimol (2 um) caused a pronounced drop in the basal
efflux and almost abolished the light-evoked release of ACh. During the muscimol perfusion, a
4-min pulse of bicuculline (5 uM) had practically no effect, but a 4-min pulse of picrotoxin
(20 uMm) caused a large increase in release rate. After removing the muscimol, the light-evoked
responses were small and recovery was slow. A control application of bicuculline caused the
normal large increase in resting release and strongly potentiated the light-evoked release of ACh.
This experiment shows that muscimol can be used to differentiate between bicuculline and

picrotoxin.
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Figure 7. The effect of nipecotic acid on the light-evoked
release of ACh. The asterisks indicate light stimulation for 4
min at 3 Hz. Nipecotic acid ( 1 mM) caused a slow depression in
basal efflux and inhibited the light-evoked release of ACh. In
contrast to GABA or muscimol, the recovery on washout was
prompt.

ligand binding studies with GABA and bicuculline (John-
ston, 1978), the isoxazole, muscimol, is a potent and
specific GABA agonist at bicuculline-sensitive, strych-
nine-insensitive receptors, although there may be some
additional binding sites (DeFeudis, 1980). It is a weak
inhibitor of GABA uptake (Johnston et al., 1978) and is
poorly accumulated by neurons in the retina (Yazulla
and Brecha, 1980; Pourcho, 1981). Muscimol (IC5 < 1
uM) is at least 1000 times more potent than GABA (ICs
=~ 1 mm) for the inhibition of light-evoked ACh release,
which is in marked contrast to the dose ratio of approx-
imately 5 reported for the depression of cortical neurons
(Krogsgaard-Larsen et al., 1977) or displacement of re-
ceptor binding in rat or rabbit retinal membrane prepa-
rations (Enna and Snyder, 1976; Redburn et al., 1979;
Redburn and Mitchell, 1981). Preferential and rapid
GABA transport by the avid glial and neuronal uptake
systems present in the rabbit retina (Ehinger, 1977), for
which muscimol is a poor substrate, may be responsible
for this apparent discrepancy, especially if there are
transport sites close to the region of the synapse to
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reduce the local extracellular GABA concentration. If
the efficacy of poorly transported muscimol can be po-
tentiated by blocking the GABA transport system, as has
been reported previously (Lodge et al., 1978), then the
effect of the transport system on GABA levels must be
proportionately much greater and probably has a pro-
nounced influence on retinal functions.

It is surprising that the B wave of the ERG should be
enhanced by an inhibitory transmitter such as GABA,
although this has been reported previously (Starr, 1975).
The B-wave probably results from depolarizing bipolar
cell-generated K™ fluxes in the distal retina (Dick and
Miller, 1978), which may be increased by GABA as shown
for the K™ efflux in neuronal cell cultures (Hosli et al.,
1981). However, the inhibition of the B wave by picro-
toxin, a compound thought to act on the chloride iono-
phore (Ticku and Olsen, 1977), as opposed to the ineffec-
tive receptor-acting bicuculline, may indicate an effect
on chloride-dependent depolarizing bipolar cells.

The effects of nipecotic acid may be interpreted in
several different ways, but it seems unlikely that a direct
action on the GABA receptor is responsible since the
1Cso for nipecotic acid is greater than 1 mM in GABA
binding studies (Krogsgaard-Larsen et al., 1978; Lester
and Peck, 1979) and 5 mMm nipecotic acid had no direct
effect on crayfish stretch receptor neurons (Krause et al,,
1981). However, nipecotic acid effectively blocks GABA
transport and the gradual inhibition of light-evoked ACh
release probably is due to the slow accumulation of
extracellular GABA. This would be consistent with the
GABA-mimetic action of nipecotic acid on the ERG.
When nipecotic acid is removed, a rapid clearance of
GABA should cause a prompt recovery as seen in these
experiments. This again indicates the probable impor-
tance of the GABA uptake system and appears to be
consistent with a tonic GABA release. However, this
latter notion is complicated by the fact that nipecotic
acid itself may cause GABA release by heteroexchange
(Johnston et al., 1976a, b). We also note that nipecotic
acid has some properties as a glycine receptor antagonist
(Krogsgaard-Larsen et al., 1975); however, since blockade
of inhibitory glycine input should lead to increased ACh
release, as opposed to the slow decrease observed in these
experiments, this further implies that the cholinergic
neurons receive an inhibitory input from GABAergic,
rather than glycinergic, cells.

Specificity of GABA antagonists. Receptor binding
studies show that bicuculline, GABA, and muscimol will
displace each other (Mohler and Okada, 1977; Andrews
and Johnston, 1979) but not dihydropicrotoxinin (Olsen
et al., 1978). This suggests that bicuculline binds to the
GABA receptor, while picrotoxin acts at an independent
site (Simmonds, 1980), such as the GABA-activated chlo-
ride ionophore (Ticku and Olsen, 1977). Although active
at different sites, both compounds block the postsynaptic
effects of GABA (Krnjevic, 1974; Johnston, 1978), and in
conjunction with strychnine, they may be used effectively
to differentiate between GABA and glycine input
(Homma and Rovainen, 1978; Blume et al., 1981) but
only at low concentrations. In the mud puppy retina,
bicuculline and picrotozin selectively antagonize GABA
at 10~* M or less, while strychnine, at 107° M or less blocks
glycine but not GABA (Miller et al.,, 1981a). Similar
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results in the frog retina were reported by Mooney (1978)
using concentrations of 10~° gm/ml (20 uM for N-methyl
bicuculline and 30 um for strychnine), and since the
concentrations used in these experiments are consider-
ably lower than either of the above examples, the GABA/
glycine dichotomy should be clear.

The specificity of bicuculline and picrotoxin in our
experiments also must be examined in light of reports
describing multiple actions for these compounds. For
instance, the effects of serotonin on both central and
peripheral neurons can be blocked by picrotoxin but not
bicuculline (Segal 1976; Simonds and DeGroat, 1980),
although, in one report, both antagonists were partially
effective (Mayer and Straughan, 1981). Bicuculline also
can antagonize the effects of taurine (Curtis et al., 1971)
and it has some anticholinesterase activity (Ki = 65 um)
(Svenneby and Roberts, 1973; Miller and McLennan,
1974). However, neither of these factors is likely to con-
tribute to our results since taurine apparently acts at
strychnine-sensitive receptors in the retina (Bonaventure
et al., 1974; Cunningham and Miller, 1980) and our ex-
periments were performed routinely in eserinized Krebs
solution. Finally, there remains the possibility that the
excitatory effects of bicuculline and picrotoxin arise from
some direct or “nonspecific” effects (Krnjevic, 1974; Col-
lins and Hill, 1974), but these probably were due to the
instability of bicuculline (Olsen et al., 1975) or high
iontophoretic ejection rates. Using dissociated cell cul-
tures of mouse neurons, Heyer et al. (1981) showed that
bicuculline could prolong calcium-dependent action po-
tentials and produce direct, nonsynaptic depolarizations
at concentrations up to 200 um. However, the threshold
dose was approximately 5 um and these direct actions are
not likely to be significant in our experiments.

In summary, we suggest that bicuculline and picrotoxin
exert their effects on ACh release from the rabbit retina
purely by the blockage of endogenous GABA. We come
to this conclusion for the following reasons: (1) the amino
acid antagonists were used at low concentrations, widely
reported to be selective for GABA. (2) The picrotoxin/
bicuculline-evoked release of radioactivity was identified
as ACh, whereas the Ch efflux was unchanged and no
other metabolites were detected. (3) The picrotoxin/
bicuculline-evoked release was absolutely calcium de-
pendent, indicating a neuronal origin for this component.
(4) Muscimol, a potent GABA agonist, blocked the stim-
ulating effects of bicuculline, indicating an action at
GABA receptors. Picrotoxin was not blocked by musci-
mol, consistent with the idea that the picrotoxin acts at
a different site independent from the GABA receptor.
(5) Strychnine and TAG, a putative taurine antagonist
(Yarbrough et al., 1981), had no effect on ACh release.

Evidence for the tonic release of GABA. The bicucul-
line/picrotoxin-evoked release of ACh strongly suggests
a dark, tonic, or resting release of GABA, which is con-
sistent with the slow effect of nipecotic acid. If hyperpo-
larizing bipolar cells are predominantly active in the dark
(Miller, 1979), this tonic release may indicate that some
GABA-releasing amacrine cells receive input from hy-
perpolarizing bipolar cells. A tonic release of GABA also
has been suggested by Miller et al. (1981a, b) based on
their intracellular recordings from the mud puppy retina.
Since only GABA-sensitive neurons were affected, they
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ascribe the excitatory action of bicuculline/picrotoxin to
a blockade of tonically released GABA, as opposed to
nonspecific, direct excitation. They also noted that cells
from the ON pathway were inhibited predominantly by
GABA. This is consistent with the suggestion that many
cholinergic amacrine cells receive ON input (Massey et
al., 1981). Dopamine turnover and the activation of ty-
rosine hydroxylase also were enhanced by bicuculline
and picrotoxin (Kamp and Morgan, 1981; Marshburn and
Tuvone, 1981). Together, these observations suggest that
the inner retina is under the continuous inhibitory influ-
ence of GABA.

Localization of GABA pathways. Although these ex-
periments do not identify the site of GABA input, it is
interesting to consider the possible synaptic arrange-
ments. A pathway such as cholinergic amacrine cells
feeding forward to GABAergic amacrine cells with a
subsequent negative feedback may be ruled out since
cholinergic antagonists do not change the resting release
of ACh, nor do they alter the effects of GABA antagonists
(Massey and Redburn, 1980). An intermediate amacrine
cell between GABAergic and cholinergic amacrine cells
also seems improbable because strychnine, dopamine,
serotonin, and a large variety of peptides had no effect
on ACh release (S. C. Massey and D. A. Redburn, un-
published observations; Cunningham and Neal, 1981),
although, of course, a novel transmitter could be em-
ployed.

The two major synaptic alternatives appear to be
direct inhibition of either the cholinergic amacrine cells
or their presumed bipolar cell inputs. Amacrine and
bipolar cells are inhibited directly by GABA in the mud
puppy retina (Miller et al., 1981a, b) and electron micro-
scopic analysis of immunocytochemically stained tissue
revealed that GABAergic amacrine cells contact both
cell types in rabbit (Brandon et al., 1980) and rat retinas
(Vaughn et al., 1981). GABAergic amacrine cells of sev-
eral morphological varieties are widespread throughout
the inner plexiform layer of mammalian retinas (Berger
et al.,, 1977; Brandon et al., 1979, 1980; Pourcho, 1980,
1981), and it seems probably that activation of either site
by exogenously applied GABA would effectively reduce
ACh release. A suggestion of direct GABA input may be
gleaned from the location of muscimol binding sites
which are widespread in the inner plexiform layer of
chick retina but are maximal in sublaminas 2 and 4
(Yazulla and Brecha, 1981), coincident with the location
of cholinergic terminals (Baughman and Bader, 1977).
We also note that dopaminergic cells in the rat retina
appear to receive a direct inhibitory GABA input
(Marshburn and Iuvone, 1981). The paucity of GA-
BAergic synapses upon ganglion cell dendrites in the
rabbit retina (Brandon et al., 1980) raises the interesting
possibility that the excitatory effects of picrotoxin on
ganglion cells (Ariel and Daw, 1978) may be mediated, at
least in part, by enhanced ACh release. However, these
speculations may best be answered by some form of
double label analysis.
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