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Abstract

The role of GABA in the outer plexiform layer of the turtle retina has been examined by intracellular
recordings from L- and C-type horizontal cells in the isolated retina preparation.

GABA (1-5 mM) slightly depolarized the L-type horizontal cells, reduced the amplitude of their
photoresponses, and slowed down the rate of hyperpolarization during the ON component of the
photoresponse. These effects could not be replicated by either muscimol or baclofen. When synaptic
transmission from the photoreceptors had been blocked by either kynurenic acid or cobalt ions, GABA
depolarized L-type horizontal cells and augmented the remaining photoresponses. Neither muscimol nor
baclofen exerted any effect on L-type horizontal cells under these conditions. Nipecotic acid, a competitive
inhibitor of the GABA-uptake system, induced effects on turtle L-type horizontal cells which were similar to
those exerted by GABA. Thus, the complex GABA effect on turtle L-type horizontal cells seems to represent
the summation of at least two actions; an indirect one mediated by the red cones via GABAatype receptors
and a direct one which probably reflects the activation of an electrogenic GABA-uptake system.

GABA (1-5 mM) induced a transient depolarization in C-type horizontal cells but eliminated color
opponency in only three cells out of seven studied. This observation is inconsistent with the notion that the
only neural mechanism responsible for the chromatic properties of C-type horizontal cells in the turtle retina

is a GABAergic negative feedback from the L-type horizontal cells onto the green ones.
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Introduction

Information processing in the vertebrate visual system is based
upon extensive neural interactions. At the first stage of the vi-
sual pathway, the photoreceptors and the horizontal cells form
a neural network which has provided a simple explanation for
the genesis of color-opponent photoresponses in chromaticity-
type horizontal cells in the turtle (Fuortes & Simon, 1974) and
in the fish retinas (Burkhardt, 1977; Burkhardt & Hassin, 1983).
According to this model, red cones directly excite L-type hori-
zontal cells while green cones directly excite R/G C-type hori-
zontal cells. The L-type horizontal cells provide negative
feedback onto both red and green cones (Baylor et al., 1971;
O’Bryan, 1973; Fuortes & Simon, 1974; Piccolino et al., 1980).
Thus, in the R/G C-type horizontal cell, green stimuli evoke hy-
perpolarizing responses via direct green-cone excitation while
the depolarizing red responses are mediated by the negative-
feedback pathway from L-type horizontal cells onto the green
cones.
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A number of observations argue against the negative-
feedback model as being solely responsible for color opponency
in C-type horizontal cells. Green cones would be expected to
manifest the same color opponency as C-type horizontal cells,
especially considering the tight coupling between the cone cell
body, where intracellular recordings are probably made, and its
pedicle, where the negative feedback action is exerted (Lasater
et al., 1989). However, while C-type horizontal cells manifest
prominent depolarizing responses to red light stimuli (Fuortes
& Simon, 1974; Kato, 1979; Burkhardt & Hassin, 1983; Gottes-
man & Burkhardt, 1987), green cones usually exhibit hyperpo-
larizing responses (Baylor & Hodgkin, 1973; Burkhardt, 1977
Burkhardt & Hassin, 1983; Kaneko & Tachibana, 1985) and
show depolarizing ones only under restricted spatial and color
conditions (Baylor et al., 1971; O’Bryan, 1973). Furthermore,
in some species, negative feedback onto cones cannot be dem-
onstrated physiologically yet color opponency is observed in the
horizontal cells (Burkhardt & Hassin, 1978). These considera-
tions suggest that while the negative-feedback model may par-
tially account for color opponency of C-type horizontal cells,
other neural mechanisms, possibly of a feedforward nature,
may also be involved (Burkhardt & Hassin, 1978).

Gamma-aminobutyric acid (GABA) has been suggested as



470

the synaptic neurotransmitter which mediates horizontal or

tion Tht h €XPer™ental 6VidenCe has suPP°rted this sugges-

GABA by a hiehTtr CeIS ~ bee" shown t0 accumulate
cen% ragl?]n gf tLe enzyme bﬁ%’?ﬁ%@é‘?g‘ de%%’}%"ﬁé‘n%sré'?&f&%‘)
6) In the

and to release GABA when depolarized éYazuIIa 198
isolated fish relina, GABA hyperpolartaed g r and c» e

horizontal cells and eliminated color opponency ofC-type ho"

1978 awle& DD k>1979; Negishi & Druja
g J\/Tlng, 1980 ura?(amll et al., %55‘3 b) Re{:ent

«ud,es on isolated turtle cones i, cultnre demonst'a“d

Kaheko, 1984, TKaneko &f Fdéhibana, 1986icle .7 h'h™ > 4

tal PearS t0 Pr° duCe effects on ~tinal horjzon-
| cells which cannot e attributed to Its role as 31 1J1 dl)ac
neurotransm'tter. the retinas of the nectums

%8@39 gﬁgﬁ rhas bee#lg?é}t}ngntd %%%B grlﬁrg]%]g %r %%‘H?af‘c\glg”
donth@ 1OeN ’"B’Hziats‘éd& tﬂéhﬁ‘ho ore e Ee;" & o etV I

N

horizontal ce T irrdlletTfeacdlTGABANh°f SbABA “

§(%t ,\16\8){"5 b”\?clﬂ %F@%’tﬁ@&%‘iiiﬁ"tﬁht% electrogenic ,(\Z-AﬁA‘

oTetZet' A
electrogenlc GABA uptake systems to the -il;orlzontal ceﬁaﬂ

membrane potential has also been demonstrated in the carp ret
ina (Kamermans, 1989). In the turtle eyecup, GABA has been

caT tveen adjir ent horizon-

nvolving dopaminergic pathways (Piccolino et al,, 1987) How
ver, desp.te the presence of n.gative-feedback p thways r,,,"*

gtrated IEr)flt?g/smloglcahy (Bargllor et al., 1971; O’QF}?Qnde%%-

Ini th*s study, we examined the role of GABA in the outer
plexiform layer of the isolated turtle retina (Perlman et al
t0 Fend

8ABA agonlsts and anta rﬁgtesdﬂgdglrt%%r%l %trllcs)r\‘/vherea?f“ e
tic transmission was unaltered and after it had been blocked
CObalt 10ns or kynurenic acid. Under norma, synaptic

ransmission, GABA produced a transient depolarization of C
ype horizontal cells but did not abolish thechro ™ proL”

r ,ed- Thus’
enesis color > natuthe rpal){ also, be involved in the
aene5|s of color opponency In the turtle retina.
but steadv d en T tal CdIS’ CXP0Sed t0 ° ABA exhibited 3 flight
nent of fh  h anzatlon’Profo™d slowing of the ON compo-
The e Gaba €fr r 150" ,? " “ *redUCti°n in thdr amPIitude

e ™
or baclofen I‘Jnderfcona'ltlons Where {(f\'g}]egmqgs%trp%rf chemlcal

synapses was minimized, GABA, but not muscimol nor baclo
L"tyP£ hori20ntal cell and augmented the

rema hZed ~
W S baiprr n” sHHow ver- niKco,ic * ¢ mPet”
by GABA slmiiar,h°“ 7 «lI

These observations are consistent with the notion that
GABA may modulate the horizontal cell physiology in the turtle

/. Perlman and R.A. Normann

retina via at least two mechanisms. One may represent an in
irect action mediated by the cones and activated by GABA
ype receptors in the cone plasma membrane. A second pathway

m.olyes a dtrect action of GABA on the horizon,aTcelk .hfch

8eated I L-type HotfborparRifisABA-uptake mechanism

Methods

The isolated turtle retina preparation

The preparation of the inverted, isolated turtle retina has been
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tion to prevent changes in osmolality. All of the drugs except
baclofen were purchased from Sigma (St. Louis, MO). Baclo-
fen was kindly supplied to us by Ciba-Geigy.

Photostimulation and recording system
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izontal cells. After a successful impalement of a horizontal cell,
the intensity-response relationship was measured with light
stimuli of different intensities. The superfusion was then switched
from the “normal” solution to the experimental one. When a
“steady-state” effect was achieved, an intensity-response series
was recorded before returning to superfusion with “normal”
solution.

Intracellular recordings from horizontal cells were achieved
with microelectrodes pulled on a modified Livingston electrode
puller. When filled with 3 M potassium acetate solution, the mi-
croelectrodes had resistances of about 200 Mfi. The membrane
potential was continuously monitored on an oscilloscope screen
and on a Gould paper recorder and recorded on an FM tape re-
corder. The data were digitized after the experiment with a
small computer system for analysis and plotting of the data.

Results

We have studied the effects of GABA, its agonists, and antag-
onists in the isolated turtle retina. In order to separate indirect
from direct actions of these agents, we performed the experi-
ments when synaptic transmission was intact and after it had
been blocked pharmacologically.

Intact synaptic transmission

The effects of 5 MM GABA on an L-type and a C-type horizon-
tal cell in the isolated turtle retina are shown in Fig. 1A and B,
respectively. GABA produced a slight depolarization of the L-
type horizontal cell which was accompanied by a reduction in
the photoresponse amplitude (Fig. 1A). The most striking ef-
fect of GABA was on the Kinetics of the responses; the rate of
hyperpolarization during the “ON” phase was substantially re-
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duced while the depolarization during the “OFF” phase was vir-
tually unaffected. After returning to “normal” solution, the cell
recovered to its pre-exposure condition at a very slow rate sug-
gesting that 5 mM GABA provided an exposure well above
threshold. All 21 L-type horizontal cells studied during super-
fusion with 5 mM GABA exhibited effects similar to those
shown in Fig. 1A but to a variable extent: the degree of depo-
larization varied from 0-15 mV. However, in every cell, GABA
reduced the amplitude of the photoresponse and produced a
characteristic slowing of its Kkinetics.

Figure 1B shows the effects of 5 mM GABA on a C-type
horizontal cell. The chromatic properties of the cell were mon-
itored by applying alternatingly a pair of 514-nm stimuli, which
elicited hyperpolarizing responses and a pair of 694-nm stimuli
which evoked depolarizing responses. About 30 s after the su-
perfusion with GABA solution was initiated (the time required
for the test solution to reach the retina), a depolarizing wave of
about 20 mV was observed. During this phase of the GABA ef-
fect, the depolarizing response to red-light stimulation reversed
in polarity and became a hyperpolarizing one. These GABA ef-
fects were transient; despite continual exposure to the drug, the
cell hyperpolarized to a level which was slightly (about 5 mV)
more negative than the resting potential measured under con-
trol conditions and color opponency recovered. The responses
during this phase were smaller in amplitude compared to those
recorded under control conditions and exhibited slower Kinetics.
GABA always produced a transient depolarization in C-type
horizontal cells (N = 7), but its effect on color opponency var-
ied. In four of the seven cells studied, color opponency was
maintained in the presence of GABA, although the amplitude
of the responses to any wavelength was reduced. In the other
three cells, hyperpolarizing responses were recorded to light
stimuli of all wavelengths.

L—

Fig. 1. The effects of 5 mM GABA on an L-type horizontal cell (A) and a C-type horizontal cell (B) in the inverted isolated
turtle retina. The photoresponses of the L-type horizontal cell were elicited with bright red (633 nm) light stimuli. The C-type
cell was stimulated alternatingly with two red (694 nm) stimuli and two green (514 nm) ones which elicit photoresponses of
opposite polarity (upward and downward deflections, respectively). To examine the entire dynamic range of the cell,
intensity-response series were recorded periodically throughout the experiment using red- or green-light stimuli. Calibration bars:
vertical = 20 mV (for A) and 10 mV (for B); horizontal = 1 min.



472

The effects of GABA on the horizontal cells in the turtle iso-
lated retina (Fig. 1) are difficult to reconcile with its single ac-
tion in the horizontal cell to cone feedback pathway. It is
possible that GABA exerts additional effects, unrelated to syn-
aptic transmission. We, therefore, examined the action of
GABA agonists and antagonists on the L-type horizontal cells
These drugs should be less affected by cellular uptake mecha-
nisms and therefore, they should have a more specific action on
postsynaptic receptors. Figure 2 shows the effects of 0.1 mM
muscimol (upper trace), 1mM GABA (middle trace), and 0.1
mM bicuculline (lower trace) on an L-type horizontal cell. The
data in Fig. 2 represent a continuous recording from a single cell
but were separated into three parts for clarity. For each drug
intensity-response series were recorded before, during, and af-
ter its application. Figure 3 shows these responses on a faster
time scale in order to allow a more accurate examination of the
effects of the different drugs on the kinetics of the photore-
sponses. Muscimol, a specific GABAa agonist, produced a
slight hyperpolarization (about 8 mV) of the horizontal cell and
a reduction in the response amplitude (Fig. 2, upper trace). The
responses shown in Fig. 3B are of lower amplitude but exhibit
normal kinetics as compared to those recorded under “normal”
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discussed, GABA also induced a profound slowing down of the
“ON” phase of the photoresponses as shown in Fig. 3C. The
GABAa, antagonist, bicuculline, depolarized the horizontal
cell by about 10 mV and augmented its photoresponses (Fig. 2,
lower trace). The photoresponses recorded during bicuculline
application exhibited normal Kinetics and sometimes even slight
speeding up of the “ON” phase especially in the responses
evoked by bright stimuli (Fig. 3D).

GABA and muscimol induced different effects on L-type
horizontal cells (Figs. 2 and 3). The effect of bicuculline was op-
posite to that of muscimol but not to that of GABA. It is clear
from these figures that the action of GABA on L-type horizon-
tal cells is not mediated exclusively by GABAa-type receptors.
An additional pathway must exist in the turtle retina to account
for the effects observed. This additional pathway may be me-
diated by GABAb-type receptors. In order to examine this pos-
sibility, we superfused the retina with 1 mM baclofen solution
Figure 4 shows the effects of 1mM GABA and 1 mM baclofen
on an L-type horizontal cell. Although GABA exerted its typical
effect, baclofen, a specific GABADb agonist had no measurable
effects on the cell. Thus, the difference between GABA action
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Fig. 3. The photoresponses recorded during the intensity-response series of Fig. 2 are shown on a faster time scale to empha-
size the effects of the different drugs on response kinetics. The light stimuli used to elicit each set of photoresponses were of
500-ms duration and their intensity was incremented by approximately 0.5 log units steps between successive stimuli. The photo-
responses were traced with d.c. fidelity, namely, relative to the dark-resting potential recorded under control (superfusion with
“normal” solution) conditions. Calibration bars: vertical = 20 mV; horizontal = 200 ms.
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Fig. 4. The effects of 1 mM GABA (upper trace) and 1 mM baclofen (lower trace) on an L-type horizontal cell in the isolated
turtle retina. While GABA slightly depolarized the cell, reduced the amplitude of the photoresponses, and slowed down the re-
sponse kinetics, baclofen had virtually no effect on the physiology of the horizontal cell. Calibration bars: vertical = 30 mV;

horizontal = 1 min.

sure to 0.5 mM kynurenic-acid solution (B). Cobalt ions and
kynurenic acid induced similar effects on L-type horizontal
cells; they hyperpolarized the cells and reduced the amplitude
of their photoresponses. The cobalt solution used in this study
was more potent than the kynurenic-acid solution as reflected
in the virtually complete elimination of light-evoked responses
in the presence of cobalt. During kynurenic-acid superfusion,
measurable photoresponses could be elicited with bright stim-
uli but these manifested a pronounced overshoot at stimulus

offset which was followed by a very slow recovery to the dark-
resting potential. Since cobalt ions proved to be toxic to the iso-
lated turtle retina and recovery from their effects was usually
incomplete, we mostly used kynurenic acid to reduce the input
from cones to horizontal cells. When GABA was added to the
superfusion solution after “steady-state” effects with either kyn-
urenic acid or cobalt ions had been achieved, a depolarization
was observed accompanied by an increase in the amplitude of
the photoresponses (Fig. 5A and 5B). These effects of GABA
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Fig. 5. The effects of GABA on L-type horizontal cells in the isolated turtle retina after blocking synaptic input to the cell by
either 1 mM cobalt chloride (A) or 0.5 mM kynurenic acid (B). Both drugs produced hyperpolarization of the horizontal cell
and substantial reduction of photoresponse amplitude indicating a significant reduction in the cones input to the cell. GABA,
applied after blocking the synaptic input to the horizontal cell, depolarized the cell and augmented the remaining photoresponses.

Calibration bars: vertical = 30 mV; horizontal = 1 min.

could reflect a simple binding between GABA and the kyn-
urenic acid or cobalt ions which would reduce the effective con-
centration of the blocking agent. However, two lines of
evidence argue against this notion. The rate of depolarization
seen when GABA was added was usually faster than that seen
after switching the superfusion back to “normal” solution. Fur-
thermore, the growth in the response amplitude did not balance
the degree of depolarization; namely, the absolute potential
level achieved in response to a very bright light stimulus was re-
duced. During the return to “normal” superfusion, the growth
in response amplitude roughly paralleled the degree of depolar-
ization. The findings shown in Fig. 5 indicate a possible direct
action of GABA on L-type horizontal cells in the turtle retina.

In order to identify whether this direct effect of GABA on
horizontal cells was mediated by GABAaor GABADb receptors,
we conducted experiments similar to that shown in Fig. 5 except
that muscimol or baclofen were added to the kynurenic-acid so-
lution. The results of such an experiment are shown in Fig. 6.
Superfusion with 0.5 mM kynurenic acid solution produced a
fast hyperpolarization and almost complete elimination of the
photoresponse. Adding either 1 mM baclofen (A) or 0.1 mM
muscimol (B) to the superfusate did not produce a significant
change in horizontal cell membrane potential or light-evoked re-
sponses. It should be noted that we also used 0.5 mM muscimol
but no change in the kynurenic-acid effects was observed. These
observations suggest than the direct effect of GABA on the hor-
izontal cells was not mediated by either GABAa or GABADb
receptors.

Figure 7 shows the effects of 1 mM GABA and of 5 mM
nipecotic acid on an L-type horizontal cell which has been al-
most completely isolated from its photoreceptors’ input by 1

mM kynurenic-acid solution. Both drugs produced qualitatively
similar effects; a slight depolarization (about 8 mV) and aug-
mentation of the photoresponses. It should be noted that the ef-
fects of GABA and nipecotic acid under these conditions vary
in the time course of development of the effect, while GABA
induced a gradual depolarization which reached a steady state.
The effect of nipecotic acid developed faster but was more tran-
sient in nature. Results, similar to those shown in Fig. 7, have
been obtained in five L-type horizontal cells. Thus, nipecotic
acid, which is a substrate of GABA-uptake system, may mimic
the GABA effects on turtle L-type horizontal cells.

Discussion

GABA is considered to play a dual role in the outer plexiform
layer of the vertebrate retina. It indirectly affects the degree of
cellular coupling in the horizontal cell network (Piccolino et al.,
1982; Normann et al., 1988) by modifying the activity of dopa-
minergic neurons in the inner retinal layers (Piccolino et al.,
1987), and it has been proposed to mediate the negative-
feedback pathway from the L-type horizontal cells back onto
the red and green cones (Lam et al., 1978; Marc et al., 1978;
Tachibana & Kaneko, 1984; Kaneko & Tachibana, 1986). The
goal of this study was to test the role of GABA as the inhibi-
tory horizontal cell to cone neurotransmitter in the turtle ret-
ina. Therefore, full-field light stimuli which produced diffuse
retinal illumination were used to monitor the action of GABA
and its analogues on the horizontal cells. With this mode of
photostimulation, changes in cellular coupling, induced by the
test drugs, have negligible effects on horizontal cell physiology
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inas (Yang & Wu, 1989) but differ from those described in fish
retina (Djamgoz & Ruddock, 1979; Negishi & Drujan, 1979;
Wu & Dowling, 1980; Murakami et al., 1982a,6).

We have tested the possibility that the complex GABA effect
on turtle L-type horizontal cells reflects the combined action
of multiple pathways involving different types of GABA recep-
tors. This goal was achieved by exposing the retina to specific
GABA agonists and antagonists. Muscimol, a GABAa agonist,
produced effects in L-type horizontal cells which differed from
those exerted by GABA but satisfied the predictions for the
inhibitory feedback transmitter. Bicuculline, a GABAa antag-
onist, exerted effects opposite to those seen with muscimol
(Figs. 2 and 3). Baclofen, a GABAb agonist, produced no ap-
parent action on turtle L-type horizontal cells (Fig. 4). These
observations are compatible with the hypothesis that the ob-
served effect of GABA on turtle L-type horizontal cells reflects
the summed action of at least two pathways. An indirect effect
is transmitted from the red cones and probably involves the ac-
tivation of GABAa-type receptors. Muscimol activates only
this pathway and bicuculline inhibits it. The second GABA ac-
tion does not involve either GABAa- or GABADb-type receptors.

The recordings from C-type horizontal cells are also difficult
to reconcile with the view that the main role of GABA in the
outer plexiform layer of the turtle retina is to mediate the neg-
ative-feedback pathway. The transient depolarization and the
failure to eliminate color opponency in four out of the seven
cells studied raises questions regarding the genesis of color op-
ponency (Fig. IB). These considerations, in concert with the dif-
ferences in the action spectra of C-type horizontal cells (Fuortes
& Simon, 1974; Kato, 1979; Burkhardt & Hassin, 1983; Gottes-
man & Burkhardt, 1987) and green cones (Baylor & Hodgkin,
1973; Burkhardt, 1977; Burkhardt & Hassin, 1983; Kaneko &
Tachibana, 1985), raise the possibility that color opponency in
C-type horizontal cells in the turtle retina may have contribu-
tions from two mechanisms; a negative-feedback pathway from
the L-type horizontal cells onto the green cones and an inhibi-
tory feedforward input from red cones to the C-type cells.

Blocked synaptic transmission

In order to separate a direct action of GABA on horizontal cells
from an indirect one, mediated by the red cones, we added
kynurenic acid or cobalt ions to the superfusion media. The
modes of action of these drugs differ. Although kynurenic acid
interacts with the glutamate receptors on the postsynaptic mem-
brane (Coleman et al., 1986), cobalt ions reduce transmitter re-
lease from the presynaptic terminals. The net effect of either of
these drugs is to isolate the horizontal cells from the cones. This
effect is expressed in horizontal cell hyperpolarization and elimi-
nation of its photoresponses (Figs. 5 and 6). GABA, applied
during exposure to kynurenic acid or to cobalt ions, depolar-
ized the L-type horizontal cells and slightly augmented their
photoresponses (Fig. 5). Similar effects of GABA in the pres-
ence of cobalt ions have been observed in retinal horizontal cells
of the fish (Hankins & Ruddock, 1984) and Xenopus (Wit-
kovsky & Stone, 1987) but not of the mudpuppy (Miller et al.,
1981). The effects of GABA on L-type horizontal cells that had
been isolated pharmacologically from their synaptic input sup-
port the view that this drug exerts a direct action on these cells.
This action of GABA could not be replicated by either mus-
cimol or baclofen (Fig. 6). Thus, it does not involve either of
the classical GABA receptors (GABAaand GABAD).

. Perlman and R.A. Normann

Nipecotic acid, a competitive inhibitor of GABA-uptake sys-
tems (Johnston et al, 1976; Lam & Ayoub, 1983), induced ef-
fects on L-type horizontal cells, similar to those exerted by
GABA (Fig. 7). These data suggest that electrogenic GABA-
uptake mechanisms in the horizontal cells’ membrane may con-
tribute to the effect of exogenously applied GABA on turtle
L-type horizontal cells. The differences in the time course of de-
velopment of the GABA’s and nipecotic acid’s effects may re-
flect differences in the concentrations used, in the affinity
between the drugs and the uptake system and the possible con-
tributions of GABA as a neurotransmitter in the retina. Partic-
ipation of electrogenic GABA-uptake system in determining the
horizontal cells membrane potential has been demonstrated in
the carp retina (Kamermans, 1989) and in horizontal cells iso-
lated from the skate retina (Malchow & Ripps, 1990).

The electrogenity of the GABA-uptake mechanisms should
be considered when the cone-horizontal cell network is studied.
In darkness, when GABA is continuously released from the rel-
atively depolarized horizontal cells, the GABA-uptake system
is fully activated and will, therefore, further depolarize the
horizontal cells. When light is applied, the horizontal cells
hyperpolarize, GABA release is reduced, and therefore the
GABA-uptake system will be activated to a lesser extent and
will further hyperpolarize the cells This analysis indicates that
the GABA-uptake system in the turtle L-type horizontal cells
forms a positive feedback mechanism which contributes to the
membrane potential and may speed up potential changes
evoked by changes in retinal illumination.
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