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In teleost fish, dopaminergic interplexiform cells provide an
intraretinal centrifugal pathway from the inner to the outer
plexiform layer, where they make abundant synapses on
cone-related horizontal cells. The interplexiform cells re-
ceive all their input in the inner plexiform layer from centrif-
ugal fibers and amacrine cells. In fish, centrifugal fibers con-
tain gonadotropin hormone-releasing hormone (GnRH)-like
and FMRFamide-like peptides (Munz et al., 1982; Stell et al.,
1984), whereas amacrine cells contain a variety of neuroac-
tive substances, including a number of peptides. In this study,
we examined the effects of GnRH, FMRFamide, bicuculline,
and enkephalin on horizontal cell activity in the white perch
retina in an attempt to understand the synaptic inputs to the
interplexiform cells.

When the retina was superfused with Ringer’s solution
containing GnRH, horizontal cells depolarized (~ 10 mV), and
their responses to small spots increased, whereas their re-
sponses to full-field lights decreased. Thus, GnRH closely
mimicked the effects of dopamine on horizontal cells. The
GnRH antagonist [p-Phe?, Pro®, p-Phe®]-GnRH blocked the
effects of GnRH, as did haloperidol. GnRH also had no effect
on horizontal cells in retinas treated with 6-hydroxydopa-
mine. The results indicate that GnRH acts by stimulating the
release of dopamine from interplexiform cells. FMRFamide
alone produced no changes on either the membrane potential
or light responses of horizontal cells, but it did suppress the
effects of GnRH on horizontal cells in some experiments.
FRMFamide also reversed the effects of prolonged darkness
on horizontal cell responses.

When bicuculline was applied to the retina, horizontal cells
also depolarized (~10 mV), responses to full-field illumi-
nation decreased, and responses to small spots increased.
Most of the effects of bicuculline were suppressed by halo-
peridol, indicating that bicuculline also stimulates the re-
lease of dopamine from interplexiform cells. Similar results
were obtained when [p-Ala?]-met-enkephalinamide was ap-
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plied to the retina; horizontal cells depolarized (~10 mV),
responses to full-field stimuli decreased, and responses to
the light spots increased. On the other hand, [p-Ala?]-leu-
enkephalinamide and [p-Ala?, p-Leu®]-enkephalin had no ef-
fects on horizontal cells. Both haloperidol and naloxone
blocked the effects of [p-Ala?]-met-enkephalinamide on hor-
izontal cells, indicating that [p-Ala?]-met-enkephalinamide
stimulates dopamine release from interplexiform cells via
specific opiate receptors.

Dopaminergic interplexiform cells provide an intraretinal cen-
trifugal pathway from the inner to outer plexiform layers. In
fish, they receive all of their input in the inner plexiform layer,
whereas they make numerous synaptic contacts onto horizontal
cells in the outer plexiform layer (Dowling and Ehinger, 1978).
The action of dopamine on teleost horizontal cells has been
extensively analyzed; exogenous application of dopamine to the
retina depolarizes the cells by several millivolts, decreases light
responses evoked by full-field illumination (Hedden and Dow-
ling, 1978; Mangel and Dowling, 1985), and reduces their re-
ceptive field size (Negishi and Drujan, 1979; Teranishi et al.,
1983; Mangel and Dowling, 1987).

Horizontal cells extend processes widely in the outer plexi-
form layer (Naka and Rushton, 1967; Kaneko, 1971), and they
mediate the antagonistic surround responses of bipolar cells
(Werblin and Dowling, 1969; Naka, 1972; Toyoda and Tono-
saki, 1978). It has been proposed that dopamine modulates
horizontal cell activity and thus the strength of center-surround
antagonism in the retina as a function of adaptive state (Mangel
and Dowling, 1985). Prolonged darkness appears to release do-
pamine maximally from the interplexiform cells suppressing
horizontal cell activity, whereas steady light decreases dopamine
release, resulting in enhanced horizontal cell activity (Yang et
al., 1988a,b).

In a number of nonmammalian species, centrifugal fibers
project into the retina (Ramon y Cajal, 1911) and terminate
along the border of the inner plexiform and inner nuclear layers
(Dowling and Cowan, 1966). In teleost fish, centrifugal fibers
that originate from the nucleus olfactoretinalis contain two pep-
tides. One is similar to gonadotropin hormone-releasing hor-
mone (GnRH),! and the other, to the tetrapeptide FMRFamide

' In mammals, GnRH has luteinizing hormone-releasing activity and is often
called luteinizing hormone-releasing hormone (LHRH). Since in all vertebrates
the members of this peptide family have gonadotropin-releasing activity, we refer
here to these peptides as members of the GnRH family rather than the LHRH
family.



(Phe-Met-Arg-Phe-NH,; Munz et al., 1982; Stell et al., 1984).
Zucker and Dowling (1987) found that these centrifugal fibers
contact dopaminergic interplexiform cells in fish, as well as
certain amacrine cells. Interplexiform cells also receive input
from amacrine cells (Dowling and Ehinger, 1978), and a number
of neuroactive substances, including several peptides, have been
localized to amacrine cells (see Ehinger and Dowling, 1987).

In this article, we report experiments that attempt to provide
an understanding of the synaptic inputs to the interplexiform
cells and the influence of these synaptic inputs on dopamine
release in the retina. To clarify the effects of the centrifugal fibers
on the release of dopamine from interplexiform cells, we applied
GnRH and FMRFamide to the white perch retina while re-
cording intracellularly from horizontal cells. To clarify the role
of amacrine cells in regulating interplexiform cell activity and
dopamine release, we examined the effects of the GABA antag-
onist bicuculline and met-enkephalin on white perch horizontal
cells.

We assume here that all of the dopaminergic cells in the teleost
retina are interplexiform cells. Dowling and Ehinger (1978) have
provided some evidence that this is the case, based on the num-
ber of dopamine-containing ascending processes they observed
in the goldfish retina, but they could not exclude the possibility
that there are some other dopaminergic neurons in the teleost
retina. A recent study of Teranishi and Negishi (1988), in which
the dopaminergic neurons were stained intracellularly, showed
that over 80% of these cells in the carp retina have ascending
processes. Since the ascending processes are fine and not easy
to visualize, it is reasonable to conclude that most, if not all, of
the dopaminergic cells in the teleost retina are interplexiform
cells.

Some results of these studies have been reported in abstract
form (Umino and Dowling, 1988).

Materials and Methods

White perch (Roccus americana), approximately 12-17 cm in total length,
were kept in an aquarium under a 12 hr light/dark cycle. After fish had
been in the dark for more than 2 hr, they were anesthetized by chilling
and decapitated. Their eyes were enucleated, and the retinas were iso-
lated from the pigment epithelium and mounted receptor side up on
Millipore filter paper. The preparations were placed in a plastic chamber
(0.8 ml vol) and superfused continuously with an oxygenated solution,
whose composition is given below, at a rate of approximately 1.0 ml/
min. The superfusion system was designed to allow solution to flow
both over and underneath the retina. While being superfused, the retina
was light sensitized for a minimum of 10 min by applying full-field
white light flashes of 0.5 sec duration every 10 sec (—2 log) (Yang et
al., 1988a). Recordings were made with 4 m KAC-filled glass micro
electrodes that had resistances of 20~80 MQ when placed in Ringer’s
solution. Responses were recorded on a penwriter, and exact tracings
of these records were used for the illustrations.

The retina was stimulated with full-field and spot (0.9 mm) white
light stimuli, presented as an alternating pair. Fach stimulus was 0.5
sec long and delivered every 10 sec. The light spot was centered over
the electrode. The full-field and spot stimuli were initially adjusted in
intensity by interposing neutral filters to give responses of approximately
equal amplitude. The unattenuated light intensity was 4 pW/cm?, cor-
responding to 1 x 10" photons cm~2 sec™' at 500 nm. Responses to
full-field light indicate the cell’s responsiveness to light stimuli, whereas
spot responses probe the receptive field size of the cells. For example,
an increase in the response to spot illumination indicates a decrease in
the receptive field size. This is because the increase of gap junctional
resistance between neighboring cells restricts current flow to neighboring
horizontal cells. Some experiments were conducted under conditions of
prolonged darkness. For such experiments, the retinal preparations were
prepared under very dim red light, not light sensitized, and the record-
ings were made in a totally darkened room.
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The normal Ringer’s solution contained NaCl (145 mwm), NaHCO,
(20 mm), KCI (2.5 mm), CaCl, (0.7 mm), MgSO, (0.1 mm), and glucose
(20 mm). One drop of 1 N HCI per 200 ml solution was also added.
The solution was continuously bubbled with 97% O,, 3% CO,, and
maintained at pH 7.4. No albumin was added to the solution. However,
in an attempt to avoid the nonspecific binding of peptides to the walls
of the perfusion system, the perfusion system was washed with the
solution containing albumin (1%) before each experiment. Test sub-
stances were purchased from the following sources: dopamine, 6-hy-
droxydopamine, ascorbic acid, pargyline, and y-aminobutyric acid
(GABA), [p-Ala?]-leucine enkephalinamide, [p-Ala%, p-Leu’]-enkeph-
alin, [D-Ala?]-methionine enkephalinamide, and naloxone (Sigma
Chemical Co.); bicuculline methochloride (Tocris Chemical, England),
haloperidol (Halsol, McNeil Pharmaceutical); albumin, from bovine
serum fraction V (Boehringer Mannheim Biochemicals); mammalian
GnRH, [GIn*]-mammalian GnRH (chicken GnRH), [His®, Trp’, Tyr®-
mammalian GnRH (chicken GnRHII), [Trp’, Leu’]-mammalian GnRH
(salmon GnRH), [Tyr?, Leu?, Glus, Trp’, Lys®]-mammalian GnRH
(lamprey GnRH), [p-Ala®]-mammalian GnRH, [p-Phe?, Pro?, p-Phe‘}-
mammalian GnRH, [D-pGlu!, p-Phe?, b-Trp*¢]-mammalian GnRH, and
FMRFamide (Peninsula Laboratories). A new retinal preparation was
used for each experiment examining the effects of a chemical agent.

To destroy the dopaminergic interplexiform cells, 6-hydroxydopa-
mine (6-OHDA; 20 pg), ascorbic acid (10 ug), and pargyline (20 pg), in
a volume of 10 pul, were injected intraocularly into the vitreous humor
of one eye on three successive days about 1 week before eye enucleation
(Dowling and Ehinger, 1978; Negishi et al., 1981).

The test agents were applied to the retina by one of two methods. In
one, the normal Ringer’s solution was completely substituted by the test
solution. The second method involved adding a very small amount
(~30 gl) of concentrated test solution as a pulse into a small chamber
that emptied into the main chamber housing the retinal preparation.
This method eliminated delays between the preparation of a test agent
and its application to the retina. Flow studies using ink demonstrated
that test agents introduced into the small chamber reached the main
chamber within 1 or 2 sec.

The concentration of agents introduced by the second method was
estimated as follows: the volume of solution in the main chamber was
about 0.8 ml; in the small chamber, about 0.05 ml; and in the tube
connecting the main chamber and the small chamber, about 0.05 ml.
Therefore, one drop of test solution (about 0.03 ml) was diluted about
30 times. However, the superfusion solution was continuously added
to the system at a rate of 1.0 ml/min. Thus, the test agent was diluted
by more than 30-fold. Assuming the washout of the test agent from the
main chamber took 1 min, we estimated that the test agent would be
diluted approximately 60 times. We examined the validity of this es-
timation by applying mammalian GnRH to the retina using both ap-
plication methods. The threshold concentration for a GnRH effect on
horizontal cells using the first method was about 20 uM. One drop of a
test solution, made by dissolving 0.25 mg GnRH in 0.15 ml Ringer’s
solution, also caused a threshold effect on horizontal cells. The estimated
concentration of GnRH reaching the retina was 18.5 uM using a dilution
factor of 60, which closely matches the threshold dose (20 um) deter-
mined by the first method. Thus, we estimated the concentration of test
agents reaching the retina by using this dilution factor. It is important
to note that the concentration of test agent reaching the retina by the
second, pulse method was never constant. Rather, concentrations first
increased, then decreased.

We compared the blocking capability of dopamine antagonists
SCH23390, (+)-butaclamol, and haloperidol by examining the effect of
externally applied dopamine on the receptive field of horizontal cells in
the presence of each antagonist. The antagonists were applied to the
retina for a maximum of 10 min before dopamine application. Under
our experimental conditions, a greater than 7 min application of 40 um
haloperidol was required to block the effect of dopamine, while SCH23390
only partially blocked the effect of dopamine. (+)-Butaclamol showed
virtually no blocking effect at all under these experimental conditions.
Therefore, we chose haloperidol as the antagonist of choice for our
experiments.

Results

The white perch retina possesses four horizontal cell types
(Dowling et al., 1985): three are cone related (HI, H2, H3); one
is rod related (H4). The H1 and H2 cells are luminosity-type
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Figure I. Effects of dopamine (50 uM) on a white perch horizontal cell.
a, Dopamine was continuously applied to the retina during the period
indicated by the bar (method 1). Before dopamine application, the full-
field and spot stimuli were adjusted in intensity to yield responses of
approximately equal amplitude. Exogenously applied dopamine had
two effects on the light-evoked responses: it decreased the response
amplitude to full-field illumination, but increased the response ampli-
tude to the spot stimulus. Dopamine also caused a small (~5 mV)
depolarization of the horizontal cell. b, Higher-speed recordings of re-
sponses to fuli-field and spot stimuli before and after dopamine appli-
cation. Log field intensity (/;) = —3.9; log spot intensity (/) = ~2.

horizontal cells; the H3 cell is a chromaticity-type cell. The
experiments reported here were all carried out on luminosity-
type cells (i.e., H1 and H2 cells). No differences in responses to
the drugs were noted between these two cell types.

Figure 2. The effects of GnRH on a

white perch horizontal cell. Mamma-

lian GnRH (~40 pm) was applied asa v
pulse at the arrow (method 2). Follow-

ing GnRH application, the cell depo- ~20
larized by a few millivolts, and re-

sponses to spot stimuli increased in
amplitude, whereas responses to full-

field illumination decreased in ampli- —40
tude. Responses at two recording speeds

are shown. Spaces between the record-

ings represent time periods of less than

10 sec. Log I, = —3.3; log I = ~2.4.

Dopamine and GnRH

All horizontal cells responded to the application of dopamine
(n = 63). Figure |1 shows that exogenously applied dopamine
caused three effects on horizontal cells: (1) dopamine generally
depolarized the cells by 5-10 mV, (2) it decreased the receptive
field size of the cells (shown by the increase in the responses to
small spot stimuli), and (3) it decreased the overall light re-
sponsiveness of the cells (shown by the decrease in amplitude
of the responses to full-field light stimuli).

The effects of GnRH on horizontal cells were very similar to
those of dopamine (Fig. 2). After GnRH application, horizontal
cells typically depolarized (~10 mV), and their responses to
small-spot stimuli increased in amplitude, whereas their re-
sponses to full-field stimuli decreased in amplitude. These effects
were consistently observed in 140 retinal preparations tested
with GnRH.

Two differences were observed between the effects of GnRH
and those of dopamine. First, GnRH required a longer time
(~1 min) to produce effects on horizontal cells as compared
with dopamine, which usually required no more than 30-40
sec. Second, the effects of GnRH were usually irreversible even
when very low concentrations were applied, whereas the effects
of dopamine on horizontal cells were reversible, at least for short
durations of drug application.

The threshold concentration for mammalian GnRH was typ-
ically 20 um, whereas the threshold concentrations for salmon
and lamprey GnRH were almost 10 times lower (~2 um). No
significant differences were found in the effects of salmon, lam-
prey, or mammalian GnRH on perch horizontal cell responses.
Chicken GnRHII was about as potent as mammalian GnRH,
but another chicken GnRH, [GIn®]-GnRH, was less effective.
[D-Ala®]-GnRH was slightly less potent than mammalian GnRH,
but the difference in threshold concentrations between them
could not be determined. The relative potencies of GnRH an-
alogs were as follows: saimon GnRH (n = 14) = lamprey GnRH
(n = 7) > chicken GnRHII (# = 12) = mammalian GnRH (n
= 30) > chicken GnRH (n = 30).

An interesting observation was that the threshold concentra-
tion for GnRH was decreased in retinas from fish kept in con-
tinuous light for 2-3 weeks. An example is shown in Figure 3,
in which various concentrations of salmon GnRH were applied
to a retina from a fish kept in the light for 14 d. In this exper-
iment, the threshold concentration was between 0.02 and 0.1
uM, which is 10=100 times lower than the threshold concentra-
tion obtained for fish kept under control lighting conditions.
The experiment of Figure 3 shows also that the effects of GnRH
are concentration dependent. That is, with increasing concen-
trations of GnRH, the effects on responses to both spot and full-
field illumination correspondingly increased.

GnRH

wwwmmmwww
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field spot
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Figure 3. Effects of different GnRH concentrations on light responses
of horizontal cells. Fish used in this experiment were kept in the light
continuously for 2 weeks. a, Responses to spot and full-field stimuli.
Increasing concentrations of salmon GnRH were applied in sequence.
The intervals of 270—450 sec between the drug applications allowed the
effects of each GnRH application to stabilize. Since the effects of GnRH
showed no recovery (see Results), each GnRH pulse was applied while
the effects of the previous application’ of GnRH were still evident. b,
Spot (solid circles) and full-field (open circles) response amplitudes are
plotted as a function of GnRH concentrations. The horizontal broken
line indicates the response amplitudes to both spot and full-field stimuli
before GnRH application. Log I = —4.2; log Iy = —2.5.

Figure 4 shows that GnRH had no effect when applied to a
retina exposed to the GnRH antagonist [pD-Phe?, Pro?, p-Phe’]-
GnRH (n = 3). However, another antagonist, [D-pGlu', D-Phe?,
p-Trp*$]-GnRH, was not effective in blocking the effects of
GnRH.

GnRH Acts on interplexiform cells

To test whether GnRH was acting directly on horizontal cells
or by promoting the release of dopamine from interplexiform
cells, we applied GnRH to horizontal cells in the presence of
the dopamine antagonist haloperidol or after depletion of retinal
dopamine by 6-OHDA. Figure 5 shows that haloperidol effec-
tively blocked the effects of GnRH on horizontal cells (n = 3),
and Figure 6 illustrates that GnRH had virtually no effects in
6-OHDA-treated retinas (# = 6). The small depolarizations
observed in both records were probably unrelated to the appli-
cation of GnRH. In other experiments, GnRH was applied in
the presence of dopamine. Under these conditions, GnRH caused
additional membrane depolarization and a slight decrease in
response amplitudes to full-field illumination, effects similar to
those obtained when additional dopamine was applied to a ret-
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Figure 4. Horizontal cell responses to full-field and spot stimuli before
drug application (control; fop), in the presence of 40 uMm of the GnRH
antagonist [D-Phe?, Pro?, p-Phe¢]-GnRH (middle), and in the presence
of both the GnRH antagonist (40 uM) and mammalian GnRH (40 uMm;
bottom). The antagonist by itself caused no significant effects on the
light-evoked responses, and it blocked the effects of GnRH. Log /. =
—-3.7;log Iy = —-2.1.

ina that had been exposed to a nonsaturating concentration of
dopamine. These results provide further evidence for the view
that GnRH exerts its effects on horizontal cells by stimulating
the release of dopamine from interplexiform cells.

FMRFamide

FMRFamide by itself produced no effects on horizontal cells.
Figure 7 shows a typical experiment. FMRFamide was applied
at three different concentrations (10, 50, and 250 um), and it
had no significant effects. Although small, slow depolarizations
were occasionally seen after FMRFamide application, there were
no consistent effects on the responses to either field or spot
stimuli (#n = 20). On the other hand, as also shown in Figure 7,
bicuculline, an agent that stimulates the release of dopamine
from interplexiform cells (see below and Negishi et al., 1983;
O’Connor et al., 1986) caused the response to full-field illu-
mination to decrease in amplitude and the response to a spot
to increase substantially in size. This experiment eliminated the
possibility that the failure of FMRFamide to have an effect was
the result of unresponsive interplexiform cells in the retina.

Interactions between GnRH and FMRFamide

Since GnRH and FMRFamide are both found in the synaptic
terminals of the centrifugal fibers (Stell et al., 1984; Zucker and
Dowling, 1987), we next tested for possible interactions between
FMRFamide and GnRH. As noted above, FMRFamide when
applied alone had no effects on horizontal cells. FMRFamide
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Figure 5. Effects of mammalian GnRH (40 um) when applied in the
presence of the dopamine antagonist haloperidol (50 pm). The retina
was exposed to haloperidol for 30 min prior to the record shown. The
dopamine antagonist completely blocked the effects of GnRH. Top trace,

recording at slow speed; bottom trace, recording at high speed. Log I,

= —3.1;log I, = —2.0.

did, however, antagonize the effects of GnRH in some experi-
ments. In the experiment shown in Figure 8, GnRH was first
applied; it depolarized the cell and caused shrinkage of the re-
ceptive field and a reduction of light-responsiveness. Addition
of FMRFamide into the perfusion solution containing GnRH
resulted in the reversal of the GnRH effects. Thus, FMRFamide
caused (1) hyperpolarization of the membrane potential, (2) a
reduction in response amplitudes to small-spot stimuli, and (3)
an increase in response amplitudes to full-field lights (n = 3). In
other experiments (n = 3), GnRH and FMRFamide were ap-
plied simultaneously to the retina, and when the two peptides
were applied together, almost no effect on the horizontal cells

0
mV GnRH

-20

-40

field spot

was observed. In other words, FMRFamide completely blocked
the effects of GnRH in these experiments.

These results indicate that FMRFamide antagonizes the ef-
fects of GnRH. However, the antagonistic action of FMRFam-
ide on GnRH was seen only in the late autumn. Identical ex-
periments performed in the spring and summer failed to
demonstrate the antagonistic effects of FMRFamide on GnRH.
This suggests that the interplexiform cells are not always re-
sponsive to FMRFamide (see Discussion).

Effects of FMRFamide under prolonged darkness

The studies described so far employed the light-sensitized retina
(see Yang et al., 1988a). Earlier results from our laboratory
indicated that dopamine is maximally released from teleost in-
terplexiform cells under conditions of prolonged darkness (Man-
gel and Dowling, 1985; Yang et al., 1988a,b), although other
investigators do not ascribe to this view (Baldridge et al., 1987,
Weiler et al., 1989). Since GnRH stimulates the release of do-
pamine from interplexiform cells and FMRFamide can block
the effect of GnRH, we next tested whether FMRFamide ap-
plication to the retina affects the responses of horizontal cells
under conditions of prolonged darkness.

Such an experiment is shown in Figure 9. Here, effects of
FMRFamide on the membrane potential (lower trace) and re-
sponsiveness to full-field light stimuli (upper traces) were ex-
amined. Light responses were obtained at the times indicated
(a—e). Under conditions of prolonged darkness (>2 hr), white
perch horizontal cells generate only small responses to all light
intensities (trace @), indicating a lowering of light responsiveness
(Yang et al.,, 1988a). When a Ringer’s solution containing
FMRFamide was applied to a prolonged dark-adapted retina,
the horizontal cell slowly hyperpolarized over a long time course
of approximately 30 min. During the application of FMRFam-
ide, the responsiveness of the horizontal cell progressively in-
creased, as shown in traces b and c. After approximately 32 min,
the response amplitude to the test light (log / = — 1) was 40 mV
(trace c¢), which was almost 10 times larger than the control
response amplitude (trace @) to the same light stimulus. A change
of response waveform was also seen; the response was slow
originally, but following application of the Ringer’s solution
containing FMRFamide, an initial transient developed at light
onset to some stimulus intensities, as well as a depolarizing
rebound at light offset. After 36 min of exposure to FMRFamide,
control Ringer’s solution was reintroduced. The membrane po-
tential gradually depolarized, and light responses decreased in
amplitude (traces d and ¢). The response waveform also slowed
measurably. After 70 min, light stimuli were applied repeatedly
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Figure 6. Effects of GnRH in a 6-OHDA-treated retina. Mammalian GnRH (40 um) was applied at the arrow, and it had no significant effects
on membrane potential or the light-evoked responses. Log I, = —3.7; log I, = —2.0.



to light sensitize the retina. The horizontal cells again hyper-
polarized, and there was an increase of response amplitudes (not
shown). When GnRH was applied under conditions of pro-
longed darkness, horizontal cells neither hyperpolarized nor in-
creased their responsiveness to light stimuli.

Only in one prolonged-darkness experiment (i.e., Fig. 9) did
we succeed in recording from a horizontal cell for the approx-
imately 60 min required for FMRFamide to exert its effects and
for recovery to be completed. In four other prolonged-darkness
experiments, we recorded responses from two or more cells
successively during FMRFamide application and obtained re-
sults similar to those shown in Figure 8. That is, in the presence
of FMRFamide, horizontal cell membrane potentials typically
hyperpolarized and light-evoked responses became larger; fol-
lowing reintroduction of control Ringer’s solution, the cells de-
polarized and responses became smaller.

Bicuculline and glycine

GABA is a major inhibitory transmitter in the inner plexiform
layer of the retina. Previously, it was shown that the GABA
antagonist bicuculline shrinks the receptive field of horizontal
cells in the carp retina much as dopamine does (Negishi et al.,
1983). A plausible explanation for this result is that GABA
antagonists induce dopamine release from interplexiform cells
that are tonically inhibited by GABAergic amacrine cells
(O’Connor et al., 1986; Ishita et al., 1988). Here, we have con-
firmed and extended these results. A total of 47 retinal prepa-
rations were studied in the experiments involving bicuculline,
and a typical experiment is shown in Figure 10. After the in-
troduction of bicuculline (arrow), the horizontal cell typically
depolarized slightly after a short delay of 15-20 sec, but then
the membrane potential returned to the baseline level. During
this transient depolarization, the amplitudes of the responses to
spot and full-field potential remained about the same. Subse-
quently, the horizontal cell depolarized again very slowly, and
spot responses became significantly larger. The responsiveness
of cells also decreased, as shown by a decline in the amplitude
of responses to full-field stimuli. The effects of bicuculline were
irreversible, even with minimal effective concentrations.

To test whether the effects of bicuculline resulted from the
release of dopamine from interplexiform cells, haloperidol was
added to the Ringer’s solution. In the presence of haloperidol,
bicuculline produced almost no change in the responses to either
spot or full-field illumination. However, the initial transient
depolarization of the cell’s membrane potential was still ob-
served (see Fig. 12). We conclude that the shrinkage of the
receptive field, the loss of light responsiveness, and the slow
depolarization all result from the release of dopamine from
interplexiform cells by bicuculline, but that the initial transient
depolarization of membrane potential does not reflect a dopa-
minergic mechanism (see Discussion).

Results described earlier suggested that FMRFamide can in-
hibit the GnRH-induced release of dopamine from interplexi-
form cells. FMRFamide, on the other hand, never suppressed
the bicuculline-induced release of dopamine from interplexi-
form cells, whether FMRFamide was administered after the
receptive field was decreased in size by bicuculline or whether
the two agents were administered simultaneously.

Glycine, another major inhibitory neurotransmitter agent in
the inner plexiform layer of the fish retina, also had no significant
effects on horizontal cell activity at reasonable concentrations.
High concentrations of glycine (>15 mm) slightly hyperpolar-
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Figure 7. Effects of various concentrations of FMRFamide (10, 50,
and 250 um) on a white perch horizontal cell. At the rop is shown control
responses at a fast recording speed. The next three traces, at a slow
recording speed, show that FMRFamide at concentrations ranging from
10 to 250 umM had no significant effects on either membrane potential
or on the light-evoked responses. At the end of the experiment, bicu-
culline (350 uMm) was applied to the retina, and it caused effects similar
to those of dopamine (see Fig. 10), indicating that the interplexiform
cells were functional and capable of releasing dopamine. Log 1, = —3.7;
log I, = —2.5.

ized horizontal cells (~5 mV), but similar hyperpolarizations
were produced by glycine in the presence of haloperidol. No
changes were seen in the light responses of horizontal cells during
glycine-induced hyperpolarizations. GABA also caused hori-
zontal cells to hyperpolarize, by as much as 20 mV in some
experiments (Wu and Dowling, 1980). However, responses to
the light stimuli used in these experiments did not change sig-
nificantly after GABA application to the retina (see Fig. 15).

Enkephalin

[D-Ala*]-met-enkephalinamide applied to the retina typically
caused a very slow depolarization of the membrane potential
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Figure 9. Effects of FMRFamide on a horizontal cell recorded in a retina maintained in prolonged darkness. The fish was kept in the dark for
more than 2 hr before the retina was isolated and the experiment was begun. The lower trace shows the changes in membrane potential during the
course of the experiment. The upper traces show responses to full-field flashes (500 msec) of increasing intensity recorded at the times indicated
(a—). FMRFamide (40 um) application was started at the time 0. FMRFamide caused the cell to hyperpolarize. Furthermore, its light responsiveness
increased dramatically in amplitude during FMRFamide superfusion. When FMRFamide superfusion ceased, the effects reversed.
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Figure 10. Effects of bicuculline on a white perch horizontal cell. Bicuculline (~350 uM) induced an initial transient depolarization of the cell,
followed by a more sustained depolarization. During the slow depolarization, responses to spot illumination increased in amplitude, whereas
responses to full-field illumination decreased in amplitude. Log I- = —3.5; log Iy = —2.2.

of horizontal cells (Fig. 11). Furthermore, responses to spot
stimuli increased in amplitude, whereas responses to full-field
illumination decreased in size. Thus, the effects of [D-Ala?]-met-
enkephalinamide on horizontal cells were similar to those of
dopamine except that the effects of [D-Ala?]-met-enkephalinam-
ide were much slower, longer iasting, and usually irreversible.
To test whether [D-Ala?]-met-enkephalinamide stimulates the
release of dopamine from interplexiform cells, we applied [D-
Ala?]-met-enkephalinamide to the retina in the presence of halo-
peridol. As shown in Figure 12, [D-Ala?]-met-enkephalinamide
had no effects on horizontal cells when the Ringer’s solution
contained haloperidol. In the experiment shown in Figure 12,
bicuculline was also applied to the retina. Bicuculline depolar-
ized the horizontal cell’s membrane, but it did not affect the
responses of the cell to either full-field or spot stimuli.

In some cells, [D-Ala?]-met-enkephalinamide produced small-
er effects than those seen in Figure 11, but in all cells tested
some effects of enkephalin were seen (n = 31). Interestingly, the
effects of [p-Ala?]-met-enkephalinamide on L-type horizontal
cells were small when the effects of bicuculline were also small.
This suggests that bicuculline and [p-Ala’]-met-enkephalinam-
ide release dopamine from a common source, that is, the in-
terplexiform cells. Like the effects of bicuculline, the effects of
enkephalin were long lasting and usually irreversible.

The opiate antagonist naloxone also blocked the effects of [D-

mV
met—enk

° |

Ala?-met-enkephalinamide. In the experiment shown in Figure
13, naloxone was first added to the retina (left arrow), followed
by Ringer’s containing both naloxone and [p-Ala?]-met-enkeph-
alinamide (right arrow). Naloxone completely inhibited the ef-
fects of [Dp-Ala?]-met-enkephalinamide. Later in this experi-
ment, bicuculline was applied to the retina (not shown), and
this agent affected both receptive field size and light respon-
siveness of the horizontal cell. In other experiments, [p-Ala?]-
met-enkephalinamide was applied during continuous perfusion
with naloxone solution, and still no effects on horizontal cells
were observed. These results indicate that [p-Ala?]-met-enkeph-
alinamide exerts its effects via opiate receptors.

We also examined the effects of [p-Ala2, p-Leu®]-enkephalin
and [p-Ala’]-leu-enkephalinamide on horizontal cells using a
similar experimental protocol, but neither peptide showed any
effect on either the membrane potential or light-evoked response
amplitudes (n = 4 for [p-Ala?, p-Leu]-enkephalin; # = 3 for [p-
Ala’]-leu-enkephalinamide). In one experiment, shown in Fig-
ure 14, three different concentrations (20, 40, and 80 um) of [p-
Ala?]-leu-enkephalinamide were applied to the retina. No effects
were seen with any concentration. Bicuculline was also applied
to show that the interplexiform cells were functional in the retina
and could release dopamine. As expected, bicuculline decreased
the receptive field size and light responsiveness of horizontal
cells.
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Figure 11. Effects of [p-Ala?]-met-enkephalinamide (met-enk; 40 uM) on a white perch horizontal cell. Met-enkephalin induced a very slow,
small depolarization of the cell. In addition, responses to full-field illumination decreased in amplitude, whereas responses to spot illumination
increased in amplitude. Log /. = —3.7; log I, = —2.2.
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Figure 12. Haloperidol blocks the effect of [D-Ala?]-met-enkephalinamide (met-enk). The retina was maintained for 30 min in Ringer’s solution
containing haloperidol before [D-Ala?]-met-enkephalinamide was applied. No changes in membrane potential or light responses were observed in
response to [D-Ala?]-met-enkephalinamide. Bicuculline (~350 um) applied at the end of the experiment depolarized the cell slightly but had no
effects on the cell light responses, verifying haloperidol’s efficacy as a dopamine antagonist in the experiment. Log I, = —3.4; log I, = —2.3.

Interactions between GABA and enkephalin

Previous morphological and biochemical studies have indicated
a close relationship between enkephalin and GABAergic ama-
crine cells in the teleost retina (Djamgoz et al., 1981; Su et al,,
1986). To explore possible interactions between these two phar-
macological agents, we applied [D-Ala?]-met-enkephalinamide
to the retina in the presence of GABA (Fig. 15). GABA caused
the horizontal cell to hyperpolarize from its resting level of —27
mV to —45 mV. [p-AlaZ]-met-enkephalinamide was applied
after the retina had been exposed to GABA for approximately
3.5 min. As shown in Figure 15, [p-Ala?]-met-enkephalinamide
caused effects on the horizontal cell similar to the effects it caused
on horizontal cells not exposed to GABA (n = 3). These results
suggest that enkephalin acts on the interplexiform cells inde-
pendently of GABA.

Another interesting and potentially important observation
shown in Figure 15 is that the effects of [p-Ala?]-met-enkepha-
linamide were completely reversible in the Ringer’s solution
containing GABA (n = 3). As noted carlier, the effect of [p-
Ala’}-met-enkephalinamide was always irreversible when ap-
plied alone to the retina. Thus, the effects of enkephalin on
interplexiform cells appear to be reversible when interplexiform
cells are strongly inhibited by GABA.

Discussion

GnRH and FMRFamide

We have observed that dopamine and GnRH exert very similar
effects on horizontal cells. Since the effect of GnRH can be
blocked by dopamine antagonists, or by depleting the retina of
dopamine with 6-OHDA, we conclude that the effect of GnRH
on horizontal cells is mediated via dopamine. In other words,
GnRH causes the release of dopamine in the retina. Anatomical
studies have shown that peptides similar to GnRH and
FRMFamide are present in the terminals of centrifugal fibers
(Munz et al., 1982; Stell et al., 1984). These fibers synapse onto
dopaminergic interplexiform cells, which in turn contact cone
horizontal cells. Thus, it is likely that GnRH directly promotes
the release of dopamine from interplexiform cells. It must be
noted that the centrifugal fibers also synapse on amacrine cells.
Thus, GnRH could also be acting on the interplexiform cells
through other, more indirect pathways.

It has been suggested that distal retinal neurons are susceptible
to central influences via the centrifugal fibers and interplexiform
cells in the fish retina (Zucker and Dowling, 1987), and the
present study provides supporting evidence for this hypothesis.
The lowest effective concentration of GnRH needed to exert

met—enk + naloxone
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Figure 13. Naloxone blocks the action of [D-Ala?]-met-enkephalinamide (met-enk). Naloxone (~20 uM) was applied about 1 min prior to the
application of Ringer’s solution containing both naloxone (~20 uM) and [D-Ala?]-met-enkephalinamide (40 um). No significant changes in membrane
potential nor in the light-evoked responses were subsequently observed. Log I, = —3.7; log I, = —2.0.



effects was 0.02-0.1 um, supporting the candidacy of a GnRH-
like peptide as a neuroactive substance involved in such a path-
way. Furthermore, the effects of GnRH were blocked by the
GnRH antagonist [D-Phe?, Pro’, p-Phe®]-GnRH, indicating that
GnRH was not acting directly on horizontal cells.

In contrast to the reliable effects of GnRH on horizontal cell
activity, effects of FMRFamide were not consistent. FMRFam-
ide clearly antagonized the effect of GnRH in the late autumn,
but identical experiments conducted at other times of the year
failed to demonstrate the same antagonistic effects. Inconsistent
effects of FMRFamide were also reported in ganglion cell ex-
periments conducted by Walker and Stell (1986). They found
that FMRFamide was usually excitatory to ganglion cells, but
that it could also be inhibitory or induce mixed excitatory—
inhibitory effects. At present, it is difficult to explain these in-
consistencies, but it was proposed that the action of FMRFam-
ide might correlate with seasonal sexual and reproductive ac-
tivity of the fish (Walker and Stell, 1986).

Since GnRH consistently affected horizontal cells whereas
FMRFamide sometimes did not, it seems likely that these pep-
tides act on different receptors in the interplexiform cell mem-
brane. In the terminals of centrifugal fibers, GnRH and
FMRFamide are both present within large vesicles. Thus, both
peptides could be released simultaneously. However, when both
peptides are applied together, they often cancel each other’s
effects. This raises the obvious question of the significance of a
terminal simultaneously releasing an excitatory and an inhibi-
tory agent. At present, we do not have an answer to this question,
but two possibilities are suggested: (1) the ratios of GnRH and
FMRFamide within the vesicles in the centrifugal fiber termi-
nals vary depending on physiological conditions or time of day
or year (see, e.g., La Gamma et al., 1984; Jung and Schelier,
1991), or (2) the sensitivity of the peptide receptors on the
interplexiform cells changes under different conditions. It should
be noted that, in addition to large vesicles, small vesicles have
also been observed in the terminals of centrifugal fibers (Zucker
and Dowling, 1987; Kawamata et al., 1990), a finding that sug-
gests the presence of a third neuroactive substance in the cen-
trifugal fibers. Thus, synaptic transmission from centrifugal fi-
bers to interplexiform cells might be more complex than
appreciated so far.

It is of interest to speculate on the functional role of the
centrifugal pathways in fish. We have provided evidence that,
in the dark, dopamine appears to be maximally released from
interplexiform cells (Mangel and Dowling, 1985; Tornqvist et
al., 1988; Yang et al., 1988a,b), whereas in a steady mesopic or
light-adapted state, dopamine release from interplexiform cells
appears to be low (Mangel and Dowling, 1987; Baldridge and
Ball, 1991; Umino and Dowling, 1991). In the present study,
GnRH mimicked the effects of dopamine in light-sensitized
retinas but caused no effects in prolonged dark-adapted retinas.
In contrast, FMRFamide demonstrated no effects in light-sen-
sitized retinas but mimicked light-sensitization effects when ap-
plied under conditions of prolonged darkness. These observa-
tions suggest that GnRH released from centrifugal fibers
stimulates dopamine release from interplexiform cells, but that
FMRFamide inhibits dopamine release. Thus, the centrifugal
fibers and the peptides they contain may be capable of modu-
lating the release of dopamine under both dark and light con-
ditions, that is, when dopamine release from the interplexiform
cells is low (light-sensitized conditions) or when it is high (pro-
longed dark conditions).
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Figure 14. [p-Ala?]-leu-enkephalinamide (/eu-enk) has no significant
effects on horizontal cells. Leu-enkephalin was applied at three different
concentrations (from top to bottom, 10, 40, and 80 um). Bicuculline
(~350 um) was applied at the end of the experiment (bottom two traces),
and it caused its usual effects (see Fig. 10), indicating that the inter-
plexiform cells were functional and capable of releasing dopamine in
this retina. Log I, = —3.8; log Iy = —2.2.

Bicuculline and enkephalin

In the teleost retina, GABA is likely to be a neurotransmitter
for both horizontal and amacrine cells (Lam and Steinman,
1971; Marc et al., 1978; Yazulla and Kleinschmidt, 1983), in-
dicating that GABA is involved in signal processing in both the
outer and inner plexiform layers. In accord with earlier results
(Piccolino et al., 1982; Negishi et al., 1983), we have found that
bicuculline mimics the effect of dopamine in shrinking the re-
ceptive field size of horizontal cells. We have also shown that
bicuculline, like dopamine, also decreases the light responsive-
ness of horizontal cells. In addition, bicuculline causes hori-
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Figure 15. Effects of GABA on a white perch horizontal cell and the response of the cell to met-enkephalin (mez-enk) in the presence of GABA.
The cell initially had a resting potential of —27 mV. GABA (150 uM) hyperpolarized the cell to approximately —45 mV, but its light responses
were virtually unchanged in the presence of GABA. When a pulse of met-enkephalin (~40 um) was applied to the retina, the cell depolarized, and
responses to full-field illumination decreased in amplitude, whereas responses to spot illumination increased in amplitude. These effects were
transient; within 6 min after the application of met-enkephalin, the membrane potential and light responses had recovered to predrug levels. Log

I.=-3.5log I, = —2.5.

zontal cells to depolarize, but these effects are more complicated
than those induced by dopamine.

The bicuculline-induced depolarizations in horizontal cells
usually began with an initial fast depolarization followed by a
slower depolarization. In the presence of haloperidol, bicucul-
line transiently depolarized horizontal cells but had virtually no
effects on their responses to light stimuli, nor did it cause the
slow depolarization in the presence of haloperidol, suggesting
that the early depolarizing effects may reflect an action of bi-
cuculline in the outer plexiform layer. In chromaticity-type hor-
izontal cells, we observed that bicuculline eliminated the re-
sponse to red light during the period corresponding to the initial
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Figure 16. A schematic diagram illustrating the inputs to interplexi-
form cells in the white perch retina and their effect on dopamine release.
Interplexiform cells receive input from amacrine cells and centrifugal
fibers. GnRH, present in centrifugal fiber terminals, stimulates the re-
lease of dopamine (DA) from interplexiform cells, whereas FMRFamide,
also in centrifugal fibers, often antagonizes the effect of GnRH. GA-
BAergic amacrine cells appear to inhibit tonically dopamine release
from interplexiform cells, whereas met-enkephalinergic amacrine cells
promote dopamine release from interplexiform cells. H, horizontal cells;
A, amacrine cells; P, interpiexiform cells.

depolarization (O. Umino and J. E. Dowling, unpublished ob-
servations). It is believed that the red light-evoked response of
chromaticity cells is produced by a GABAergic pathway in the
outer plexiform layer (Murakami et al., 1978), providing more
direct evidence that the initial depolarization of the horizontal
cells by bicuculline is caused by an action mediated in the outer
plexiform layer.

On the other hand, the decrease in receptive field size and
light responsiveness induced by bicuculline, as well as the slow
depolarization, were abolished by haloperidol, indicating that
bicuculline causes the release of dopamine from interplexiform
cells. Earlier studies directly measured the release of dopamine
from the fish retinas in response to bicuculline (O’Connor et al.,
1986) and showed in addition that dopamine is released from
interplexiform cell processes in response to bicuculline (O’Con-
nor et al., 1987).

The present results also indicate that met-enkephalin pro-
motes dopamine release from interplexiform cells, indicating
that the enkephalinergic amacrine cells are excitatory to the
interplexiform celis. However, leu-enkephalin was not effective
in releasing dopamine from the retina, indicating that the opioid
receptors on interplexiform cells are specific for met-enkephalin.
The enkephalins are generally thought to be inhibitory agents
(for review, see North, 1979), which raises the question of how
met-enkephalin releases dopamine from interplexiform cells.
One possibility is that enkephalin acts as an inhibitory neu-
roactive substance in this system by acting on GABAergic or
glycinergic amacrine cells that inhibit interplexiform cells
(Djamgoz et al., 1981). GABA and enkephalin have been shown
to coexist in a population of amacrine cells in the goldfish retina,
and Su et al. (1986) have proposed that enkephalin inhibits
GABA release from these amacrine cells by an autoregulatory
mechanism. That GABA antagonists cause the release of do-
pamine in the teleost retina fits with this notion. However, we
have shown that GABA effects on the interplexiform cells are
independent of the enkephalin effects (see above), and also that
glycine does not affect horizontal cells at reasonable concentra-
tions. We presume, therefore, that met-enkephalin acts directly
on interplexiform cells and in this way causes the release of
dopamine. In the chicken retina, enkephalin has been reported
to release >H-dopamine (Ehinger et al., 1986), a result in accord



with the present results. Su and Watt (1987), on the other hand,
showed that opioid agonists can block the release of *H-dopa-
mine from the chicken retina.

The effect of enkephalin was consistently observed at con-
centrations of 40 uM, but was never observed with concentra-
tions lower than 10 um. Peptide concentrations actually reaching
the synapses are probably less than the concentration in the
superfusion medium because of nonspecific peptide binding and
diffusion barriers. In addition, enzymatic degradation may cause
a large decrease in the concentration of enkephalin near opioid
receptors, and such degradative enzymes are known to be lo-
cated close to opioid receptors (Aoki et al., 1984).

A puzzling result of this study was that the effects of GnRH,
bicuculline, and enkephalin on horizontal cells were very long
lasting and often irreversible, even when minimal concentra-
tions of the agents were applied to the retina. All of these agents
appear to affect the horizontal cells by stimulating dopamine
release from interplexiform cells, but direct effects of dopamine
on horizontal cells are reversible (Lasater and Dowling, 1985;
Mangel and Dowling, 1987; DeVries and Schwartz, 1989). This
suggests that these agents promote a very prolonged release of
dopamine from interplexiform cells. Some support for this idea
comes from experiments that have shown that *H-dopamine is
released from retinas for some time after a short application of
bicuculline, whereas K+*-induced release of *H-dopamine is much
more transient (O’Connor et al., 1986; Ishita et al., 1988). Fur-
thermore, in rabbit, 3H-dopamine release caused by neuropep-
tide Y has been shown to be prolonged (Bruun et al., 1986). A
prolonged release of dopamine triggered by neuroactive agents
may be common. An obvious question, then, is how the retina
normally limits dopamine release. Our experiment examining
the interaction between GABA and enkephalin provides a clue;
Figure 15 showed that the effects of enkephalin on horizontal
cells were reversible when applied in the presence of GABA, a
finding that suggests that the action of enkephalin on interplexi-
form cells is reversible when the interplexiform cells are strongly
inhibited by GABA.

Figure 16 summarizes the findings reported in this article. Of
the retinal neurons, amacrine cells provide the main input to
teleost interplexiform cells (Dowling and Ehinger, 1978); GA-
BAergic amacrine cells appear to inhibit tonically the release of
dopamine from interplexiform cells, whereas enkephalinergic
amacrine cells appear to stimulate the release of dopamine from
interplexiform cells. Interplexiform cells also receive input from
centrifugal fibers originating from the olfactory bulb, and two
peptides GnRH and FMRFamide are found in the terminals of
these fibers (Zucker and Dowling, 1987). GnRH stimulates do-
pamine release from interplexiform cells, whereas FMRFamide
often antagonizes the action of GnRH. The scheme shown in
Figure 16 is probably the simplest possible. There may be ad-
ditional amacrine cells interposed between the GABAergic ama-
crine cells, enkephalinergic amacrine cells, and interplexiform
cells, and furthermore, interplexiform cells may receive direct
input from other types of amacrine cells. For example, seroto-
ninergic cells have been reported to release dopamine from the
teleost retina (Kato et al., 1982), although this result was not
confirmed subsequently (O’Connor et al., 1986). In addition, it
is likely that the centrifugal fibers synapse on GABAergic ama-
crine cells and perhaps the enkephalinergic amacrine cells, as
well. Finally, it is possible that the enkephalinergic amacrine
cells that provide input to the interplexiform cells also contain
GABA (Su et al., 1986).
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