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Abstract 

The acidic amino acid receptor antagonists, a-methylglu- 
tamate and cu-aminoadipate, were applied to the carp retina 
to study their effects upon the spectral properties of horizon- 
tal cells and to elucidate the synaptic connections between 
horizontal cells and cones. Application of these antagonists 
strongly hyperpolarized the L-type cone horizontal cells and 
reduced the responses of these horizontal cells to red light 
more than to blue light. Application of Co’+ ions to the retina, 
a procedure which decreases transmitter release, also hy- 
perpolarized the L-type cone horizontal cells but reduced the 
response of these horizontal cells to red and blue lights 
equally. These results suggest that red- or long wavelength- 
sensitive cones release a different transmitter onto L-type 
cone horizontal cells than do short wavelength-sensitive 
cones. 

Application of the acidic amino acid antagonists also re- 
vealed details of the feedback pathway from L-type cone 
horizontal cells to cones. Previous studies have shown that 
feedback varies directly with stimulus size and that the 
effects of feedback on the responses of cones are observed 
as a transient waveform at response onset (a large, hyper- 
polarizing potential that is quickly followed by a smaller 
plateau potential). Application of the acidic amino acid antag- 
onists at a dose which partially hyperpolarized the horizontal 
cells selectively enhanced the response of the cells to blue 
lights, when full field, and not spot, stimuli were used. The 
antagonists also eliminated the transient at response onset. 
These findings are consistent with the presence of a feed- 
back pathway from L-type cone horizontal cells to short 
wavelength cones but not to long (red-sensitive) cones. 

Retinal horizontal cells make synaptic contacts in the outer plexi- 
form layer and transmit information from photoreceptor cells to other 
photoreceptors and to bipolar cells. In the fish retina, horizontal cells 
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respond to light flashes with sustained graded potentials (S-poten- 
tials) that code spectral information in several ways (MacNichol and 
Svaetichin, 1958; Tomita, 1965). Luminosity horizontal cells (L-type) 
respond with hyperpolarizations to all wavelengths of visible light 
and are activated either by cones or by rods. Chromaticity horizontal 
cells (C-type) receive cone input and are of two types: a biphasic 
cell, so called because it depolarizes to long wavelengths of light 
and hyperpolarizes to shorter wavelengths of light, and a triphasic 
cell, so called because it hyperpolarizes to long and short wave- 
lengths of light but depolarizes to intermediate wavelengths (Kaneko 
and Yamada, 1972; Mitari et al., 1974). Stell and Lightfoot (1975) 
have postulated a system of feedforward and feedback synaptic 
connections between horizontal cells and cones that may account 
for the various spectral responses of these different cone horizontal 
cells, and in the fish and turtle, physiological evidence has likewise 
suggested that feedback connections from horizontal cells to cones 
relay information about the receptive field periphery (Baylor et al., 
1971; Fuortes et al., 1973; Burkhardt, 1977; Piccolino and Gerschen- 
feld, 1980; Toyoda and Kujiraoka, 1982). 

Amino acids may serve as neurotransmitters in these synaptic 
connections, It has been proposed that an acidic amino acid, such 
as L-glutamate or L-aspartate, is released by photoreceptors in the 
dark so that a depolarization of the horizontal cell membrane is 
produced (Cervetto and MacNichol, 1972; Dowling and Ripps, 1972; 
Murakami et al., 1972; Wu and Dowling, 1978; lshida and Fain, 
1981; Lasater and Dowling, 1982). In turn, some horizontal cells may 
release y-aminobutyric acid (GABA) back onto cones (Lam et al., 
1979; Wu and Dowling, 1980). 

Although an acidic amino acid may be released by red- and green- 
sensitive cones, recent evidence suggests that blue cones may not 
use these substances as a neurotransmitter. Marc and Lam (1981 a) 
and Kleinschmidt (1982) have reported that red- and green-sensitive 
cones accumulate labeled glutamate and aspartate but that blue 
cones do not. Moreover, the responses of cone horizontal cells to 
red stimuli may be more affected by the application of aspartate 
than the responses to blue lights (Murakami et al., 1972). Accord- 
ingly, to test whether blue cones use a different transmitter than red 
and green cones, we examined the responses of cone horizontal 
cells to spectral stimuli during the application of acidic amino acid 
receptor antagonists. That is, the selective blocking agents, DL-a- 

aminoadipic acid and a-methylglutamic acid were applied to the 
retina to determine whether the responses of cone horizontal cells 
to long wavelength (red) stimuli were selectively reduced. In this 
paper, we describe the differential effects which each of these drugs 
evokes on the responses of cone horizontal cells to blue and red 
lights. 

Materials and Methods 

Preparation. Carp (Cyprinus carpio) were maintained in aerated aquaria 
at approximately 20°C and were dark-adapted for at least 20 min before an 
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experiment. Their eyes were enucleated and hemisected, and the eyecups 
were inverted onto dry filter paper. The pigment epitheltum was peeled from 
the retina and the optic nerve was cut. Finally, the isolated retina with receptor 
side up was soaked with Ringer’s solution and placed In a chamber that 
was aerated with moist oxygen. All procedures were performed under 
conditions of dim red illumination and at a room temperature of about 20°C. 

A few carp received an intraocular injection of 6-hydroxydopamine (20 
pg/iO ~1 of 0.9% saline) into one eye 6 and 7 days before the recording 
experiments. This procedure depletes dopamine, the interplexiform cell’s 
transmitter, from that cell’s presynaptic terminals and, thus, eliminates the 
influence of this synaptic input onto horizontal cells. The other eye served 
as a control and received similar injections of 10 ~1 of 0.9% saline only on 
the same days (Negishi et al., 1981; Watling et al., 1982). 

Stimulating and recording procedures. The stimulating and recording 
procedures have been described in detail previously (Dowling and Ripps, 
1971; Hedden and Dowling, 1978; Wu and Dowling, 1978, 1980). Light 
stimuli were presented to the retina with a dual beam photostimulator. This 
apparatus provided two independent light channels such that stimulus 
intensity, wavelength, and size could be varied to characterize impaled cells. 
The duration of the light stimuli was always 500 msec. Spectral curves were 
obtained for each cell by the use of narrow band interference filters. These 
filters were adjusted to equal quanta1 flux with neutral density filters. Peak 
light intensity of the channels at 500 nm was 4 x 10” photon/cm’ set as 
measured with a calibrated photodiode (PIN-5D, United Detector Technology, 
Santa Monica, CA). 

Standard intracellular recording procedures were followed during these 
experiments. Microplpettes were pulled on a modified Livingston puller and 
filled with 4 M potassium acetate. These pipettes typically had resistances of 
150 to 600 megohms as measured at the retinal surface. 

Solutions and atomizing system. The Ringer’s solution of 80 mM NaCI, 
22.7 rnM NaHC4, 3.5 rnM KCI, 2.4 rnM MgSO.,, 2.3 rnM CaCl*, 10 mM 
dextrose, and 10 mM HEPES was bubbled with oxygen and adjusted to pH 
7.35 with 1 N HCI before the start of each experiment. The amino acid 
receptor antagonists, DL-a-aminoadlpate (a-AA) and cu-methylglutamate(c- 
MG) (Sigma Chemical Co., St. Louis, MO) were dissolved in oxygenated 
Ringer’s solution, and the pH was readjusted to 7.35. Cobalt chloride was 
added to double distilled water. All solutions were prepared on the day of 
the experiment. 

The Ringer’s and test solutions were applied to the isolated retina with 
fine spray nebulizers. Because the aim of the present study was to examine 
receptive field properties of horizontal cells during various drug applications, 
it was not necessary to use drug doses which generated threshold effects. 
Rather, we employed drug concentrations In the nebulizers sufficient to 
produce suprathreshold but nonsaturating effects. Slightly lower concentra- 
tions or fewer sprays produced threshold responses. Wu and Dowling (1978, 
1980) have discussed the factors that determine the extent of dilution that 
test solutions undergo when sprayed onto the retina and have made rough 
estimates of drug concentrations at the horizontal cell surface. Although the 
drug concentrations in the nebulizers ranged between 25 and 200 mM in the 
present study, their exact concentration at the horizontal cell surface must 
be many times reduced. Based on a recent study (Ariel et al., 1984) that 
compared the efficacy of drug application onto horizontal cells by nebulizer 
and by superfusion, a drug concentration in the nebulizers of 100 mM, for 
example, appears diluted by 20.fold, so that its effective concentration at 
the retinal surface may be closer to 5 mM. Moreover, mechanisms such as 
uptake may further distort this dilution factor. 

identification of cell types. Cells were Identified with appropriate patterns 
of illumination (Werblin and Dowllng, 1969; Kaneko, 1970). Horizontal cells 
were impaled between 75 and 125 Frn below the retinal surface and were 
characterized by resting membrane potentials between -20 and -35 mV. 
In addition, these cells responded with graded hyperpolarizations to light, 
and their responses Increased in size with increasingly larger spot stimuli 
(Naka and Rushton, 1967). Although this study deals primarily with cone 
horizontal cells and the effects of acidic amino acid antagonists upon them, 
rod horizontal cells were occasionally encountered and studied. L-type and 
C-type cone horizontal cells and rod horizontal cells were easily distinguished 
by the use of spectral and intensity curves and by response waveform (Mitari 
et al., 1974; Hedden and Dowling, 1978). 

Results 

The effect of a-MG was tested on 412 cone horizontal cells, and 
the effect of a-AA was tested on 33 cone horizontal cells. Under all 
conditions, the effects of these two acidic amino acid receptor 
antagonists were similar at equivalent doses. 

L-type cone horizontal cells 

Spectral effects of acidic amino acid antagonists. Figures 1 and 
2 illustrate the effects of these acidic amino acid antagonists upon 
the membrane potential and response amplitude of dark-adapted L- 
type cone horizontal cells. Before drug application in each case, a 
red (620 nm) and a blue (480 nm) light were adjusted in intensity so 
as to generate hyperpolarizing responses of similar amplitude. As 
can be seen in Figure 1, application of a-AA produced a large 
hyperpolarization of the membrane potential (see also Wu and 
Dowling, 1978) and a difference in the response amplitude to the 
red and blue lights. In particular, in Figure 1A during the membrane 
hyperpolarization, the response to the red light virtually vanished, 
whereas the response to the blue light was enhanced at an inter- 
mediate level of membrane potential hyperpolarization and was then 
decreased slightly at full membrane potential hyperpolarization. 
Thus, following antagonist application, the response to blue light 
was always larger than the response to red light at all hyperpolarized 
potential levels. These phenomena are illustrated again for this cell 
in Figure IB, which depicts the effects of a second, smaller drug 
application, given after complete recovery from the first application. 
In this case, a smaller hyperpolarization of the membrane potential 
was observed. Moreover, the response to the red light remained 
unaltered, whereas the response to the blue light was only enhanced. 

The vast majority of cells tested with amino acid antagonists 
yielded spectral differences similar to those illustrated in Figure 1. 
That is, the response amplitude of the cells to blue light was greater 
than that to red light at all hyperpolarized potential levels following 
amino acid antagonist application. This is depicted again in Figure 

L-type Cone Horizontal Cell 

B 

aAA 

figure 7. Effects of the acidic amino acid antagonist, a-AA, upon the 
membrane potential and spectral responses of a dark-adapted L-type cone 
horizontal cell. Drug was applied to the retina by a fine spray nebulizer during 
the period indicated by the bars directly below the voltage trace. Full field, 
diffuse, spectral stimuli (620. and 480.nm lights) were alternately presented 
to the retina, as indicated by the bottom trace, and were adjusted in intensity 
before drug application so that the responses they generated were approxi- 
mately equal. A, Effect of a large dose of a-AA followed by recovery. The 
drug produced a large, nearly saturating hyperpolarization of the cell’s 
membrane potential, an enhancement of the response to the 480.nm (blue) 
light, and a reduction of the response to the 620.nm (red) light. 5, Effect of 
a smaller dose of a-AA upon the same cell 1 mln later followed by recovery. 
This drug application produced a smaller hyperpolarization, an enhancement 
of the response to 480.nm light and no reduction of the response to 620.nm 
Ilght. 
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L-type Cone Horizontal Cells 

Figure 2. Effects of the acrdrc ammo acid antagonist, a-MG, upon the 
membrane potential and spectral responses of dark-adapted L-type cone 
horizontal ceils. Conventions are as in Figure 1. A, Effect of a large, nearly 
saturating dose of LU-MG. During the membrane potential hyperpolarizatron, 
the drug enhanced the response of the cell to 450.nm light and eliminated 
the response to 680.nm Irght. 8, Effect of a large, saturating dose of o(-MG 
with recovery. At the peak of the hyperpolarization, the drug eliminated the 
responses to both 450 and 680 nm of light. 

2A, in which the response to red light was eliminated after an 
application of o(-MG. However, occasionally with large saturating 
doses of these drugs, the responses to both red and blue lights 
could be eliminated entirely (see Fig. 213). Although there is a blue- 
red response difference during the development of the membrane 
potential hyperpolarization, this spectral difference disappeared at 
full hyperpolarization. 

Although the degree of response enhancement to the blue light 
stimulus was typically large, spectral response curves that were 
obtained after antagonist application revealed that the cells remained 
clearly dominated by a long wavelength-sensitive input and therefore 
were still identifiable as L-type cone horizontal cells. However, as 
shown in Figure 3A, distinct differences did occur in the spectral 
response curves of L-type cone horizontal cells before and after ct- 
MG application. Not only were the responses in the blue region of 
the spectrum relatively much larger after drug application, but the 
responses to red lights were decreased in size and the peak 
response occurred at a shorter wavelength. 

Synaptically blocked retiqas. The spectral effects of the amino 
acid antagonists, LU-MG and a-AA, upon L-type cone horizontal cells 
are not simply due to hyperpolarization of the cell’s membrane 
potential but rather to a selective action of the drugs themselves. 
This conclusion was reached by the experiment illustrated in Figure 
38, which depicts an experiment identical to those shown in Figures 
1 and 2 except that Co’+ was applied to the retina. Application of 
Co” to the dark-adapted retina decreases all transmitter release 

(Cervetto and Piccolino, 1974). Therefore, Co’+ treatment produced 
a hyperpolarization of the membrane potential of horizontal cells as 
did (u-MG and a-AA. In most cases, no concomitant difference in 
the responses to blue and red lights occurred with Co’+ treatment. 
In about 15% of the cases, however, the response to the blue light 
stimulus, compared to the red light stimulus, was slightly larger after 
Co’+ treatment but the differential spectral effect with Co*+ treatment 
was never as large as the typical spectral effect with antagonist 
treatment. 

Involvement of the feedback pathway from horizontal cells to 
cones. To test the possibility that the spectral effects of acidic amino 
acid antagonists are mediated through the feedback connections of 
horizontal cells onto cones, we next applied these drugs while light 
stimuli of different sizes were alternatively flashed. Studies on the 
turtle and fish retina have shown that feedback effects upon cones 
increase in magnitude with stimuli that cover large areas of the 
receptive field periphery (Baylor et al., 1971; Fuortes et al., 1973; 
O’Bryan, 1973; Burkhardt, 1977; Piccolino and Gerschenfeld, 1980). 
One of these experiments upon a dark-adapted L-type cone hori- 
zontal cell is shown in Figure 4A. The intensity of a diffuse 450.nm 
stimulus was initially adjusted so that it generated a response 
approximately equal in magnitude to that of a spot stimulus of 
equivalent wavelength. As can be seen, application of o(-MG en- 
hanced the response to the diffuse stimulus relatively more than to 
the spot stimulus, Indeed, we found that the degree of enhancement, 
in general, is directly related to spot size. That is, following antagonist 
application, the responses of L-type cone horizontal cells to diffuse 
blue stimuli were markedly increased in size, whereas the responses 
to small blue spots were only slightly increased. Because the effect 
of the amino acid antagonists increases in magnitude with stimuli 
that cover large areas of the receptive field periphery, these results 
suggest that the response enhancement to blue lights is mediated 
through the feedback connections of horizontal cells onto cones. 

Amino acid antagonist application did not increase response size 
to red stimuli. As illustrated in Figure 48, application of o(-MG 
produced a hyperpolarization of the membrane potential with no 
concomitant effect upon the size of the cell’s responses to light of 
620 nm. 

As expected, response enhancement usually did not occur when 
Co*+ was applied to the retina. This result is shown in Figure 4C for 
a dark-adapted L-type cone horizontal cell. Co*+ treatment did not 
induce an enhancement of the response to either the blue diffuse 
or spot stimuli. These results thus suggest that the effects of the 
acidic amino acid antagonists are dependent on stimulus size and 
wavelength and are due to a selective action of the antagonists 
themselves. 

Effects of acidic amino acid antagonists upon response wave- 
form. The response waveform of L-type cone horizontal cells pos- 
sesses a prominent transient at response onset (a large, hyperpo- 
larizing potential that is quickly followed by a smaller plateau poten- 
tial). This phenomenon is believed to indicate the presence of tonic 
feedback inhibition from these horizontal cells onto cones (Baylor et 
al., 1971). That is, a tonic inhibitory effect of horizontal cells onto 
cones in the dark is reduced by light stimulation, so that the 
magnitude of a light-induced hyperpolarization is reduced. During a 
light stimulus there is an initial hyperpolarization followed, after a 
short latency, by a repolarization to a more depolarized level. This 
latter plateau potential is due to a reduction in the tonic inhibitory 
feedback effect of horizontal cells onto cones. This sequence of 
events is produced in cones and therefore is also evident in the 
response waveform of L-type cone horizontal ceils as a prominent 
transient. 

Examples of the prominent transient in the response waveform of 
L-type cone horizontal cells are illustrated in Figure 5, which also 
shows that responses to shorter wavelength stimuli exhibit larger 
transients than the responses to longer wavelength stimuli. As 
stimulus intensity was increased, the responses to 540.nm light 
developed prominent transients, whereas the responses to 6%nm 
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Figure 3. Comparison of the effects of an acrdic amino acid antagonist, wMG, and of Co’+ rons upon the spectral responses of dark-adapted L-type 

cone horizontal cells. Conventions are as in Figure 1, In addition, a spectral response series (A) is indicated by the sequence of light pulses between 420 
and 720 nm. A, Effect of n-MG application upon spectral responses with recovery. Following drug application, the responses to long wavelength strmuli still 
predominated, although responses to shorter wavelength stimuli were enhanced. B, Lack of a drfferential 
Co’+ ions. However, Co’+ treatment did produce a hyperpolanzation of the membrane potential. 

spectral response effect following application of 

light did not. Moreover, this difference in response waveform was 
most noticeable at relatively intense but nonsaturating light intensi- 
ties Because L-type cone horizontal cells exhibit transient wave- 

forms most clearly to short wavelength stimuli, the feedback pathway 
from these horizontal cells probably terminates on short wavelength- 
sensitive cones rather than on long wavelength-sensitive cones 

(Yang et al., 1982). 
In addition to the effects of acidic amino acid antagonists upon 

response amplitude, application of these substances altered the 
response waveform of L-type cone horizontal cells so that the 

transient character of their responses was reduced or eliminated 
(see Fig. 6). The use of a faster sweep speed revealed that wMG 
eliminated the prominent transient that was normally observed at 
stimulus onset, so that the response shape became considerably 

rounded. This effect was apparent for the responses to both long 
and short wavelength stimuli but was more pronounced in the case 
of the response to short wavelength stimuli, simply because these 
latter responses normally exhibited larger transients. In fact, amino 

acid antagonist application reduced or eliminated the transient in the 
response of these cells to stimuli of relatively high intensity but 
enhanced the responses to short wavelength stimuli of relatively low 
intensity. Both of these effects can be attributed to a reduction in 
the extent of tonic inhibitory feedback from L-type cone horizontal 

cells to cones. 
Interestingly, transients in the response waveform can be elimi- 

nated by application of a dim 480.nm background light, as shown 
in Figure 7. In contrast, application of a 650nm background light 

that hyperpolarized the cell’s membrane potential to the same 
degree had no effect on the response waveform to any spectral 
stimulus. Thus, adaptation of the short wavelength cone with a dim 

480~nm background light can eliminate transients at response onset 
or, in other words, can eliminate the effects of release from feedback 
inhibition. 

Conversely, addition of a dim 500.nm light to a 650.nm stimulus 
caused the response of an L-type cone horizontal cell to develop a 
prominent transient, as shown in Figure 8. However, because the 
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Figure 4. Comparison of the effects of wMG upon responses to different 
sizes of spectral stimuli. Conventions are as in Figure 1, except that diffuse 
(D) and 400.pm spot (s) stIrnull at wavelengths of 450 nm (A and C) or 620 
nm (B) were used. A, cu-MG enhanced the response to the full field 450.nm 
stimulus more than the response to the spot stimulus. B, Lack of an effect 
of wMG upon responses to either diffuse or spot 620.nm stimuli. C, Lack of 
an effect of Co2’ ions upon responses to either diffuse or spot 450.nm 
stimuli. Application of (u-MG, but not of Co’+ Ions, enhanced the size of 
responses to diffuse (full field) 450.nm stimuli and had no effect on responses 
to 620.nm stirnull. 

500-nm was relatively dim and ineffective on the response of 
horizontal cells, its addition to the 650-nm test flash did not appre- 
ciably increase the size of the cell’s hyperpolarization. In contrast, 
simultaneous stimulation with a 410.nm test flash and a dim 500-nm 
light did not lead to an equivalent interaction, in which the size of 
the transient was increased (Fig. 8). That is, the response of the L- 
type cone horizontal cell was virtually unaltered by the addition of a 
dim 500.nm light to a blue, 410.nm test flash. The presence of this 
interaction between the responses to 500. and 650.nm lights indi- 
cates that there are at least two cone inputs to L-type cone horizontal 
cells. Moreover, because this interaction occurs between interme- 
diate (500 nm) and long (650 nm) wavelength cone pathways but 
not between short (410 nm) and intermediate (500 nm) wavelength 
pathways, photoreceptor input to L-type cone horizontal cells of the 
carp may be provided by long (red) wavelength-sensitive cones and 
only one shorter (blue or green) wavelength-sensitive cone. 

Rod horizontal cells. Because rods in the fish retina may also 
utilize an acidic amino acid as a neurotransmitter (Marc and Lam, 
1981a), application of acidic amino acid antagonists should hyper- 
polarize rod horizontal cells. This is the case, as depicted in Figure 
9. As can be seen, application of a-MG hyperpolarized the cell. A 
hyperpolarizing effect was observed in all of the cells studied 
(n = 5). 

However, because rod horizontal cells receive input only from 
rods in the carp retina (Kaneko and Yamada, 1972) and because 
they do not participate in feedback pathways with rods or cones, 
application of acidic amino acid antagonists should not produce 
differential spectral response effects. This is the case. As illustrated 
in Figure 9, application of cu-MG did not produce a differential rod 
horizontal cell response to 500- and 680-nm stimuli with respect to 
response size or waveform. Similarly, addition of a dim 500~nm light 
to a 650.nm test flash did not alter the response waveform of rod 
horizontal cells, as it did that of L-type cone horizontal cells. 

Lack of inner retinal pathway influence. The effects of acidic 
amino acid antagonists upon the spectral responses of L-type cone 
horizontal cells are probably not mediated by inner retinal pathways. 
Such influence is possible via interplexiform cells, a cell type which, 
in the teleost, receives input from amacrine and bipolar cells and 
synapses onto horizontal cells (Dowling and Ehinger, 1978). Be- 
cause interplexiform cells appear to release dopamine onto horizon- 
tal cells (Ehinger et al., 1969; Dowling and Ehinger, 1978), we were 
able to examine the influence of this synaptic input on the phenom- 

L-type Cone Horizontal Cell 

Figure 5. Effects of stimulus wavelength 
and intensity upon the response waveform 
of L-type cone horizontal cells. Intensity- 
response series at 540 nm and at 650 nm 
are depicted. The light flash denoted as 
-0.0 was unattenuated; other light flashes 
were attenuated by logarithmic neutral den- 
sity filters. At relatively high intensities, re- 
sponses to 540.nm light but not to 650-nm 
light exhibited prominent transients at stim- 
ulus onset. See the text for details. 

Log I -3.0 -2.4 -2 0 -1.4 -I 0 -0.4 -0.0 
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Figure 6. Effect of CVMG upon the response waveform of an L-type cone horizontal cell. Conventions are as in Figure 1. Application of o(-MG eliminated 
the prominent transient normally observed at stimulus onset. See the text for details. 

L-type Cone Horizontal Ceil 

650 

480 

Figure 7. Effects of different spectral back- 
grounds upon the response waveform of L- 
type cone horizontal cells. Spectral response 
series with no background light and with 480. 
nm or 650.nm backgrounds are shown. Ad- 
dition of a 480-nm background light, but not 
a 650-nm background, eliminated the tran- 
sients at stimulus onset. 

Stimulus 2 n n n I- n n 

(run) 410 460 500 540 560 600 650 710 

ena reported here by the intravitreal injection of 6-hydroxydopamine, 
1 week before the recording experiments. This procedure depletes 
dopamine from interplexiform ceil terminals (Dowling and Ehinger, 
1978; Negishi et al., 1981; Watling et al., 1982). We have found that 
horizontal cell responses in these treated retinas were similar to 
those in untreated, control retinas in terms of the effects of the 
amino acid antagonists (cf. Cohen and Dowling, 1983). Figure 10 
depicts a typical spectral response curve from an L-type cone 
horizontal cell in a treated retina, as well as the effect of a-MG upon 
the responses of a treated L-type cone horizontal cell to spectral 
stimuli. As can be seen, o(-MG application increased the response 
to a 450-nm stimulus and decreased the response to a 650.nm 
stimulus. Thus, the spectral response phenomena that occur during 
amino acid antagonist application appear to be mediated by outer 
retinal pathways. 

C-type cone horizontal cells 

Spectral effects. Unlike L-type cone horizontal cells, application 
of amino acid antagonists did not enhance the response of C-type 
cone horizontal cells to diffuse short wavelength (blue) stimuli. 
Rather, responses to stimuli of intermediate wavelengths increased 
in size (Fig. 1 IA). 

Application of acidic amino acid antagonists altered the spectral 
responses of biphasic C-type horizontal cells in yet another way. 
Following application of either a-AA or a-MG, the depolarizing 
responses of these cells, which are normally generated with stimuli 
of long wavelengths, became decreased in size and often inverted 
to hyperpolarizations. An example of this finding is depicted in Figure 
115. It can be seen by a comparison of spectral response curves 
before and during a-MG application that the antagonist produced a 

hyperpolarization of the membrane and an inversion of the cell’s 
depolarizing response to 650-nm light into a hyperpolarization. In 
addition, the depolarizing responses to longer wavelength (680 and 
720 nm) stimuli were abolished so that no response was present. 
Moreover, no evidence of a response enhancement to 450-nm light 
was observed, as was also noted for the cell in Figure 11A. Thus, 
amino acid antagonist application eliminated the depolarizing re- 
sponses of this cell and, by so doing, exposed the superimposed, 
hyperpolarizing responses. 

Co’+ treatment, however, produced similar effects upon the 
spectral responses of C-type horizontal cells. That is, following 
application of Co’+ to the retina, the membrane of C-type cells 
hyperpolarized, and their depolarizing responses usually changed 
into hyperpolarizing responses. These phenomena are illustrated in 
Figure 1lC for a biphasic C-type horizontal cell. The inversion of the 
depolarizing response into a hyperpolarizing response is evident 
from a comparison of this cell’s spectral curves before and after 
Co*+ treatment. Interestingly, hyperpolarization of a C-type horizontal 
cell with a blue background light did not eliminate its depolarizing 
responses. Rather, depolarizing responses increased in magnitude 
with blue background lights of low and moderate intensity (Naka 
and Rushton, 1966a). 

Amino acid antagonists and Co *+ ions also affect the spectral 
properties of triphasic C-type horizontal cells. That is, application of 
these drugs upon dark-adapted retinas produced a hyperpolarization 
of the cell and eliminated the cell’s depolarizing responses so that 
the superimposed hyperpolarizing responses were exposed. Inter- 
estingly, a-MG and a-AA application did not enhance the hyperpo- 
larizing responses of these C-type cells to any spectral stimuli. These 
phenomena are shown in Figure 12, A and B, for one triphasic cell 
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and in Figure 12C for a second triphasic cell. The effects of a-MG cells) wavelengths, application of either the acidic amino acid antag- 
are depicted in Figure 12A and the similar effects of Co’+ are onists or the Co’+ ions reduces or eliminates them. 
depicted in Figure 12B. Figure 12C illustrates particularly clearly, at 
a faster sweep speed, that antagonist application eliminates the 

Discussion 

depolarizing responses of this C-type cell so that the same spectral Effects of amino acid antagonists upon the spectra/ response 
stimuli now evoke the superimposed, hyperpolarizing responses. properties of L-type cone horizontal cells. The finding that acidic 
Thus, whether the depolarizing responses of C-type horizontal cells amino antagonists, such as a-MG and a-AA, decrease the response 
occur to stimuli of intermediate (triphasic cells) or long (biphasic of L-type cone horizontal cells to red lights but not to blue lights, 

L-type Cone Horizontal Cell 

Test colors 

410 nm 

Figure 8. Influence of a dim 500.nm light 
stimulus upon the response waveform of L- 
type cone horizontal cells. Responses to 
test lights of 410 nm (top trace), 500 nm 
(middle trace), and 650 nm (bottom trace) 
at low and at high intensities are shown, by 
themselves, and in conjunction with a dim 
500.nm light stimulus. Addition of the dim 
500.nm stimulus to the bright 650.nm stim- 
ulus produced a prominent transient in the 
response of the cell, but addition of the dim 
500nm light to either the 410.nm or the 500- 
nm lights did not alter the response wave- 
form. Response size to the spectral test 

500 nm - 

lights was not appreciably increased in any 650 Rrn - 
of the cases by addition of the dim 500.nm 
light. 
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Figure 9. Effects of the acidic amino acid antagonist, cu-MG, upon the membrane potential and spectral responses of a rod horizontal cell. Conventions 
are as in Figure 3, except that a spectral response series is illustrated from 410 to 710 nm. Depicted are intensity and spectral response series and the 
effect of wMG upon the membrane potential and spectral responses of the cell with recovery. The antagonist hyperpolarized the cell but did not induce a 
differential resoonse to the 500.nm and 680.nm stimuli. 
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amino acid antagonists reduces or eliminates the red cone input to 
L-type cone horizontal (Hi) cells, which is their major excitatory 
input, feedback from Hl cells to a shorter wavelength-sensitive cone 
is also reduced or eliminated. Therefore, because the inhibitory 
feedback from Hl cells to these short wavelength-sensitive cones 
is reduced by amino acid antagonist application, the response of 
Hi cells to blue lights is increased. Moreover, the reduction in the 
extent of inhibitory feedback from horizontal cells onto cones during 
acidic amino acid antagonist application is revealed by the finding 
that these substances reduce or eliminate the prominent transient in 
the response waveform of L-type horizontal cells. In general, amino 
acid antagonist application produces enhancement to short wave- 
length stimuli of relatively low intensity and an elimination of the 
prominent transients in the responses to stimuli of relatively high 
intensity. Both effects can be attributed to a reduction in the tonic 
inhibitory feedback from Hi horizontal cells to cones. 

Figure 70. Effects of the actdrc ammo acid antagonrst, cu-MG, upon the 
membrane potential and spectral responses of an L-type cone horizontal cell 
from a retrna previously treated wrth 6-hydroxydopamrne (6.O/-/DA). This 
procedure depletes the interplexiform cell transmitter, dopamrne, from pre- 
synaptic termrnals. The antagonist hyperpolanzed the cell, augmented the 
response to 450.nm light, and greatly reduced the response to 680.nm light, 

whereas Co’+ treatment produces no such spectral response dif- 
ference, suggests that red or long wavelength-sensitive cones 
release a different transmitter than do short wavelength-sensitive 
cones. This finding is complemented by recent autoradiographic 
work (Marc and Lam, 1981a; Kleinschmidt, 1982) which showed 
that red- and green-sensitive cones, but not blue cones, preferentially 
accumulate labeled glutamate and, to a lesser extent, labeled as- 
partate. This suggests that red and green cones, but not blue cones, 
may release one of these two acidic amino acids as a transmitter. 
Unfortunately, it is still unclear whether the short wavelength cone 
input(s) to L-type cone horizontal cells is (are) maximally sensitive to 
green or to blue lights. Recent physiological data from the goldfish 
(Yang et al., 1982, 1983) indicate the green- and not blue-sensitive 
cones provide direct input to L-type cone horizontal cells. However, 
morphological and microspectrophotometric data from the goldfish 
(Stell and Lightfoot, 1975; Stell, 1980) indicate that both green- and 
blue-sensitive cones provide input to these horizontal cells. Thus, 
until definitive identification of the short wavelength-sensitive cone 
inputs to L-type cone horizontal cells is achieved, some question will 
remain as to which short wavelength cones are responsible for the 
effects reported here. 

In addition to a feedback connection onto cones, morphological 
studies have suggested that L-type cone horizontal cells receive 
direct input from short (blue), intermediate (green), and long (red) 
wavelength-sensitive cones (Stell and Lightfoot, 1975) although the 
dominant input is undoubtedly provided by red cones, as is evident 
from the spectral response maximum (620 nm) of these horizontal 
cells. Our physiological data suggest that carp L-type cone horizontal 
cells receive direct input from at least two types of cones, a red- 
sensitive cone and a shorter wavelength-sensitive cone. The pres- 
ence of at least two cone inputs was observed with two different 
approaches. First, we found that addition of various spectral back- 
grounds or flashes elicited different effects upon the response 
waveform of the cells to spectral stimuli (see Figs. 7 and 8). For 
example, addition of a dim 500.nm flash to a bright red stimulus 
produced a prominent transient in the response waveform, although 
none was evident with the red stimulus alone. Second, the presence 
of at least two direct inputs to L-type cone horizontal cells can be 
inferred from the differential spectral response effect of acidic amino 
acid antagonist application (see Figs. 1 and 2). Input from a third 
cone, that is, a second, shorter wavelength-sensitive cone, was not 
observed (see Fig. 8) although its influence may be minor and 
difficult to detect. 

The blue response increase that occurs with application of acidic 
amino acid antagonists is observed only at intermediate hyperpolar- 
izations from the dark-adapted level, as shown in Figure 1B. The 
dependency of this phenomenon upon the membrane potential of 
horizontal cells may indicate that the feedback influence of horizontal 
cells upon cones is eliminated with large, nearly saturating hyper- 
polarizations or that blue cone input to Hl horizontal cells occurs 
indirectly by way of red-sensitive cones (see below). 

Synaptic connections between cones and L-type cone horizontal 
cells. Because the responses of L-type cone horizontal cells do not 
increase when small blue spot stimuli are used during amino acid 
antagonist application, a surround feedback from horizontal cells to 
cones, which is wavelength dependent, may be postulated. This 
suggestion is based on the finding in turtles (Baylor et al., 1971; 
Fuortes et al., 1973; Piccolino and Gerschenfeld, 1980) and fish 
(Burkhardt, 1977) that inhibitory feedback from horizontal cells to 
photoreceptors is reduced to a greater extent with larger stimuli that 
cover the receptive field periphery. Because application of acidic 

These above findings are incorporated into Figure 13, which 
depicts a model of the synaptic connections between Hl or L-type 
cone horizontal cells and red-, blue-, and green-sensitive cones. This 
model is largely based upon circuitry formulated by Stell and Light- 
foot (1975) and originally suggested by Gouras (1972) and Spek- 
rei)se and Norton (1970). We have added several modifications to 
their model. In our case, Hl cells possess acidic amino acid recep- 
tors to interact with the red and green cone transmitter and a 
different, unknown receptor to interact with the blue cone transmitter. 
In addition, there are feedback connections from distantly located 
Hl horizontal cells onto green-sensitive cones but not onto red or 
blue cones. Finally, there is a large, direct red cone input and smaller, 
direct blue and green cone inputs to Hi horizontal cells or, possibly, 
an indirect blue cone input to Hi cells by way of red-sensitive cones. 
An indirect blue cone input to Hl cells cannot be eliminated by 
anatomical findings to date and might explain the fact that the blue 
response enhancement with amino acid antagonists has only been 
observed when a response to red light is still present (see Figs. 1 
and 2). Alternately, this latter phenomenon can also be explained as 
in our model, if the feedback connections from Hl horizontal cells 
are only made onto green cones and if these green cones release 
an acidic amino acid as their transmitter. 

Although the model of Figure 13 constitutes the most likely 
explanation of our present data, other similar models cannot be 
excluded. For example, because physiological evidence for a blue 
cone input to Hl horizontal cells in the goldfish is still lacking (Yang 
et al., 1982, 1983) it is possible that the model of Figure 13 would 
best be presented without blue cone input to Hi horizontal cells. 
However, a model in which only green- and red-sensitive cones 
synapse onto Hi cells and release the same acidic amino acid 
transmitter is difficult to reconcile with the findings reported here. 
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Figure 7 7. Effects of the acidic amino acid antagonist, cu-MG, and of Co’+ Ions upon the membrane potential and spectral responses of biphasic C-type 

horizontal cells. Conventions are as in Figure 3, except that tn C the spectral response series are from 400 to 650 nm. A, Effect of LU-MG upon the membrane 
potential and spectral responses wrth recovery. The drug hyperpolarized the cell, augmented the response to 540.nm light, and reduced the response to 
450nm light. B, Effect of u-MG as revealed by a comparison of spectral response series before and during drug application, The depolarizing responses to 
680 and 720 nm of light were abolished by the drug and the depolarizing response to 650 nm of light became a hyperpolarization. C, Effect of Co*+ ions 
upon membrane potential and spectral responses with recovery. Co ‘+ ion application also hyperpolarized the cell and changed the depolarizing response 
to 650 nm of light into a hyperpolarizing response. 
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Figure 12. Effects of the acidic amino 
acid antagonist, cu-MG, and of Co’+ ions 
upon the membrane potential and spectral 
responses of triphasic C-type horizontal 
cells. ConventIons are as in Figure 3. A, 
Spectral response series and effect of 01. 
MG with recovery. The antagonist hyperpo- 
larized the cell and changed the depolariz- 
ing response to 540-nm light into a hyper- 
polarizing response. B, Effect of Co*+ ions 
on the same cell 2 min later with recovery. 
Co’+ application produced effects similar to 
those of wMG. C, Spectral response series 
and effect of a-MG on a different cell. The 
antagonist abolished the depolarizing com- 
ponent in the response of the cell to the 
520-nm stimulus. 
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That is, to account for the response enhancement to short wave- 
length stimuli during acidic amino acid antagonist application, we 
must assume that low doses of the amino acid antagonists have a 
stronger effect on the feedback pathway than on the green-sensitive 
cone input to the HI horizontal cell. In fact, although it is difficult to 
rule out the possibility that the acidic amino acid antagonists, LU-MG 
and a-AA, have nonspecific direct actions on the feedback pathway 
from HI horizontal cells to cones, we have observed that these 
substances block the depolarizing effects of glutamate, aspartate, 
and kainate, in a manner similar to that of N-methyl-o-aspratate (Ariel 
et al., 1984). Therefore, a-MG and a-AA are effective antagonists at 
the acidic amino acid-binding sites of the horizontal cell membrane. 

The model of Figure 13 does account, in large part, for the 
findings reported here and for those of others concerned with the 
outer retina of the fish. In particular, the autoradiographic work of 
Marc and Lam (1981 a) and Kleinschmidt (1982) and our finding that 
amino acid antagonist application differentially blocks the responses 
of L-type cone horizontal cells to long wavelength stimuli compared 
to short wavelength stimuli suggest that long and short wavelength- 
sensitive cones in the fish retina release different transmitters. 
Although large, saturating applications of the amino acid antagonists, 
a-MG and a-AA, can occasionally completely block all responses to 
spectral stimuli, as shown in Figure 2B, in the vast majority of cases, 
the response to blue light remained noticeably larger than the 
response to red light during hyperpolarization due to antagonist 
application (e.g., Figs. 1 and 2A). The fact that large doses of ol-MG 
and a-AA can sometimes diminish the responses of L-type cone 
horizontal cells to blue lights and can hyperpolarize triphasic C-type 
horizontal cells (Fig. 12), which presumably receive only blue cone 
input (Stell and Lightfoot, 1975), suggests that the blue cone trans- 
mitter may resemble the transmitter of the red and green cones so 
that the acidic amino acid antagonists can partially block its effects. 

The suggestion in Figure 13 that Hl horizontal cells make feed- 
back connections onto green-sensitive cones but not onto red or 
blue cones accounts for the finding that acidic amino acid antagonist 
application does not enhance the blue light response of triphasic C- 

type horizontal cells (Fig. 12) and for the finding that the blue light 
response increase that occurs with antagonist application is ob- 
served only at intermediate hyperpolarizations from the dark-adapted 
level when a response to red light is still present (Figs. 1 and 2). In 
addition, Toyoda et al. (1982) have reported that polarization of L- 
type cone horizontal cells does not elicit any detectable effect from 
triphasic C-type horizontal ceils, a finding which suggests that a 
feedback pathway from Hi or L-type cone horizontal cells to blue 
cones is not present. Conversely, polarization of L-type cone hori- 
zontal cells does elicit potential changes in biphasic C-type horizontal 
cells, a finding that indicates the presence of a feedback connection 
between Hl horizontal cells and green-sensitive cones. 

The feedback connection between Hl horizontal cells and cones 
has recently been investigated by the application of GABA, a putative 
transmitter of these horizontal cells (Lam, 1972; Lam et al., 1979; 

Periphery Center 

til Horizontal cells 

3 . unknown receptor 

X - acidic amino acid receptor 

figure 13. A model of the synaptic connections between L-type cone 
(H7) horizontal cells and red- (R), blue- (B), and green- (G) sensltlve cones. 
Centrally and peripherally located Hl horizontal cells are depicted. See the 
text for details. 
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Murakami et al., 1976, 1982; Wu and Dowling, 1980) and by the 
application of the GABA antagonists, picrotoxin and bicuculline 
(Murakami et al., 1982). In general, GABA application produces 
spectral effects upon HI horizontal cell responses similar to those 
of a-MG and a-AA, but with relatively small membrane hyperpolari- 
zations, presumably because GABA desensitizes the feedback 
pathway. The effects of picrotoxin and bicuculline are the reverse of 
those of GABA (Murakami et al., 1982). 

A comparison of the effects of GABA, on the one hand, and of 
a-MG and a-AA, on the other, is illuminating. High effective concen- 
trations of GABA and low effective concentrations of a-MG and o(- 
AA both produce small hyperpolarizations of L-type cone horizontal 
cells and an enhancement of the responses of these ceils to short 
wavelength stimuli. Higher doses of o(-MG and a-AA further hyper- 
polarize L-type cone horizontal cells and reduce the responses of 
these cells to red lights more than to blue lights. In other words, 
relatively low concentrations of the acidic amino acid antagonists 
partially reduce the influence of the long wavelength-sensitive cone 
acidic amino acid transmitter upon L-type cone horizontal cells and 
thus indirectly reduce the influence of the feedback pathway of 
horizontal cells onto cones. Relatively higher concentrations of o(- 
MG and a-AA completely reduce the influence of the acidic amino 
acid transmitter upon L-type cone horizontal cells so that the re- 
sponses of these horizontal cells to red lights is reduced more than 
the responses to blue lights. As mentioned above, the selectivity of 
(r-MG and a-AA to the acidic amino acid receptor sites of cone 
horizontal cells is demonstrated by their ability to block the depolar- 
izing effects of glutamate, aspartate, and kainate. 

Although a-MG and a-AA are potent antagonists at the acidic 
amino acid receptor sites of carp cone horizontal cells, the antagonist 
activity of these compounds is relatively low at acidic amino acid 
receptor sites elsewhere in the central nervous system (Foster and 
Fagg, 1984). Because N-methyl-o-aspartate, a potent agonist at 
some acidic amino acid receptor sites in the central nervous system, 
also acts as an antagonist to carp cone horizontal cells (Ariel et al., 
1984; M. Ariel, S. C. Mangel, and J. E. Dowling, submitted for 
publication), it thus appears likely that the acidic amino acid recep- 
tors of carp cone horizontal cells are unlike other acidic amino acid 
receptors previously described in the central nervous system. 

The effects of acidic amino acid antagonists upon the spectral 
responses of L-type cone horizontal cells are probably mediated 
only by outer retinal pathways. Inner retinal influence upon horizontal 
cells is possible via interplexiform cells (Ehinger et al., 1969; Dowling 
and Ehinger, 1978) and may modulate the degree of electrical 
coupling between horizontal cells (Teranishi et al., 1983, 1964). 
However, we have found that prior intraocular injection of 6-hydroxy- 
dopamine, a treatment that depletes the interplexiform cell transmit- 
ter, dopamine, from presynaptic terminals, does not affect the 
spectral response effects of acidic amino acid antagonists in any 
observable manner. Thus, the response enhancement to. low wave- 
length stimuli during acidic amino acid antagonist application cannot 
be attributed to an indirect effect of these drugs upon horizontal cell 
coupling. 

Recent data have indicated that a second type of interplexiform 
cell in the goldfish may utilize glycine as a transmitter (Marc and 
Lam, 1981 b). However, it is unlikely that the inner retina influences 
L-type cone horizontal cells via this type of interplexiform cell, 
because glycine application affects the membrane potential and 
spectral responses of C-type cone horizontal cells but does not 
affect L-type cone horizontal cells (Wu and Dowling, 1980). 

It is also unlikely that the spectral effects of o(-MG and a-AA result 
from a nonspecific drug effect upon coupling between Hi horizontal 
cells. Specifically, the enhancement of the responses of L-type cone 
horizontal cells to full field blue lights that is observed with application 
of GABA (Murakami et al., 1982) and the acidic amino acid antago- 
nists, cu-MG and a-AA, is not seen with application of dopamine, a 
substance that is known to uncouple Hl horizontal cells (Mangel 
and Dowling, 1984; Teranishi et al., 1984). 

The blue response increase during amino acid antagonist appli- 
cation is probably not related to the phenomenon of mutual spectral 
response enhancement or to nonlinearities of the horizontal cell 
membrane. Previous workers (Maksimova et al., 1966; Naka and 
Rushton, 1966b; Laufer and Negishi, 1978) have reported that 
horizontal cell responses to green lights become enhanced with the 
addition of a red background stimulus and that the reverse also 
occurs. This phenomenon has been attributed to the nonlinearity of 
the horizontal cell nonsynaptic membrane, which is voltage depen- 
dent and amplifies the graded potentials of the subsynaptic mem- 
brane (Byzov et al., 1977). However, the blue response enhance- 
ment that occurs with amino acid antagonist application, in contrast 
to the phenomenon of mutual spectral response enhancement, is 
wavelength dependent and of greater magnitude (cf. Naka and 
Rushton, 1966b, Fig. 1, and Figs 1, 2, and 4A here). We did, in fact, 
observe small spectral response enhancements occasionally during 
recovery from the effects of drugs (Figs. 4B) or during Co’+ treat- 
ment. Because these increases were in response to both blue and 
red stimuli, they may be related to the phenomenon of mutual 
spectral response enhancement and to a nonlinearity of the horizon- 
tal cell nonsynaptic membrane. 

C-type cone horizontal cells. Inhibitory feedback pathways from 
horizontal cells to cones probably serve as the basis for the depo- 
larizing responses of C-type horizontal cells (Stell and Lightfoot, 
1975; Toyoda and Kujiraoka, 1962). The transformation of these 
depolarizing responses into hyperpolarizing responses has been 
reported previously following GABA application (Murakami et al., 
1976, 1962) and after picrotoxin or bicuculline application (Djamgoz 
and Ruddock, 1979; Murakami et al., 1982). We find that application 
of acidic amino acid antagonists also inverts depolarizations into 
hyperpolarizations for C-type horizontal cells. 

However, it is interesting that Co*+ application produces a re- 
sponse inversion similar in every respect to that seen with the acidic 
amino acid antagonists but that a hyperpolarization of the horizontal 
cell membrane by light adaptation does not produce such a re- 
sponse inversion. These findings suggest that postsynaptic hyper- 
polarization of the horizontal cell membrane potential by itself is not 
sufficient to eliminate differentially the depolarizing responses of 
these cells. Therefore, the effect of Co*+, GABA, picrotoxin, and the 
acidic amino acid antagonists appears to be drug related and 
possrbly due, in some unknown way, to the characteristics of the 
feedback pathway from horizontal cells to cones. 
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