
The Journal of Neuroscience, January 1994, 14(l): 326-334 

Effects of Prolonged Darkness on Light Responsiveness and 
Spectral Sensitivity of Cone Horizontal Cells in Carp Retina in viva 
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Light responses of cone- and rod-driven horizontal cells were 
recorded intracellularly from opened eyes of intact, immo- 
bilized carp and the effects of prolonged darkness on these 
cells were examined. When the retina was left in the dark, 
responses of cone horizontal cells to a moderate test flash 
presented once every 10 min gradually and steadily de- 
creased in size (dark suppression effect). Following a re- 
petitive presentation of the test flash, the light responsive- 
ness of the cells was enhanced. In contrast, the rod horizontal 
cells did not show the dark suppression effect and the light 
responsiveness of these cells increased in the dark. 

Effects of prolonged darkness on the spectral sensitivity 
of L-type and R/G-type cone horizontal cells were also stud- 
ied. The spectral sensitivity of L-type cells, determined just 
after background illumination was extinguished, agreed rea- 
sonably well with that of red-sensitive (R-) cones, but it 
matched better that of green-sensitive (G-) cones when de- 
termined in prolonged darkness. We further show that de- 
polarizing responses of R/G-type cone horizontal cells to 
long-wavelength flashes, driven by R-cones, were abolished 
after prolonged darkness. Taken together, these results sug- 
gest that input from R-cones converging onto the cone hor- 
izontal cells is more significantly suppressed after pro- 
longed dark adaptation than input from G-cones. Due to the 
suppression of the R-cone input, enhancement of responses 
of the L-type cone horizontal cells to long-wavelength stim- 
ulation in the presence of a green background light was no 
longer seen after prolonged darkness. Following intraocular 
injections of 6-hydroxydopamine (6-OHDA), cone horizontal 
cells were still partially suppressed in the dark, but the sup- 
pression was much less significant than that observed in 
untreated retinas, suggesting the involvement of dopamine 
in the dark suppression effect. Partial dark suppression of 
cone horizontal cells observed in 6-OHDA-treated retinas 
also suggests that a substance(s) other than dopamine may 
contribute to the dark suppression effect. 
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In the teleost fish retina, the horizontal cells form scvcral distinct 
layers along the distal margin of the inner nuclear layer (Parthe, 
1982). Short-axon horizontal cells, which are located more dis- 
tally in the retina, appear to connect exclusively with cones (cone 
horizontal cells), whereas axonless horizontal cells, the most 
proximally located of all horizontal cells, connect exclusively 
with rods (rod horizontal cells) (Stell et al.. 1982). In recent 
years, several studies (Mangel and Dowling, 1987; Yang et al., 
1988a) have shown in isolated fish retinas that the light re- 
sponsiveness of L-type cone horizontal cells is suppressed in 
prolonged darkness (dark suppression effect). That is, the re- 
sponses of these cells to full-field stimuli, recorded from carp 
or white perch retinas isolated from animals dark-adapted for 
more than 2 hr. were much smaller than the responses recorded 
from retinas isolated from animals dark-adapted for just 30-40 
min. Since L-type cone horizontal cells receive inputs from both 
red-sensitive (R-) cones and green-sensitive (G-) cones (Yang et 
al., 1982, 1983), it is of interest to see whether the cone inputs 
to the horizontal cells are equally suppressed in prolonged dark- 
ness. In this study, we made intracellular recordings from opened 
eyes ofintact, immobilized fish and examined the effects oflong- 
term dark adaptation on both cone and rod horizontal cells. 
The in vi\10 preparation presumably permits the study of light 
and dark adaptation under conditions similar to those that occur 
in the intact animal. We confirmed that cone horizontal cells 
were suppressed in prolonged darkness in the in viw prepara- 
tion, whereas rod horizontal cells maintained high light respon- 
siveness. Furthermore, we found that spectral responses of both 
L-type and C-type cone horizontal cells were significantly altered 
by prolonged darkness. It was suggested previously that the 
interplexiform cells may release dopamine in prolonged dark- 
ness and that dopamine may cause the dark suppression effect 
(Yang et al., 1988b). We examined this also in our in ~ivo prep- 
aration and found that the dark suppression effect was much 
less significant after the destruction of the dopaminergic inter- 
plexiform cells by 6-hydroxydopamine (6-OHDA), but it per- 
sisted. This suggests that a substance(s) other than dopamine 
also may be involved in the dark suppression effect. 

Materials and Methods 
Prrparutions. Preparations were made as described previously (Yang et 
al., 1982, 1983, 1990; Yang, 1987). In short, carp (Carassius carassius; 
body length, 15-20 cm) were anesthetized by immersion in a 0.03% 
solution of tricaine methanesulfonate, immobilized by intramuscular 
injection of gallamine triethiodide (25 mg/kg), and maintained by aer- 
ated water that continuously irrigated the gills. The extraocular muscles 
of the left eye, which was exposed above the water level, were sectioned, 
and the eye was held securely with a spoon-shaped holder placed behind 
the eyeball. Cornea and lens were removed with care to avoid bleeding 
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due to injury to the iris. The animal was positioned on a double X-Y 
stage, by which both preparation and microelectrode could be moved 
independently or together in relation to the light stimulus spot. The 
surgical procedures were performed under room light illumination (I 25 
lux on the retinal surface). 

Pholos/imtr/u/lon. A photostimulator equipped with two almost iden- 
tical optical paths was used and has been described elsewhere (Yang, 
1987). The spot diameter of each beam could be varied from 0.25 mm 
to 2.5 mm, but in the present experiments, both beams were set to 
present a 2.5-mm-diameter diffuse spot centered around the electrode 
tip. Interference filters (IO nm at half-height) were used to alter the 
spectral properties of each beam to suit the needs of the experiment. 
Light intensities of all wavelengths were measured with a calibrated 
ohotodetector (UDT-222. United Detector Technoloav. Santa Monica, 
CA). The intensity of the unattenuated 680 nm li&(log I = 0) was 
2.18 x IOliquantacm Z set ’ and all light intensities referred to in the 
text are in log units relative to this value. The intensity of the unatten- 
uated white light was 1.29 x IO ? PW cm J set ‘. The duration ofthe 
light stimuli was controlled by a magnetic shutter (Hirogo, M5-101) 
and set at 500 msec for the test flashes. 

Electrical recordings and cuperimcntal procedures. For intracellular 
recordings, micropipettes were filled with 3 M potassium acetate, and 
they had resistances of 50-100 MQ when measured in the vitreous 
humor. A hydraulic micromanipulator was used to advance the elec- 
trode into the retina. Cell penetration was facilitated by briefly (5 msec) 
oscillating the preamplifier circuit (Nihon Koden, ME2 820 I). Electrical 
responses of retinal cells were displayed on a storage oscilloscope and 
stored on a data recorder (Sony, DC-625 Hz f  3 dB). Raw data were 
sequentially sampled at 5 msec intervals and processed further by the 
APRES 1 System (Computer Laboratory. Shanghai Institute of Physi- 
ology, Chinese Academy of Sciences). 

After the surgical procedures were performed, the animal was dark- 
adapted for IO min. To study the dark suppression effect, the retina was 
usually preexposed to a bright white light (log I = 0) for I min and then 
left in the dark. Interflash time was set at I5 sec. Data collection was 
made at intervals of 3 min in the first IO min in darkness and subse- 
quently at intervals of IO min. Flashes of higher intensities were not 
delivered whenever possible to avoid disturbing the dark-adapted state 
of the retina. Any specific additions or changes to these procedures are 
noted in the text. 

Identification ofhorizontalcells. The different types of horizontal cells 
were identified by previously established criteria (Werblin and Dowling, 
1969: Kaneko. 1970: Kaneko and Yamada. 1972: Yang. et al.. 1982. 
1988a; Yang, 1987). All horizontal cells recorded were characterized by 
their sustained, graded responses with large, uniform receptive fields. 
L-type cone horizontal cells hyperpolarized in response to all spectral 
stimuli with a peak sensitivity ofabout 600 nm. These cells were located 
most distally in the retina. Responses ofC-type horizontal cells changed 
in polarity depending on the stimulus wavelength. In this study only 
R/G-type horizontal cells, which hyperpolarized to short and inter- 
mediate regions ofthe spectrum but depolarized to deep red (>680 nm) 
stimuli, were studied. These cells reside more proximally in the retina 
than do L-type cone horizontal cells. Rod horizontal cells were the most 
proximally located of all horizontal cells and they were at least 2 log 
units more sensitive to white light than were L-type cone horizontal 
cells. 

Intraocular injection qf COHDA. Injections of IO ~1 of 6-hydroxy- 
dopaminc (6-OHDA) (Sigma; 9 mg’ml in 0.9% NaCI, with 2 mg/ml 
ascorbate added as an antioxidant) were made into both eyes of a carp 
on two consecutive days, I week before the recording experiment, a 
treatment that has been used for depleting dopamine from the retina 
(Yang et al., 1988b). This dosage was chosen because immunohisto- 
chemical examination showed that following the injections, terminals 
and cell bodies of the dopaminergic interplexiform cells were destroyed, 
whereas electroretinographic responses remained intact and unaffected, 
being comparable in size to those recorded from untreated retinas under 
the same adapting conditions (X.-L. Yang, T.-X. Fan, and W. Shen, 
unpublished observations). 

Results 
Dark adaptation of L-type cone horizontal cells 
We first studied the course of dark adaptation in L-type cone 
horizontal cells in the in viva preparation. After a preparation 
was set up under room illumination, it was first dark-adapted 

for 10 min. When an L-type cone horizontal cell was impaled, 
a 680 nm flash of moderate intensity (500 msec, log I = -0.19) 
was repetitively presented at I Hz until the response of the cell 
attained a maximum value. The retina was then left in the dark 
and both membrane potential and light responsiveness of the 
cell were recorded over the course of 60 min. Figure la shows 
responses of a representative cone horizontal cell to the hash 
(680 nm, log I = -0.19) delivered at intervals of IO min in the 
dark. The first response (0 min) was 32 mV, but it was gradually 
and steadily reduced in size with time and was only 6.5 mV in 
amplitude after 60 min in darkness. The retina was then reex- 
posed to the repetitively presented Rashes. The cell slowly hy- 
perpolarized by about 5 mV in the first I.5 min; thereafter the 
membrane potential remained constant. In the meantime, re- 
sponse amplitudes increased and attained a value of 30 mV 
after about 4 min. When the repetitive flashes ceased, the mem- 
branc potential returned to its initial level (that at 0 min). Figure 
I b shows the average change in membrane potential for a num- 
ber of L-type cone horizontal cells (n = 12) as a function of time 
in the dark. During the course ofdark adaptation the membrane 
potential fluctuated irregularly around a level (-30 mV) re- 
corded just after the offset of the repetitive flashes. The average 
change of response amplitudes during the same period of time 
is shown in Figure Ic. The response amplitude to the test light 
recorded at 0 min was on average 3 I .6 + 4.6 mV (mean + SD, 
n = 12) whereas it was 6.5 ? 3.5 mV at 60 min. Four cells 
were held for more than 150 min and the responses recorded 
at 150 min in the dark were 4.44 + 0.99 mV. 

Dark adaptation q/rod horizontal cells 

Whereas the responses of the cone horizontal cells were sup- 
pressed in the dark, rod horizontal cells did not lose their light 
responsiveness after prolonged darkness. Figure 2 shows changes 
in responsiveness and membrane potential of a rod horizontal 
cell in the dark. The response of the cell to a test light (680 nm, 
log I = -0.4 I), shown at far left in the upper row, was recorded 
after 120 min in the dark and served as control. The retina was 
then exposed to a white bright light (log I = 0) for I mitt, which 
hyperpolarized the cell by 54 mV. With time in the dark, the 
cell slowly depolarized and returned to the dark level over a 
period of 90 min (Fig. 2b). Responses of the cell to the test flash 
recorded at different times in the dark are shown in the upper 
row (Fig. 2a). The cell initially showed no response until 9 min, 
when a response with an initial transient emerged. The response 
increased in size with further time in the dark and a complete 
recovery of the light responsiveness of the cell required 90 min. 

Signals.fiom R- and G-cones were d~flerentiallv eflticted by 
prolonged darkness 

Although the spectral sensitivity of L-type cone horizontal cells 
peaks around 600 nm under normal conditions, these cells have 
been shown to receive signals from both R- and G-cones (Yang 
et al., 1982, 1983). To test whether signals from R- and G-cones 
to the cells are equally or differentially affected by prolonged 
darkness, we examined the responses of the L-type cone hori- 
zontal cells during dark adaptation, using 500 nm and 680 nm 
test flashes. These wavelengths were selected because 500 nm 
and 680 nm flashes predominantly activate G-cones and R-cones, 
respectively (Yang et al., 1982). Figure 3 illustrates the results 
of this type of experiment on an L-type cone horizontal cell. 
The retina was preexposed to a bright white light (log I = 0) for 
1 min and then left in the dark. Changes in responses elicited 
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Figure I. a, Effects of darkness on responses of a cone horizontal cell recorded from an in vivo carp preparation. The retina was first exposed to 
light flashes (680 nm, log I = -0.19) repetitively presented at 1 Hz until the response attained a maximum value and then left in the dark. Responses 
to the test flash were recorded at the indicated times and they were steadily reduced in size with time. When the retina was reilluminated with 
repetitively presented flashes, the cell slowly hyperpolarized and response amplitudes increased dramatically. 6, Changes in membrane potential 
of L-type cone horizontal cells (n = 12) in the dark. Each data point represents the mean f  SD. The membrane potential slightly fluctuated around 
the starting level during the course of dark adaptation. c, The average changes of response amplitudes of cells of the same group to the test flash 
in the dark. 

by 500 nm and 680 nm flashes were monitored during the course 
of dark adaptation. For both wavelengths, flashes of two inten- 
sities were used, with the brighter pair (500 nm, log I = - 1.14; 
680 nm, log I = -0.19) chosen so as to elicit responses of 
comparable amplitude. The response to the brighter 500 nm 
flash recorded at 3 min in the dark was characterized by a 
conspicuous on-transient, which was absent in the response to 
the brighter 680 nm flash. The relative intensities of the dimmer 
pair were chosen so that the response of the cell to the 680 nm 
flash (log I = -3.00) was bigger than that to the 500 nm flash 
(log I = -3.20). Although both the responses to the brighter 
500 nm and 680 nm flashes were significantly reduced in am- 
plitude following 65 min of darkness, the response to the 500 
nm flash became bigger than that to the 680 nm flash. It is 
particularly worth noting that the changes in responses to the 
dimmer 500 nm and 680 nm flashes were just the opposite. 
That is, the response to the 500 nm flash increased from 2 mV 
to 4 mV, whereas the one to the 680 nm flash decreased from 
5 mV to I.5 mV! 

We determined light intensity versus response amplitude (V- 
log I) relationships for 680 nm and 500 nm at different times 
in the dark to analyze further differential effects of prolonged 
darkness on signals from R- and G-cones to L-type cone hori- 
zontal cells. Figure 4a shows V-log I curves of the cell shown 
in Figure 3, which were determined at different times in the 

dark using 680 nm test flashes. Following a I min exposure to 
a bright white light (log I = 0), the light responsiveness changed 
so fast in the first minute that only two solitary data points at 
10 set and 1 min for 680 nm could be obtained. The light 
responsiveness of the cell attained a maximum value at 2.5 min 
and the V-log 1 curve determined at that time was quite steep. 
Note that the response amplitudes of the cell recorded at 2.5 
min were larger than those recorded at IO set and 1 min, an 
indication of some photoreceptor adaptation. V-log I relation- 
ships were determined at intervals of 3 min in the first 10 min, 
but at intervals of 10 min thereafter. The cell maintained its 
higher light responsiveness for about 10 min and then light 
responsiveness of the cell started to decrease. V-log I curves 
determined thereafter became less steep with time in the dark 
and the response amplitude increased only by 3.5 mV over a 
range of 3 log units at 150 min in the dark. It should be noted 
that all responses to flashes of various intensities uniformly 
decreased in amplitude. On the other hand, changes in V-log I 
curves elicited with 500 nm flashes during dark adaptation were 
somewhat different (Fig. 4b). As compared with those deter- 
mined at 4 min, at which time the V-log I curve was steepest 
of all the curves, the response of the cell to a brighter flash (log 
I = - 1.14) determined at I7 min was slightly reduced, from 35 
mV to 32 mV, but those to dimmer flashes (log I = -1.85, 
-2.72, and -3.20) were slightly increased. This tendency per- 
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Figure 2. Dark adaptation of a rod horizontal cell. The retina was dark-adapted for more than 2 hr before exposure to a 1 min white light (log I 
= 0), which hyperpolarized the cell by 54 mV. Membrane potential of the cell was monitored in the dark and it returned to the dark level over a 
period of 90 min after the offset of the background light (b). Responses to a test light (680 nm, log I = -0.41) recorded at different times in the 
dark are shown in a. No response could be elicited until 9 min in the dark and complete recovery of the light responsiveness of the cell required 
about 90 min. 

sisted with time in the dark, such that the response elicited by 
a flash of log I = -3.20 increased in size from 1.6 mV at 4 min 
to 4 mV at 63 min, whereas that to the brighter flash (log I = 
- 1.14) dropped from 35 mV to 8.5 mV over this period of 
darkness. Similar results were obtained in five other cells. 

The results described so far suggest that the spectral sensitivity 
of the L-type cone horizontal cells changes with time in the 
dark. This is indeed the case and one representative experiment 
is shown in Figure 5, in which our data are superimposed on 

500nm 680nm 
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spectral sensitivity curves of R-cones and G-cones drawn from 
the data of Harosi and MacNichol(l974) and modified by Spek- 
reijse et al. (198 1). In this case the sensitivity of the L-type cone 
horizontal cell, defined as the reciprocal of the light intensity 
giving rise to a 2 mV criterion response amplitude, was deter- 
mined only at 500, 600, and 680 nm to avoid disturbing the 
dark-adapted state of the retina. Sensitivities determined at 4 
min in the dark showed fairly good agreement with that of 
R-cones, indicating that the R-cones provided the dominant 

r Figure 3. The changes in responses to 
500 nm and 680 nm flashes ofan L-type 
cone horizontal cell during prolonged 
darkness. The retina was preexposed to 
a bright white light (log I = 0) for 1 min. 
Flashes of two intensities were pre- 
sented at each wavelength. Note that 
the response to the 500 nm flash oflow- 
er intensity (log I = -3.20) increased 
in size with increasing time in the dark, 
whereas that to the flash of higher in- 
tensity (- I. 14) decreased in size. Re- 
sponses to 680 nm flashes of either low 
(-3.00) or high intensities (-0.19) were 
reduced in size after 65 min in dark- 
ness. 
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Figure 4. Changes of response ampli- 
tude versus light intensity (V-log I) re- 
lationships of the same cell, as shown 
in Figure 3, during prolonged dark ad- 
aptation. Flashes of 680 nm and 500 
nm were used as test lights. The retina 
was preexposed to a white light (log I 
= 0) for I min. For 680 nm flashes, the 
V-log I curve recorded at 2.5 min in 
the dark was the steepest and thereafter 
the curves became less steep (a). For 
500 nm flashes, response amplitudes to 
dimmer flashes increased in size with 
time in the dark, whereas those to 
brighter flashes decreased in size (h). 
The time in the dark at which curves 
were determined is indicated beside each 
curve. 
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input to the cell. With increasing time in the dark, however, the 
relative sensitivities at 600 nm and 680 nm, as compared with 
that at 500 nm, steadily decreased and the sensitivities for the 
three wavelengths determined at 65 min matched better the 
spectral sensitivity ofthe G-cones. Similar results were obtained 
in 10 other cells, suggesting that input signals from R-cones to 
L-type cone horizontal cells were more strongly suppressed in 
prolonged darkness than that from G-cones (see Discussion). 

Dark adaptation qf R/G-type biphasic horizontal cells 

In the R/G-type biphasic horizontal cells it has been demon- 
strated that input from G-cones hyperpolarizes the cells whereas 
R-cone input depolarizes them (Yang et al., 1987). We previ- 
ously reported that the light responsiveness of these cells was 
also suppressed following prolonged darkness (Yang et al., 1988a). 
Here we further examined changes in response waveforms of 
R/G-type biphasic horizontal cells using 500 nm and 680 nm 
test flashes to see if input from the R- and G-cones to these cells 
is differentially suppressed in prolonged darkness. The results 
are shown in Figure 6. The retina was first exposed to a 1 min 

-3 -2 -1 0 
Log I 

white light (log I = 0), and responses to 500 nm and 680 nm 
flashes were recorded at 2 min (after illumination) and 150 min 
in the dark (prolonged darkness). The response to the 500 nm 
flash (log I = - 1.14) was a hyperpolarizing one, which became 
much slower in both its rising and returning phases by 150 min 
and decreased in amplitude from 35 mV to 12.5 mV over this 
period. Responses to 680 nm flashes recorded just after the offset 
of the background light had various waveforms, depending on 
the stimulus intensity: the response to a bright 680 nm flash 
(log I = -0.19) consisted of an initial hyperpolarizing compo- 
nent, presumably driven by input from G-cones, and a depo- 
larizing one driven by input from R-cones. As the flash became 
dimmer (log I = -0.97) the response was entirely depolarizing, 
with an inflection on its rising phase reflecting the hyperpolar- 
izing component. The depolarizing component diminished in 
size with a further decrease of the flash intensity (log I = - 1.86, 
-3.01, -3.69). When the preparation was left in the dark for 
150 min, the responses of the cell to the same series of flashes 
were greatly changed: they were invariably hyperpolarizing, 
whether the test flash was bright or dim, and the depolarizing 
component was almost completely abolished. 



500 600 

Wavelength (nm) 

Figure 5. Spectral sensitivities of an L-type cone horizontal cell de- 
termined at 4, 45, and 65 min in the dark after exposing the retina to 
a 1 min white light (log I = 0). Relative sensitivities at 500, 600, and 
680 nm determined at 4 min agreed reasonably well with those of the 
red-sensitive cones. However, sensitivities for these wavelengths deter- 
mined at 65 min coincided with those of the green-sensitive cones. Data 
determined at 45 min were intermediate between them. Spectral sen- 
sitivity curves of red- and green-sensitive cones of carp are based on 
the data of HBrosi and MacNichol(l974), modified by Spekreijse et al. 
(198 I), and are indicated by R and G, respectively. 

&J+cts qf prolonged darkness on the interactions between 
inputs from R- and G-cones 

It was previously reported that in fish the responses ofan L-type 
horizontal cell to long-wavelength stimulation may be enhanced 
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by a green background light. A hypothetical model of synaptic 
connections between cone photoreceptors and L-type cone hor- 
izontal cells has been proposed, which incorporates inhibitory 
feedback from horizontal cells to G-cones (Yang et al., 1982, 
1983). I f  input from R-cones is suppressed in prolonged dark- 
ness, the only input to L-type cone horizontal cells would be 
one from G-cones and the interaction should not be observed. 
Figure 7 shows changes in the response to a 680 nm test flash 
(log I = -3.01) in the presence of a conditioning flash, which 
was a 500 nm flash (log I = -3.9 1) of relatively long duration 
(1 set), as a function of time in the dark. The retina was prea- 
dapted to a bright white light (log I = 0) for I min. The response 
to the test flash obtained at 5 min in darkness was enhanced by 
the presentation of the conditioning flash, compared with the 
control response (i.e., response to the test flash alone). As the 
retina was left in the dark longer, the control response decreased 
in size and the response was no longer enhanced by the con- 
ditioning flash. Indeed, the response to the test flash became 
smaller than the control. When the retina was dark-adapted for 
120 min, no response could be elicited by the test flash in the 
presence of the conditioning flash. 

l?flScts qf intraocular injections qf 6OHD‘4 

We also examined the effects ofintraocular injections of 6-OHDA 
on the dark suppression of L-type cone horizontal cells. Figure 
8a shows the average changes of response amplitudes of L-type 
cone horizontal cells to a 500 nm test flash (log I = - 1.14) 
recorded from 6-OHDA-treated fish (n = 5) as a function of 
time in the dark. In these experiments, the retinas were first 
dark-adapted for 2 hr and then illuminated with bright 500 nm 
flashes (500 msec, log I = - 1.14) repetitively presented at 1 Hz 
until the response attained a maximum value. This amplitude 
was similar to the value obtained in untreated retinas under the 
same conditions. The retinas were then left in the dark and the 
responses decreased in size, but much less significantly than 
they did in untreated (control) retinas. Whereas the control re- 
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Figure 6. Changes in response wave- 
forms of an R/G-type cone horizontal 
cell during prolonged dark adaptation. 
The retina was preexposed to a I min 
white light (log I = 0). Responses to 500 
nm and 680 nm flashes were recorded 
at 2 min (after illumination) and 150 
min (prolonged darkness). The re- 
sponse to the 500 nm flash (log I = 
- 1.14) was a hyperpolarization. which 
decreased in size in prolonged darkness. 
The responses to 680 nm flashes of de- 
creasing intensities (-0.19, -0.97, 
- 1.86, -3.01,and -3.69)weremainly 
depolarizing just after background il- 
lumination was extinguished, but were 
all hyperpolarizing after prolonged 
darkness. 
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Figure 7. Effects of prolonged darkness on the interactions between 
inputs from red-sensitive and green-sensitive cones. Responses of an 
L-type cone horizontal cell to a test flash of 200 msec (680 nm, log I = 
-3.00) recorded at different times in darkness are shown in the left 
column, while those of the cell to the same flash in the presence of a 
conditioning flash (500 nm, log I = -3.9 1) of relative long duration (1 
set) are shown in the right column. Note that the response of the cell 
in the presence of the conditioning flash recorded at 5 min in the dark 
was bigger than that evoked by the test flash alone, but they were smaller 
when recorded at 40 and 90 min. No response could be elicited by the 
test flash in the presence of the conditioning flash by 120 min. Timing 
of test (7) and conditioning (C) flashes are indicated by horizontal bars 
on the bottom. 

sponse recorded at 80 min was only 26.2 -t 4.2% of the max- 
imum one, the responses of the treated fish were 56.2 + 6.5% 
that of controls. This difference was statistically significant (P 
< 0.005, t test). Similar changes in the response amplitude were 
observed when red (680 nm, log I = - 1.73) test flashes were 
used (Fig. 8h), but the decrease was even less significant: relative 
amplitude of the response recorded at 80 min from the treated 
fish was 63 -t 7.4% of the maximum value, much larger than 
the control relative amplitude response, which was 2 1.2 + 3.4% 
(P < 0.005, t test). 

Discussion 
In the present work we studied the effects of prolonged darkness 
on cone and rod horizontal cells in an in vivo carp preparation 
in which the retinal circulation was intact. It was found that the 
light responsiveness of L-type cone horizontal cells dramatically 
decreased with time in the dark. The longer the retina was left 
in the dark, the lower was the light responsiveness. In the in 
viva fish preparation, response amplitudes of L-type cone hor- 
izontal cells to a bright test flash decreased from about 30 mV 
to 3-5 mV over a 150 min period, or about IO-fold. This is 
strikingly different from earlier observations on isolated carp 
retinas: maximum response amplitudes of L-type cone hori- 
zontal cells recorded from retinas isolated from prolonged (> 2 
hr) dark-adapted carp were typically about half the amplitude 
ofcells from light-sensitized retinas (Mange1 and Dowling, 1987; 
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Figure 8. Effects of intraocular injections of 6-OHDA on dark adap- 
tation of cone horizontal cells. The 6-OHDA retinas were first dark- 
adapted for 2 hr and then illuminated with bright green flashes (500 
nm, log I = - I. 14) repetitively presented at 1 Hz to light-sensitize the 
response. Response amplitudes (open circles) to 500 nm (log I = -2.14) 
and 680 nm (log I = - 1.73) test flashes determined at different times 
during dark adaptation were averaged (n = 5) and shown in a and b. 
respectively. Both data were normalized in terms of values at 0 min. 
Each data point represents the mean + SD. Relative amplitudes are 
plotted as a function of time in the dark and compared with those 
recorded from cells in untreated retinas (n = 5) under the same con- 
ditions (solid circles). Suppression observed in 6-OHDA-treated retinas 
was considerably less than that observed in untreated retinas. 

Yang et al., 1988a). The difference found between isolated carp 
retinas and in vivo preparations could reflect the fact that a dim 
red light was used for dissecting and preparation setup, which 
might have sensitized L-type cone horizontal cells to some ex- 
tent in the isolated retina. However, the same dim red light did 
not affect the isolated perch retina because maximum response 
amplitudes recorded from L-type cells from prolonged dark- 
adapted perch were only about 4 mV (Yang et al., 1988a). 

Rod horizontal cells steadily increased in light responsiveness 
with time in the dark. As shown in Figure 2, rod horizontal cells 
did not show any response depression even in prolonged dark- 
ness, indicating that the rod system is fully functional. This is 
also consistent with the result we reported previously (Yang et 
al., 1988a). 

Our results further show that the extent of suppression by 
prolonged darkness differs between signals from different types 
of cones. In the L-type cone horizontal cells, responses to 680 
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nm flashes, whether dim or bright, decreased in amplitude with 
increasing time in the dark, but this was not the case for re- 
sponses to 500 nm flashes. Responses to a brighter 500 nm flash 
(log I = - 1.14) invariably decreased in size, whereas those to 
dim 500 nm flashes increased during dark adaptation. L-type 
cone horizontal cells have been demonstrated to receive inputs 
from both R- and G-cones, but not from blue cones (Yang et 
al., 1982, 1983; Van Dijk, 1985). Since G-cones are around 3 
log units less sensitive than R-cones at 680 nm (Harosi and 
MacNichol, 1974; Yang et al., 1982) 680 nm flashes can be 
considered to activate R-cones selectively. That responses to 
680 flashes were reduced in size during dark adaptation suggests 
a suppression of input signal from R-cones to L-type cone hor- 
izontal cells. On the other hand, as the sensitivity of R-cones is 
only 0.5 log unit lower than that ofG-cones at 500 nm, a brighter 
500 nm flash will stimulate not only G-cones, but also R-cones 
to some extent. The dimmer a 500 nm flash, the less R-cones 
are stimulated. Thus, responses of L-type cone horizontal cells 
to the brighter 500 nm flashes probably reflect signals from both 
R- and G-cones, whereas responses to the dimmer 500 nm 
flashes are probably dominated by the contribution ofG-cones. 
A plausible explanation for the paradoxical changes in response 
amplitudes to brighter and dimmer 500 nm flashes may be as 
follows. The decrease in response to the brighter 500 nm flashes 
may simply reflect suppression of signal from R-cones and thus 
the response recorded at 65 min after the beginning of dark 
adaptation reflects mainly signals from G-cones. That responses 
to dimmer 500 nm flashes increased with time in the dark may 
represent an increase of signal from G-cones. In other words, 
signals from G-cones to L-type cone horizontal cells are not 
suppressed, ifnot enhanced, in prolonged darkness. Since signals 
from R-cones, but not from G-cones, are depressed, these cells 
are primarily driven by input from G-cones in prolonged dark- 
ness. This explanation is further supported by the fact that the 
spectral sensitivity of L-type cone horizontal cells determined 
at 65 min in the dark agreed well with that of G-cones (Fig. 5). 

An alternative explanation is that the short-wavelength-sen- 
sitive photoreceptors providing input to L-type horizontal cells 
may be rods, but not G-cones (Mangel et al., 1993). Changes 
in light responsiveness ofrod horizontal cells in the dark suggest 
that rod signals are not suppressed in prolonged darkness; thus, 
it might be possible that the increase in response amplitudes to 
dimmer 500 nm flashes reported here simply reflects an increase 
in rod signal during dark adaptation. Since the spectral sensi- 
tivity curve of rods peaks around 520 nm (Schwanzara, 1967) 
and coincides well with that of G-cones (compare Fig. 5 with 
Fig. 6 of Yang et al., 1990) it is difficult to judge whether the 
short-wavelength-sensitive photoreceptors sending input signal 
to L-type horizontal cells are G-cones or rods based on spectral 
characteristics of responses of the cells. We cannot rule out this 
possibility, but several lines of evidence seem to argue against 
this explanation. First, morphological investigations have not 
shown any connections between rods and L-type cone horizontal 
cells (Stell and Lightfoot, 1975; Stell et al., 1982). Although rods 
might communicate with cones through low-resistance gapjunc- 
tions (Schwartz, 1975; Gold and Dowling, 1979). this coupling 
is thought to be weak in the dark (Attwell et al., 1984) but it 
can be strengthened by light (Yang and Wu, 1989). Second, we 
previously reported that the spectral sensitivity curve of the 
L-type cone horizontal cells peaked around 520 nm when a 
bright red background light, strong enough to suppress rod ac- 
tivity, was presented to the retina (Tauchi et al., 1984; Yang, 

1985). This suggests that the short-wavelength-sensitive signal 
converging onto L-type cone horizontal cells is from G-cones 
rather than rods. Third, ifthe response recorded after prolonged 
darkness was driven by rod signals, it should have been sup- 
pressed by flashes of moderate intensity presented repetitively, 
but as shown in Figure la, the response increased in size with 
time during the presentation of the flashes. 

Selective suppression of the R-cone signal during prolonged 
darkness was not limited to L-type cone horizontal cells; it was 
also observed in chromaticity, R/G-type, biphasic horizontal 
cells. Although the depolarizing components to long-wavelength 
flashes were once thought to be driven by signals from pre- 
sumptive deep red-sensitive cones (Naka and Rushton, 1966) 
we have previously demonstrated that it is signals from the 
common R-cones (X,,, = 6 10 nm) that depolarize the R/G-type 
cone horizontal cells (Yang, 1987). Thus, the loss of the depo- 
larizing component of these responses during prolonged dark- 
ness indicates a suppression of the R-cone signal. 

Since exogenously applied dopamine mimics to a large extent 
the effects of prolonged darkness on cone horizontal cell re- 
sponsiveness, it was earlier proposed that the dopaminergic in- 
terplexiform cells in fish may release dopamine tonically in the 
dark, thus suppressing the responsiveness of these cells (Mange1 
and Dowling, 1987; Yang et al., 1988b). On the other hand, 
some authors argue that dopamine is released primarily in the 
teleost retina during steady illumination (Dearry and Burnside, 
1989; Kirsch and Wagner, 1989). It was found in the present 
study that the dark suppression of cone horizontal cells was 
much less significant when the dopaminergic interplexiform cells 
were destroyed. Moreover, although both responses ofthese cells 
to red and green flashes decreased in size with increasing time 
in the dark, the suppression was different in extent: responses 
to red flashes were less depressed than responses to green flashes. 
This is just opposite to the dark suppression observed in un- 
treated retinas, in which responses to red flashes were more 
suppressed in prolonged darkness. These results are in accord 
with the supposition that dopamine is tonically released in pro- 
longed darkness and suppresses the cone horizontal cells. Nev- 
ertheless, differences in light responsiveness of cone horizontal 
cells following 6-OHDA treatment were observed between the 
earlier work with isolated retinas and the in virv preparations 
used here. Whereas in isolated retinas cone horizontal cells were 
no longer suppressed in prolonged darkness following the de- 
pletion of dopamine (Yang et al., 1988b), some suppression of 
responses was observed in the in rive preparations. This suggests 
that a substance(s) other than dopamine may be involved in the 
dark suppression effect. An important difference between the in 
vitro and in vivo preparations is that modulation by centrifugal 
fibers is no longer available in isolated retinas. In teleost fish, 
centrifugal fibers that originate from the nucleus olfactoretinalis 
contact dopaminergic interplexiform cells (Zucker and Dowling, 
1987). These fibers contain peptides-gonadotropin hormone- 
releasing hormone and FMRFamide (Mum et al., 1982; Stell 
et al., 1984)-and these peptides have been shown recently to 
regulate the activity of cone horizontal cells, presumably by 
modulating dopamine release from interplexiform cells (Umino 
and Dowling, 199 1). It seems unlikely that these substances are 
involved in the suppression of cone horizontal cells observed 
in 6-OHDA-treated retinas, in which dopamine was depleted, 
unless they act directly on the cone horizontal cells. Another 
possibility is that the pigment epithelium somehow contributes 
to the dark suppression effect. 



334 Yang et al. * Effects of Darkness on Retinal Horizontal Cells 

Long-wavelength-induced depolarization in R/G-type hori- 
zontal cells is thought to be caused by a sign-inverting synaptic 
feedback from L-type horizontal cells onto G-cones (Stell, 1982), 
mediated by GABA (Tachibana and Kaneko, 1984). Indeed, 
blocking the GABA pathway abolishes the depolarizing re- 
sponse of R/G-type cells (Murakami et al., 1982), and some 
evidence has been presented that GABA is tonically released in 
the dark-adapted goldfish retina (Marc et al., 1978; Ayoub and 
Lam, 1984; Yazulla, 1985). GABA application also causes an- 
atomical changes in the outer plexiform layer similar to that 
which occurs in the dark and which may result in a less effective 
feedback from L-type cone horizontal cells to G-cones (Wagner, 
1980; Weiler and Wagner, 1984). Thus, dark release of GABA 
from L-type cells may be one possible mechanism underlying 
the loss of the depolarizing component of R/G-type cell re- 
sponses to long-wavelength flashes in prolonged darkness. How- 
ever, the mechanism underlying the more significant suppres- 
sion of R-cone signal to L-type cells in prolonged darkness 
remains to be elucidated. 
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