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Abstract
Repetitive red flashes increased the R / G horizontal cells’ red response amplitude and induced a hyperpolarization of the cells’ dark
membrane potential. These phenomena were eliminated in 6-OHDA pretreated retinas and restored by exogenous dopamine, which
suggests the involvement of dopamine receptor activity changes instead of dopamine release changes. Furthermore, the phenomena
persisted on D 1 receptor antagonist (SKF-83566) application, whereas they diminished on D 2 receptor antagonist (eticlopride) application,
indicating that the mechanism is related to a D 2 receptor, possibly located on photoreceptors.
 2003 Elsevier Science B.V. All rights reserved.
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Horizontal cells (HCs) are second-order neurons in the
vertebrate retina that receive direct synaptic inputs from
photoreceptors and respond to light with graded potentials.
HCs release the inhibitory neurotransmitter g-aminobutyric
acid (GABA) upon depolarization. This forms a negative
feedback pathway between HCs and photoreceptors, which
contributes to the formation of color opponency that occurs
in the chromaticity type HCs [19]. In teleost retina, cone
driven HCs also receive extensive innervation from dopaminergic interplexiform cells (IPCs), which results in
various modulatory effects in signal transmission in the
outer plexiform layer and regulates the HCs’ activity [6].
It was reported that HCs’ light response properties could
be affected by conditioning light projected onto the retina
[1,10]. Morphological studies revealed that the responsiveness changes involved synaptic modifications, e.g. conditioning light induced spinule formation [8]. It was also
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suggested that these changes might be related to the
corresponding changes in dopamine (DA) release, since
conditioning light failed to induce observable synaptic
changes when dopaminergic neurons were depleted or the
retina was treated with haloperidol containing perfusate
[4].
There are mainly two types of dopamine receptors
expressed in the retina, i.e. D 1 and D 2 receptors. It has
been demonstrated that in the retina, D 1 and D 2 receptors
might distribute differentially and couple with distinct
mechanisms thus exert different modulatory effects on
retinal functions [17]. HCs mainly contain D 1 receptor, the
activation of which will decrease the strength of electrical
coupling between HCs via the cAMP pathway [14,15] and
enhance the ion conductance of glutamate receptors on
HCs [13]. On the other hand, the IPCs possess a D 2
receptor as autoreceptor, the activation of which results in
inhibition of dopamine synthesis and release [9]. Additionally, recent evidence suggests the existence of D 2 receptor
on photoreceptor and the dopamine inhibition effect on the
intracellular cAMP in cone photoreceptors, which are
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related to the modulation of cone retinomotor movement
[2,16].
One of the chromaticity-type HCs is R / G HC. It
receives direct input from green cones and hyperpolarizes
to green light; in the meantime, a red cone signal is
provided into the R / G HC via a GABAergic feedback
cascade, the R / G HC thus responds to dim and moderate
red light with graded depolarization [21]. Since the color
opponency of the R / G HC involves glutamatergic and
GABAergic mechanisms, both of which are dependent on
the light stimulus pattern, the cell’s spectral properties can
thus be regulated by various factors including conditioning
light. In the present study, it was observed that in the R / G
HCs, repetitive red flashes elicited a gradual hyperpolarization of the cell’s dark membrane potential and increased its
depolarizing red response amplitude. Furthermore, pharmacological studies revealed that DA, acting via the D 2
mechanism instead of the D 1 pathway, should be involved
in the regulation of the cell’s responsiveness.
Experiments were performed on isolated retina of adult
carp (Carassius auratus; body length: 15–20 cm) following a procedure similar to a previous report [10]. Briefly,
the fish was kept in an aquarium on a natural light–dark
cycle. After being dark-adapted for 20–30 min, the animal
was decapitated and the eye enucleated. The retina was
isolated and then transferred, with the photoreceptor side
up, into a recording chamber with a volume of 1.4 ml and
perfused with oxygenated (95% O 2 15% CO 2 ) Ringer
solution at a flow-rate of 4.5 ml / min. All the procedures
were performed under dim red illumination. The Ringer
solution contained (in mM): NaCl 116.0, KCl 2.4, CaCl 2
1.2, MgCl 2 1.2, NaH 2 PO 4 1.0, NaHCO 3 30.0, glucose
10.0, and had a pH value of 7.7 at room temperature. In
some experiments, the dopaminergic interplexiform cells
were destroyed by injecting 10 ml 6-hydroxydopamine
(6-OHDA) solution (9 mg / ml in 0.9% NaCl, with 2
mg / ml ascorbic acid to prevent possible oxidation of DA)
into the right eye of the animal about a week before the
experiment. As control, 10 ml 0.9% NaCl was injected into
the left eye [20]. Exogenous DA was applied at a concentration of 20 mM in Ringer solution, together with 60
mM ascorbic acid as an antioxidant. SKF-83566, a selective D 1 receptor antagonist, dissolved in ethanol, was
added to the Ringer solution at a concentration of 5 mM
(with the final concentration of ethanol in Ringer solution
lower than 0.5%). S (2)-Eticlopride hydrochloride (eticlopride), a selective D 2 receptor antagonist, was dissolved
in Ringer solution at a concentration of 20 mM. All drugs
applied were purchased from Sigma (St. Louis, MO,
USA). The light beam, generated from a 100 W tungsten
halogen light source (Osram, Germany), was set to present
an 8-mm diameter diffuse light spot on the retina. The
duration of light stimuli was controlled using a magnetic
shutter (MS-101, Hirogo, Japan). Interference filters and
neutral density filters were used for selecting the wavelength and intensity of the stimulus, respectively. The light
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intensities were calibrated using a photodetector (IL
1400A, International Light, USA). The unattenuated 701
nm light (log I50) was 8.22310 13 quanta /(cm 2 ?s). All
stimulus intensities are presented in relative log units in
this paper. The microelectrode was pulled on a micropipette puller (PD-30, Narishige, Japan) and had a resistance of
100 MV when filled with 4 M K-acetate. A micromanipulator (PF-1, Narishige) was used to advance the electrode
into the retina. The cell’s responses were measured using
an amplifier system (MEZ-8300, Nihon Kohden, Japan)
and displayed on an oscilloscope (TDS 210, Tektronix
USA). Raw data were sampled via an A / D interface
(AD8111, Adlink Technology, Taiwan) and stored in an
IBM-compatible PC for off-line analysis.
Red and green light stimuli of moderate intensities (log
I522.89 for 701 nm and log I524.02 for 504 nm) were
applied to elicit the R / G HC’s hyperpolarizing green
response and depolarizing red response of appropriate
amplitudes. In order to study the effects of flickering light
on the characteristics of the cells’ photoresponses, we
applied 30 repetitive stimuli of 500 ms duration at a rate of
1 Hz. Student’s t-test was performed for statistical analysis.
It was found that repetitive red flashes remarkably
altered the R / G HC’s light responsiveness. As shown in
Fig. 1A, the red flickering stimuli induced an increase in
the amplitude of R / G HC’s depolarizing response to the
red light (11.5 vs. 13.8 mV, measured at the beginning and
towards the end of the red flash sequence, respectively),
which results in an end-flickering relative response amplitude (normalized against control) of 120%. It is interest-

Fig. 1. Red flickering induced changes of R / G HC’s responsiveness. (A)
R / G HC’s light response before, during and after a red (701 nm, 22.89)
flickering sequence (upper panel: R / G HC’s light response; lower panel:
light flash). The repetitive red flashes increased the cell’s red response
amplitude (b, c) but induced no significant change of its response to green
light (504 nm, 24.02; a, d). The cell’s dark membrane potential was
gradually hyperpolarized during the 30-s flickering period. (B) The same
R / G HC’s light response before, during and after a green (504 nm,
24.02) flickering sequence. No significant change was observed in the
cell’s response to green light during the period of repetitive flashes (b9,
c9). The cell’s response to red light was also unaffected (a9, d9).
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ing that the response amplitude enhancement resulted from
a progressive hyperpolarization of the cell’s dark membrane potential rather than any change in the peak level of
its depolarizing response. There was no observable change
in the cell’s response to green test flash induced by the red
flickering (38.6 vs. 38.5 mV). Statistics from 21 recordings
showed that the R / G HCs’ red response enhancement
(126614.6%, mean6S.D.) and the hyperpolarization of the
cells’ dark membrane potential (1.960.90 mV) were both
significant (P,0.05, paired t-test). After the red flickering
sequence had ceased, the changes of the R / G HC’s
responsiveness recovered gradually in the dark or in the
presence of green flickering light. On the other hand, the
repetitive green flashes failed to induce any significant
change of the R / G HC’s response characteristics (as
shown in Fig. 1B). Similar observations were made from a
total number of 21 cells. Our further experiments were thus
focused on the red flickering induced changes of R / G
HC’s responsiveness.
Previous evidences showed that retinal HCs receive
extensive innervation from dopaminergic interplexiform
cells [6] and DA release could be effectively regulated by
light stimulation [5,11]. To investigate whether or not the
DA modulatory effect was involved in the repetitive red
flashes induced R / G HC responsiveness changes, we
destroyed the dopaminergic interplexiform cells by intraocular injection of 6-OHDA. The experimental results
revealed that the red flickering light failed to affect the
R / G HC’s responsiveness in those retinas pretreated with
6-OHDA (Fig. 2a). Consistent observations were made
from all the preparations investigated. There was remarkable difference for the end-flickering relative response
amplitude between the retinas injected with 0.9% NaCl
and 6-OHDA (12166.9 vs. 10066.2%, respectively, P,
0.05, n57, unpaired t-test). The corresponding membrane
hyperpolarizations were 1.660.54 and 0.260.38 mV, respectively (P,0.05).
Having the result that the flickering-induced responsiveness changes in the R / G HC is DA dependent, one would
ask whether these phenomena are attributable to the
changes in DA release or its receptor activity. We thus tried
a protocol in which the 6-OHDA pretreated retina was
perfused by DA-containing Ringer solution. As illustrated
in Fig. 2, the results indicated that when the preparation
was perfused using normal Ringer, repetitive red flashes
caused little change in the R / G HC’s light response (5.8
vs. 6.2 mV before and after the red flickering) and as in the
cell’s dark membrane potential. The administration of 20
mM DA depolarized the R / G HC by about 16 mV and
increased its red response from 6.2 to 8.2 mV. Prominent
response enhancement from 8.2 to 10.3 mV, with the
relative amplitude being 125%, occurred during exposure
to the repetitive red flashes. Consistently, the cell’s dark
membrane potential hyperpolarized noticeably. In all five
recordings made in 6-OHDA pretreated retinas, DA application effectively restored the changes in the response

Fig. 2. DA-depletion abolished the red flickering effect. In 6-OHDA
pretreated retina, repetitive red flashes induced no changes in the R / G
HC’s responsiveness (a); when 20 mM exogenous DA was applied, the
membrane potential was depolarized and the amplitude of the cell’s red
response was increased; the red flickering effect on the R / G HC was
restored by the application of 20 mM exogenous DA (b). During drug
application, red and green test flashes were given with light-on duration
being 500 ms and the inter-flash interval being 2.5 s.

amplitude (with the end-flickering relative response amplitude being 12966.1%) and the dark membrane potential
(with hyperpolarization being 1.560.62 mV), both of
which were significant (P,0.05, unpaired t-test).
These results clearly indicated that the dopaminergic
pathway played an important role in red-flickering-induced
changes in the R / G HC’s responsiveness, and the alteration is most likely due to the DA receptor activity changes
instead of DA release changes. It has been reported that the
DA receptors in the carp retina are essentially of D 1 and
D 2 subtypes, which are distributed differentially and exert
distinct functions in the retina [17,22]. To identify which
subtype(s) of DA receptor contribute(s) to the stimuluspattern-related changes in the R / G HC’s response characteristics, the following protocols were applied. SKF-83566,
a selective D 1 antagonist, was used. In normal Ringer, the
repetitive red flashes increased the R / G HC’s red response
from 6.3 to 7.9 mV, with the relative amplitude being 125%
(Fig. 3a). However, the red flickering-induced enhancement of the R / G HC’s response to red flash persisted
during the drug application (4.7 vs. 6.1 mV, with the
relative amplitude being 130%), an accompanying moderate hyperpolarization of the dark membrane potential (2.0
mV) was also observed (Fig. 3b). During the drug adminis-
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Fig. 3. SKF-83566 failed to influence the red flickering effect. Redflickering-induced R / G HC’s depolarizing response enhancement and
dark membrane potential hyperpolarization in normal Ringer’s solution
(a); the application of 5 mM SKF-83566 depolarized R / G HC’s membrane potential and decreased its response to light; the red flickering
effect persisted in the presence of 5 mM SKF-83566 (b). During drug
application, red and green test flashes were given with light-on duration
being 500 ms and the inter-flash interval being 2.5 s.

tration, the relative response enhancement and hyperpolarization of dark membrane potential in exposure to repetitive
red light were 12465.2% and 1.160.64 mV, respectively
(n54). No statistical significance was tested in SKF-83566
solution as compared to control (126614.6% and
1.960.90 mV) (P.0.05, unpaired t-test). It is therefore
suggested that D 1 receptor is not necessarily involved in
the flickering related effect on the R / G HC’s responsiveness.
Eticlopride, a chemical which antagonizes D 2 receptor,
was also tested. In normal Ringer, the repetitive red flashes
increased the R / G HC’s red response from 6.1 to 8.0 mV
with the relative amplitude being 131% and hyperpolarized
the cell’s dark membrane potential by 1.9 mV (Fig. 4a).
The application of 20 mM eticlopride hyperpolarized the
R / G HC by around 18 mV and suppressed its response
amplitude from 6.2 to 3.2 mV. The red flickering-induced
red response enhancement and dark membrane potential
hyperpolarization were completely eliminated (101% and
0.0 mV, respectively) (Fig. 4b). The statistical result was
that the red flickering light could no longer elicit the cell’s
responsiveness changes when 20 mM eticlopride was
applied, the corresponding response enhancement and the
membrane potential hyperpolarization were 10162.1% and
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Fig. 4. Eticlopride eliminated the red flickering effect. Red-flickeringinduced R / G HC’s depolarizing response enhancement and dark membrane potential hyperpolarization in normal Ringer’s solution (a); the
application of 20 mM eticlopride hyperpolarized R / G HC’s membrane
potential and decreased its response to light; the flickering-induced
responsiveness changes were completely diminished by application of 20
mM eticlopride (b). During drug application, red and green test flashes
were given with light-on duration being 500 ms and the inter-flash
interval being 2.5 s.

0.260.49 mV respectively (n55), the depression effect was
significant as compared to control (P,0.05, n55, unpaired
t-test).
A large number of evidence has demonstrated that D 1
and D 2 receptors played different roles in retinal function.
Dopamine, through activation of D 1 receptor on HCs, has
been reported to decrease the strength of electrical coupling between HCs [14] and enhance the ion conductance
of glutamate receptors on HCs [13]. It was also found that
light-induced spinule formation of HCs relied on DA effect
via D 1 receptor pathway [3,4]. On the other hand, activation of D 2 receptor on dopaminergic IPCs inhibits the DA
release [9] and thus exerts the opposite effect to the D 1
receptor. Coincidently, in our experiments, blocking the D 1
pathway depolarized the R / G HC while antagonizing the
D 2 receptor hyperpolarized the cell, which indicates that
DA acting through distinct receptor pathways differentially
modulated the response characteristic of the R / G HC.
It was previously reported that during light adaptation,
the spectral sensitivity of the R / G HCs gradually changed
in concord with a progressive development in the depolarizing component [4]. One argument is that repetitive
flashes somewhat resemble the effect of light adaptation.
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However, the light adaptive effect is not necessarily
responsible for the flickering-elicited response changes of
the R / G HCs, because only red flickering but not green
flickering stimuli influenced the R / G HCs’ response
characteristics. The flickering-related process thus differs
from that of light adaptation, at least in the sense that the
flickering effect is pathway dependent. More importantly,
the light adaptation process involves the D 1 receptor
mechanism [12]. But in our experiment, the selective D 1
receptor antagonist SKF-83566 had no effect on flickeringinduced changes in the R / G HC’s responsiveness. In
contrast, the phenomenon was blocked by the administration of eticlopride, which suggested that D 2 receptor was
involved.
It is believed that stimulation of the D 2 receptor,
primarily as an autoreceptor on the retinal dopaminergic
neurons, reduces the DA release. However, the flickering
effects observed in the present study can hardly be
attributed to the modulation of DA release since the
phenomenon could be restored when exogenous DA was
applied to the 6-OHDA pretreated retina where the endogenous DA release was abolished. Thus, the DA release is
not necessarily involved, although the flickering light
might actually cause DA release [5].
Therefore, activation of D 2 receptor on the neurons
other than the IPCs was required for the flickering effect.
The most suitable candidate is probably the D 2 receptor on
the cone photoreceptor [2,16], activation of which will
inhibit the intracellular cAMP and protein kinase A (PKA)
[16], and thus regulate the activity of GABAA receptor [7].
Since R / G HC’s depolarizing red response involves
GABAergic synaptic transmission from HCs to cone
photoreceptors, activation of the D 2 receptor will inhibit
PKA and dephosphorylate the GABAA receptor, which
might render the negative feedback pathway a willing state
being sensitive to flickering light. It was reported that in
the hippocampus, tetanus stimulation was effective in
inducing long-term potentiation of GABAA receptor-mediated IPSPs via the PKA pathway [18]. It is likely that a
similar mechanism applies to the GABAergic synapse
between HCs and cones, which explains the red flickeringinduced enhancement of the feedback efficacy, and thus
the changes in the R / G HCs’ responsiveness.
Taken together, our electrophysiological evidence confirms the existence of a D 2 receptor in the outer plexiform
layer of carp retina. The activation of the D 2 receptor
might be related to the synaptic plasticity of GABAergic
pathway between HCs and cone, which is responsible for
the red flickering induced responsiveness changed in the
R / G HC.
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