
Jo
u

rn
al

 o
f P

hy
si

ol
og

y

Dopamine is the principal catecholamine neurotransmitter

in the CNS, where it modulates a variety of functions,

including locomotion, cognition, emotion, neuroendocrine

regulation, and positive reinforcement. Dopamine receptors

are G-protein-coupled receptors that have been classified

into two general groups, D1 and D2, on the basis of their

effects on cyclic AMP (cAMP) production (Missale et
al. 1998). Activation of D1 receptors increases cAMP

production, whereas activation of D2 receptors decreases it.

Both D1 and D2 receptors are present in the vertebrate

retina (Schorderet & Nowak, 1990). In the retinae of

teleost fish and New World monkeys, the dopaminergic

cells are interplexiform cells, a cell type that receives

synaptic input from amacrine and bipolar cells in the inner

plexiform layer and makes synaptic contacts onto horizontal

and bipolar cells in the outer plexiform layer (Dowling &

Ehinger, 1978; Yazulla & Zucker, 1988). Dopamine, by

activating D1 and D2 receptors in the retina, affects a variety

of phenomena, including gap junctional permeability

(Harsanyi & Mangel, 1992; Hampson et al. 1992), retino-

motor movements (Pierce & Besharse, 1985; Dearry &

Burnside, 1986), glutamate-gated conductances (Knapp &

Dowling, 1987), and light adaptation (Witkovsky et al.
1988a). The effects of dopamine on retinal neurones are

mediated by second messengers, such as cAMP, and not by

directly opening and closing ion channels. The widespread

distribution of dopamine receptors throughout the retina,

at synapses and also at a distance from the terminals of

dopaminergic neurons, as well as direct measurements

of dopamine efflux from isolated retinae, suggest that

dopamine acts both synaptically as a neurotransmitter and

by volume transmission as a paracrine neuromodulator

(Besharse et al. 1988; Witkovsky et al. 1993; Puopolo et al.
2001).

Dopamine content and release in the vertebrate retina

(Wirz-Justice et al. 1984; Adachi et al. 1998) and other brain

regions (Khaldy et al. 2002) are affected by a circadian clock,

a type of biological oscillator that has persistent rhythmicity

with a period of approximately 24 h in the absence of

external timing cues (e.g. in constant darkness). In

addition, a circadian clock can be entrained by cyclic light

stimulation. In vertebrates, circadian clocks are located in

the retina (Besharse & Iuvone, 1983; Cahill & Besharse,

1993; Tosini & Menaker, 1996; Dmitriev & Mangel, 2001),

pineal gland (Robertson & Takahashi, 1988), and supra-

chiasmatic nucleus (Welsh et al. 1995). In the vertebrate

retina, a clock regulates a variety of cellular phenomena

in addition to dopamine levels, including melatonin
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release (Cahill & Besharse, 1993), retinomotor movements

(Burnside & Nagle, 1983), horizontal cell spinule formation

(Douglas & Wagner, 1983), extracellular pH (Dmitriev &

Mangel, 2000, 2001), and neuronal light responses (Wang

& Mangel, 1996; Manglapus et al. 1998).

Because a circadian clock regulates the light responses of

horizontal cells (Wang & Mangel, 1996) and dopamine

modulates rod and cone input to horizontal cells (Witkovsky

et al. 1988a), we investigated whether the clock regulates

cone horizontal cell light responses through dopamine

pathways. We show in this study that dopamine acts as a

circadian clock signal for the day by increasing cone input

and decreasing rod input to fish retinal cone horizontal

cells. Specifically, the findings suggest that a clock increases

endogenous dopamine release during the day so that

dopamine D2-like receptors on photoreceptor cells are

activated. The resultant decrease in intracellular cAMP

and protein kinase A activation then mediates the increase

in cone input and decrease in rod input.

METHODS 
Preparation
Goldfish (Carassius auratus), 10–15 cm in length, were maintained
at 19 °C on a 12 h–12 h light–dark cycle for at least 14 days before
an experiment. During this period, the light–dark cycle was phase-
advanced by 3 h so that lights ‘on’ was at 3 am and lights ‘off’ was at
3 pm. The care and use of the fish followed all guidelines of the
National Institutes of Health and the University of Alabama at
Birmingham Institutional Animal Care and Use Committee.
Anaesthetised (methanesulfonate, MS-222, 100 mg l_1, Sigma
Chemical Co., St Louis, MO, USA) fish were decapitated and
pithed. Their eyes were then enucleated and their retinae were
isolated from the pigment epithelium. Prior to surgery, fish were
kept in darkness for 24–48 h. All surgical procedures were
performed under dim (0.2 mW cm_2) red or infrared illumination
with no differential effect on the results.

Intact, isolated retinae were placed in a chamber that had a volume
of 0.5 ml and superfused at 0.5 ml min_1 with a Ringer solution
that contained (mM): 130 NaCl, 2.5 KCl, 20 NaHCO3, 0.7 CaCl2,
1.0 MgCl2, and 20 glucose, as described previously (Wang &
Mangel, 1996; Wang et al. 1997). Oxygenation of the superfusate
with a mixture of 95 % O2–5 % CO2 maintained the superfusate at
pH 7.6 in the retinal chamber. After excision, the retinae were
superfused in darkness for 60 min, following which horizontal
cells were impaled without the aid of any light flashes. Horizontal
cell responsivity and sensitivity were then assessed with dim white
or monochromatic full-field test stimuli immediately following
this period of darkness. Test drugs such as dopamine, quinpirole,
spiperone and forskolin, which were diluted in the Ringer solution,
were then superfused onto the fish retina in the subjective day or
night to determine whether and how they affected the responses of
horizontal cells to these light stimuli. Drugs were purchased from
RBI (Natick, MA, USA).

Because circadian clocks can be affected (entrained) by light stimuli,
these circadian experiments were performed under conditions of
constant darkness to assess whether the clock uses dopamine to
alter the light responses of L-type cone horizontal cells in the day
and night.  As a result, all experiments were performed during the

subjective day or subjective night, that is the fish and their isolated
retinae were maintained under conditions of constant darkness.
Subjective day refers to the time of the circadian cycle during
which illumination was previously present; subjective night refers
to the time of the circadian cycle during which illumination was
not previously present.

Some of the fish (n = 8) received a 5 ml injection of 6-hydroxy-
dopamine (6-OHDA) (10 g l_1) and ascorbic acid (1 g l_1) dissolved
in a NaCl solution (9 g l_1) into one eye on two consecutive days
7–14 days before the recording experiments (Harsanyi & Mangel,
1992; Wang et al. 1997). This procedure selectively destroys
dopaminergic cells. The same volume of the NaCl solution
containing ascorbic acid was injected into the other eye as a
control. Analysis of the 6-OHDA-treated and the control retinae
by high-pressure liquid chromatography with electrochemical
detection has shown that the 6-OHDA treatment depletes the
retinae of dopamine by an average of 98 %, compared with saline-
injected controls (Harsanyi & Mangel, 1992; Wang et al. 1997).

Electrical recording 
Standard intracellular recording procedures were employed as
described previously (Wang & Mangel, 1996; Wang et al. 1997).
Cone horizontal cells were identified by intracellular tracer
injection (see Fig. 2), with spectral and intensity response curves,
and by response waveform (Mangel & Dowling, 1987; Wang et al.
1997). The maximum, unattenuated intensity (Io) of full-field
white light stimuli from a 100 W tungsten–halogen lamp was
2.0 w 103 mW cm_2. Intensity values indicated in the text are
relative to Io. Calibrated neutral density filters and narrow-band
interference filters were used to control light intensity and
stimulus wavelength, respectively.

Tracer injections 
Micropipettes were filled at their tips with 4 % biocytin (Sigma) in
5 mM Hepes, pH 7.6, containing 1.0 M potassium chloride, and
then backfilled with 2 M potassium chloride. Final DC resistances
ranged between 150 and 250 MV. After light response measure-
ments were obtained, biocytin was iontophoresed into the cells for
15 min using positive sinusoidal current (3 Hz, 5 nA peak–peak).

Histochemistry
After the last injection, the retina was kept in the superfusion
chamber in total darkness for 30 min, then rapidly immersed in a
solution of 4 % paraformaldehyde in 10 mM phosphate-buffered
saline (PBS, 0.8 % NaCl, pH 7.3). The retina was then left
overnight in the fixative solution at room temperature. The
following morning, the retina was washed for 4 h in PBS at 4 °C
and then treated under agitation at room temperature with the
following concentrations of alcohol in PBS: 50 % (10 min), 70 %
(15 min) and 50 % (10 min). Thereafter the retina was washed
twice for 30 min in 25 mM Tris–0.5 M NaCl, pH 9.25 at room
temperature and then reacted overnight with the Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA) in 25 mM Tris–0.5 M
NaCl, pH 9.25 containing 0.5 % Tween 20. Thereafter the retina
was washed three times for 10 min each in Tris and processed for
peroxidase histochemistry with 3,3‚ diaminobenzidine (DAB)
and cobalt intensification using the Vector Laboratories kit SK-
4100. Replacing the buffer solution provided with this kit with
50 mM Tris, pH 8.6 greatly reduced the non-specific background.
After a 30 min incubation in Tris containing DAB and nickel, the
retinal tissue was incubated for a further 45 min in a fresh solution
of DAB, nickel and hydrogen peroxide. The reaction was stopped
by immersing the retina in distilled water for 10 min. The retina
was then placed on a gelatinised coverslip and allowed to air dry

C. Ribelayga, Y. Wang and S. C. Mangel802 J. Physiol. 544.3
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for a few minutes. Additional drying was performed by incubating
the retina in solutions of increasing alcohol concentration: 50 %,
70 %, and then 100 % for 15 min each. Finally, the retina was
cleared in xylene for 1 h and flat-mounted in Histomount (National
Diagnostics, Highland Park, NJ, USA). Labelled horizontal cells
could then be localised under the microscope and photographed.

High Performance Liquid Chromatography (HPLC)
Reverse-phase HPLC with electrochemical detection was used
to determine the total content of dopamine and its metabolite
dihydroxyphenylacetic acid (DOPAC) from retinal homogenates,
and the amount of endogenous dopamine released into the culture
medium from explanted retinae. The HPLC system consisted of
an HPLC pump (Model 515, Waters, Milford, MA, USA), an
automatic, refrigerated injector (1100 series, Agilent  Technologies),
an electrochemical detector (Model LC-4C, BioAnalytical System,
West Lafayette, IN, USA), and an adsorbsphere HS (C18) column
(250 w 4.6 mm, ID 5 mm; Alltech, Deerfield, IL, USA). The
potential of the glassy carbon electrode was set to +750 mV.
Sensitivity was 2 nA V_1. An isocratic mobile phase composed of
0.1 M KH2 PO4, 0.0235 % octyl sodium sulfate (ACROS Organics,
NJ, USA), 0.1 mM Na2-EDTA, and methanol (15 %) was adjusted
to a pH of 3.10 with a solution of o-phosphoric acid (85 %). This
mobile phase was delivered at 0.8 ml min_1 at 30 °C.

To determine dopamine and DOPAC content, freshly excised
retinae were rapidly sonicated in 400 ml of standard solution (50 mM

Na2-EDTA–1 mM Na2S2O5), containing 3333 pg 3,4-dihydroxy-
benzylamine (DHBA) as an internal standard. An aliquot (50 ml)
of the homogenate was kept for protein determination (Lowry et
al. 1951). The remainder of the homogenate was then centrifuged
for 30 min (14 000 g at 4 °C) and filtered on a 0.2 mm pore-size
membrane filter. A volume of 60 ml (thus containing 500 pg DHBA)
of each sample was then directly injected into the HPLC system.

To determine the amount of endogenous dopamine released into
the culture medium from explanted retinae, retinae were
incubated in fish Ringer solution that was identical to that used for
the electrophysiological experiments, but with 0.1 mM ascorbic
acid added. The retinae were placed in total darkness for 1 h in a
CO2 incubator that maintained conditions of 95% O2,–5% CO2 at
20 °C, water-saturated. Following this, 1 ml of supernatant was
collected under infrared conditions and processed for alumina
extraction, as described previously (Weiler et al. 1997).

An estimation of the concentration of dopamine in the retinal
extracellular space can be calculated from the total quantity of
dopamine that accumulated in the culture wells over the course of
1 h. The volume of the extracellular space has been shown to be
approximately 10 % of the retinal volume (Karwoski et al. 1985).
Because the average volume of the goldfish retinae we studied was
39.85 ± 2.24 ml (n = 20), the approximate extracellular volume of
the retinae was 4 ml. Based on the assumption that all the
dopamine measured at the end of the in vitro experiment would
have diffused into 4 ml of extracellular space under in vivo
conditions, as has been suggested (Witkovsky et al. 1993), the
approximate extracellular concentration of dopamine in the
goldfish retina can be calculated as follows:

[dopamine] = measured amount of dopamine in Ringer/

(extracellular volume of retina) w (molar mass of dopamine),

where the concentration of dopamine is given in mol l_1, the amount
of dopamine in Ringer solution is given in g, the extracellular
volume of the retina is given in l, and  the molar mass of dopamine
is given in g mol_1.

Data analysis
Relative quantum sensitivity was determined as described previously
(Naka & Rushton, 1966; Nussdorf & Powers, 1988; Wang & Mangel,
1996). Data were normalised at the wavelength of peak sensitivity
(550 or 600 nm). A 1 mV criterion response was used to minimise
light sensitisation of the dark-adapted state. ‘Light sensitisation’
refers to the phenomenon in which bright light (photopic range)
stimulation of dark-adapted retinae increases the size of cone
horizontal cell light responses in the day and night (Baldridge et al.
1995) and eliminates rod input to the cells during the night (Wang
& Mangel, 1996). Red (625 nm) cone spectral sensitivity data were
obtained from Harosi & MacNichol (1967) and rod spectral
sensitivity data were obtained from Schwanzara (1967). The
maximum, unattenuated light intensity of the stimulus at 550 nm
was 7.2 w 1013 photons cm_2 sec_1.

Dose–response data were fitted to the Hill equation using a non-
linear least-squares method:

V = Vmax /1+ (EC50 /[C])n,

where V (mV) is the peak increase in light response at a given drug
concentration [C] (nM), Vmax (mV) is the maximum increase in
light response to the drug, n is the Hill coefficient, and EC50 (nM) is
the drug concentration that gives rise to a half-maximal response.

The Student’s unpaired t test was used for all statistical comparisons.
Average values in the text are given as means ± S.E.M.

RESULTS
A circadian clock regulates rod and cone input to
cone horizontal cells
The light responses of goldfish retinal L-type cone horizontal

cells exhibit a circadian rhythm when the fish are maintained

in constant darkness (Fig. 1A), as shown previously

(Wang & Mangel, 1996). Cone horizontal cells are a type

of second order cell in the fish retina that receives synaptic

contact from cones, but not from rods (Stell & Lightfoot,

1975; Downing & Djamgoz, 1989). During the subjective

day, the responses are cone-mediated and similar to classic

responses previously reported for these cells (Naka &

Rushton, 1966; Mangel & Dowling, 1987). In contrast,

during the subjective night, the responses are rod-

dominated. Compared to the day, the responses at night

are slower, smaller in size and longer in duration, and

the response threshold is considerably lower, as shown

previously (Wang & Mangel, 1996). Moreover, the spectral

sensitivity of the cells resembles that of red (625 nm) cones

(Harosi & MacNichol, 1974) during the day (see Fig. 7)

and rods (Schwanzara, 1967) during the night (Wang &

Mangel, 1996).

A circadian rhythm in cone input to cone horizontal cells is

illustrated in Fig. 1B, which depicts average responses to a

bright light stimulus (_3 log Io) as a function of time in the

dark. Following constant darkness, average responses to

a bright stimulus are greater during the subjective day

(Zeitgeber time (ZT) 03 and 09, first and second cycles)

than during the subjective night (ZT 15 and 21, first and

second cycles), as shown previously (Wang & Mangel,

Dopamine mediates circadian control of retinal light responsesJ. Physiol. 544.3 803
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1996). The results shown in Fig. 1 thus reveal the presence

of a circadian rhythm in cone horizontal cell responsive-

ness to bright light stimulation, and indicate that cone

input to cone horizontal cells is greatly reduced during the

subjective night and that rod input is present at night, but

not in the day.

Although the light responses of cone horizontal cells were

dominated by rod input at night and resembled those of rod

horizontal cells, the two types of cells could be distinguished

by the size of their light responses (i.e. average response

to _5 log Io stimulus: cone horizontal cells, _5 mV; rod

horizontal cells, _20 mV), by the fact that light sensitis-

ation, after dark-adapted measurements were obtained,

produced a rod–cone shift in cone horizontal cells, but not

in rod horizontal cells (see Wang & Mangel, 1996), and by

intracellular tracer injection. The cone horizontal cell, whose

night-time light responses are depicted in Fig. 1A, was

injected intracellularly with biocytin following recording

of its light responses. As shown in Fig. 2A, this L-type (H1)

cone horizontal cell, which was coupled by gap junctions

to many other cells of like type, as has been reported

previously (Tornqvist et al. 1988; Baldridge & Ball, 1991),

produced rod-dominated light responses during the

subjective night. Moreover, in every case (n = 9) in which

biocytin was injected into cells that exhibited light

responses at night similar to those shown in Fig. 1A, the

cell was identified morphologically as an H1 cone horizontal

cell (Stell & Lightfoot, 1975; Downing & Djamgoz, 1989).

As shown in Fig. 2B, magnification of part of the coupled

network of cells shown in Fig. 2A illustrates that the cells

are H1 cone horizontal cells, as evidenced by the size of their

somata and the number, length, and shape of their processes

(Stell & Lightfoot, 1975; Downing & Djamgoz, 1989).

The identification of the coupled cells illustrated in Fig. 2A
and 2B as H1 cone horizontal cells can also be confirmed by

comparing their morphological features to uncoupled H1

C. Ribelayga, Y. Wang and S. C. Mangel804 J. Physiol. 544.3

Figure 1. A circadian clock regulates the light responses of goldfish cone horizontal cells
A, cone input to L-type cone horizontal cells predominates during the subjective day and rod input
predominates during the subjective night. Compared to the day, the responses at night are slower, smaller in
size, longer in duration, and response threshold is approximately a hundred times lower. Retinae were dark-
adapted for at least 1 hr after excision, following which L-type cone horizontal cells were impaled without the
aid of any light flashes. Responses of the cells to dim full-field white light flashes (ranging from _8 log Io to
_5 log Io) were then recorded.The responses of two different cells are shown in the subjective day and night.
Similar results were obtained from 43 other cells. B, average responses to a bright light stimulus (_3 log Io) as
a function of time in the dark are greater during the subjective day than during the subjective night,
indicating that a circadian clock regulates cone input to cone horizontal cells. The presence of a recording
from a cone horizontal cell was confirmed following cell impalement by flashing a series of dim (≤ _6 log Io)
lights. Following this, a single bright (_3 log Io) light was flashed. Data were averaged only from responses to
this single bright light stimulus (one bright light stimulus per retina). In each case, a response to a single
bright light stimulus (_3 log Io) was obtained at the time indicated. Surgical isolation of the retina occurred
approximately 2 h before this bright light response was recorded. Each data point represents averages
obtained from 5–8 cells (1 cell per retina). Intensity values indicated in Figs. 1, 4, 6,and 8 are relative to the
maximum, unattenuated intensity (Io) of full field white light stimuli generated by the photostimulator (see
Methods).
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cone horizontal cells (Fig. 2C) and to rod horizontal cells

(Fig. 2D). The cell shown in Fig. 2C was injected with

biocytin at night following light sensitisation of the retina,

a procedure that uncouples horizontal cells (Tornqvist

et al. 1988; Baldridge & Ball, 1991). Its morphological

features, which distinguish it as an H1 cone horizontal cell,

are similar to those of the coupled cells shown in Fig. 2B. In

contrast, a rod horizontal cell, which was recorded from a

dark-adapted retina at night and injected with biocytin, is

shown in Fig. 2D coupled to a number of its neighbouring

rod horizontal cells, as described previously (Tsukamoto

et al. 1987). Its light responses were rod-driven and

relatively large in amplitude (20 mV) to bright stimuli

(_3 log Io), as described previously (Wang & Mangel,

1996), but its morphological features are clearly different

from those of the H1 cone horizontal cells shown in

Fig. 2A–C. That is, the rod horizontal cells have cell bodies

that are twice as large in diameter as those of the cone

horizontal cells shown in Fig. 2A–C, and their processes

are more numerous, irregular, and longer than those of

cone horizontal cells (Stell & Lightfoot, 1975; Tsukamoto

et al. 1987). The micrographs shown in Fig. 2B–D are all at

the same magnification. The mean soma size of H1 cone

horizontal cells (12.7 ± 0.1 mm, n = 11; five cells from

each of 11 retinae were averaged) injected with biocytin in

our experiments was significantly different (P < 0.001)

from that of the biocytin-injected rod horizontal cells

(23.0 ± 0.2 mm, n = 10; five cells from each of 10 retinae

were averaged). Finally, at a comparable eccentricity and

magnification, the density of coupled rod horizontal cells

was lower than that of H1 cone horizontal cells, as is

evident from a comparison of Fig. 2A and 2E, which

illustrate H1 cone horizontal cells and rod horizontal cells,

respectively, at similar magnifications.

Dopamine levels are higher during the subjective
day than in the subjective night
Retinal dopamine and dopamine precursor levels are higher

in the subjective day than in the night in the rat (Wirz-

Justice et al. 1984) and quail (Manglapus et al. 1999). To

determine whether a similar day_night difference occurs

in fish, we used reversed-phase HPLC to measure dopamine

levels in the subjective day and night. As shown in Fig. 3A,

dopamine content of retinal homogenates was similar

(P > 0.5) in the subjective day and night. In contrast,

DOPAC, the primary metabolite of dopamine in the retina,

was significantly (P < 0.001) greater in the subjective day

than in the night (Fig. 3B). Because these latter results

suggest that dopamine release is greater in the subjective

day than in the subjective night, we directly measured

endogenous dopamine release from intact neural retinae

in the subjective day and night. As shown in Fig. 3C,

endogenous dopamine release from the goldfish retina into

the culture medium was significantly (P < 0.001) greater

in the subjective day than in the night. Based on the values

shown in Fig. 3C and the assumptions described in the

Methods, the approximate concentration of dopamine in

the extracellular space of the goldfish retina, as measured

by HPLC, was 181 ± 11 nM during the subjective day and

98 ± 8 nM during the subjective night.

Effects of dopamine on retinal horizontal cells
depend on time of subjective day
Superfusion of dopamine (1–5000 nM) during the subjective

night increased cone input and eliminated rod input to

the cells (Fig. 4A), a state typically observed during the

subjective day. In contrast, dopamine application during

the subjective day had no effect (1–10 nM) or increased

(100–5000 nM) responses slightly (Fig. 4B). Destruction

of dopaminergic cells following 6-hydroxydopamine

(6-OHDA) pre-treatment increased rod input and

decreased cone input during the subjective day and had no

effect during the subjective night (Fig. 4C). Prior intra-

ocular injection of saline as a control had no effect on the

light responses of horizontal cells in the subjective day or

night (data not shown).

These results suggest that dopamine acts as a circadian signal

for the day, that is the clock increases dopamine release in

the subjective day and decreases it in the subjective night,

in agreement with our HPLC measurements (Fig. 3C). The

increase in dopamine concentration in the day then

increases cone input and decreases rod input to cone

horizontal cells. Figure 5A, which depicts the average

increase in response size to a light stimulus (_3 log Io) as a

function of dopamine concentration, illustrates clearly that

exogenous dopamine increases cone horizontal cell light

responses at night, but has little effect in the subjective day.

The dose–response data at night are fitted by a sigmoid curve

with a Hill coefficient (n) of 1.14 and a half-saturation

value (EC50) of 6.5 nM, values in good agreement with those

obtained in a study of dopamine-mediated inhibition of

fish cone elongation (Hillman et al. 1995). In contrast, in

the subjective day, the dose–response data are fitted by a

sigmoid curve with a Hill coefficient of 1.09 and an

apparent EC50 of 83.0 nM. When the data in Fig. 5A were

replotted as average light response amplitudes (Fig. 5B),

rather than as average increases in light response amplitude

(Fig. 5A), the dose–response curve during the subjective day

closely overlapped that during the night for concentrations

above approximately 20 nM, indicating that exogenous

dopamine had a small effect when applied to dark-adapted

retinae at doses greater than 20 nM.

The difference between the daytime and night-time dose–

response curves in Fig. 5B may be due to activation of

dopamine receptors by endogenous dopamine in the

subjective day, but not in the subjective night. Inspection

of the curves indicated that the amplitude of light responses

saturated at a dopamine concentration of about 20 nM. At

lower concentrations (e.g. 1–10 nM), exogenous dopamine

application had no effect on the amplitude of light responses

during the subjective day (Fig. 5A), presumably because

Dopamine mediates circadian control of retinal light responsesJ. Physiol. 544.3 805
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Jo
u

rn
al

 o
f P

hy
si

ol
og

y

endogenous dopamine had already activated dopamine

receptors. At night, however, exogenous dopamine applic-

ation greatly increased response amplitude because the

level of endogenous dopamine was below the threshold of

dopamine receptor activation (approximately 0.5 nM), as

evidenced by the lack of effect of the D2-like antagonist

spiperone at night (see Fig. 6 legend). Assuming that the

efficacy of dopamine in modulating intracellular cAMP

and protein kinase A is similar in the day and night, these

electrophysiological data suggest that the circadian-induced

dopamine concentration in the outer retina is approx-

imately 20 nM during the subjective day and less than

0.5 nM during the night. In addition, the fact that

exogenous dopamine at very low concentrations (1–5 nM)

can affect cone horizontal cells during the subjective night,

but not in the subjective day, also suggests that the

day–night difference cannot be explained by a hyperactive

dopamine transporter at night.

Dopamine activates D2-like receptors during the
subjective day
The clock-induced increased level of endogenous dopamine

during the subjective day activates D2-like, and not D1-like,

receptors. Application of quinpirole (1 mM), a D2-like

receptor agonist, during the subjective night increased cone

input and eliminated rod input to the cells (Fig. 6A), an

effect similar to that of dopamine. Application of spiperone

Dopamine mediates circadian control of retinal light responsesJ. Physiol. 544.3 807

Figure 2. Horizontal cells identified morphologically as H1 cone horizontal cells are driven
primarily by rods at night
A, the horizontal cell (indicated by *) was stained with an intracellular injection of biocytin. This  L-type (H1)
cone horizontal cell, which is extensively coupled by gap junctions to many other L-type (H1) cone horizontal
cells, produced the rod-dominated light responses in the subjective night shown in Fig. 1A. B, magnification
of part of the coupled network of cells shown in A illustrates that the cells are H1 cone horizontal cells, as
evidenced by the size of their somata, and the number, length, and shape of their processes. C, an uncoupled
H1 cone horizontal cell, which was recorded at night in a different retina following light sensitisation and
injected with biocytin, exhibits morphological features similar to those of the coupled cells shown in B. D, in
contrast, a rod horizontal cell, which was recorded from a different dark-adapted retina at night and injected
with biocytin, is coupled to a number of its neighbouring rod horizontal cells, all of which have different
morphological features than those of the cells shown in B and C. The rod horizontal cells have somata that are
twice as large in diameter as those of the H1 cone horizontal cells and their processes are more numerous,
irregular and longer than those of the cone horizontal cells. E, at a comparable eccentricity and
magnification, the density of coupled rod horizontal cells is lower than that of H1 cone horizontal cells, as is
evident from a comparison of A and E. The scale bar in A applies to E as well and the scale bar in D also applies
to B and C. The cells shown in A and E are at the same magnification, as are those in B, C and D.

Figure 3. Release of endogenous dopamine in the
goldfish retina is higher in the subjective day than
in the subjective night
Although dopamine content of retinal homogenates (A) was
similar in the subjective day and night, DOPAC content (B),
which reflects dopamine utilisation, and endogenous
dopamine release from in vitro retinae into the Ringer
solution (C) were significantly greater in the subjective day,
compared to the subjective night. In C, retinae were
maintained in fish Ringer solution in total darkness for 1 h.
Subjective day data were obtained during the second cycle at
Zeitgeber time (ZT) 6 and subjective night data during the
second cycle at ZT 18 (ZT 0 corresponds to dawn).
***, significant difference between subjective day and night
values (P < 0.001).
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Figure 4. Exogenous dopamine application
increases cone input and decreases rod input
to goldfish retinal L-type cone horizontal
cells
A, superfusion of dopamine (100 nM) during the
subjective night increased cone input and eliminated
rod input to the cells, so that light responses closely
resembled those typically observed during the day.
B, superfusion of dopamine (100 nM) during the
subjective day produced a slight increase in the size of
the light responses. C, destruction of dopaminergic
cells following pre-treatment with 6-hydroxy-
dopamine (see Methods) increased rod input and
decreased cone input during the subjective day. Light
responses during the subjective night were not
affected. Similar results were obtained from 9 (A),
8 (B), and 13 (C) cells. Subjective day data in this and
all subsequent figures were obtained under
conditions of constant darkness during the second
cycle at ZT 3 and 9. No differences were observed
between ZT 3 and 9. Subjective night data in this and
all subsequent figures were obtained at ZT 15 and 21;
no differences were observed between ZT 15 and 21.

Figure 5. Effect of dopamine on horizontal cell light response amplitude in the day and night
A, average increase in light response amplitude as a function of dopamine concentration in the subjective day
and night. Exogenous dopamine increases horizontal cell light responses at night, but has little or no effect in
the day. Data were fitted to the Hill equation (see Methods). B, average light response amplitude as a function
of dopamine concentration in the subjective day and night. Dopamine has little (100–5000 nM) or no
(1–10 nM) effect on the amplitude of light responses during the subjective day, possibly because endogenous
dopamine is already bound to its receptors. Night-time data were fitted to the Hill equation. Average
response increase (A) and average response amplitude (B) to a _3 log Io light stimulus are shown. Each data
point represents the average of 6–17 cells (1 cell per retina). Bars represent the S.E.M.
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Figure 7. Endogenous activation of D2-like receptors mediates circadian clock regulation of
rod and cone input to cone horizontal cells
A, application of spiperone during the subjective day (ZT 03, second cycle) altered the average spectral
sensitivity of L-type cone horizontal cells to resemble that of goldfish rod horizontal cells (and rods)
(Schwanzara, 1967), rather than red (625 nm) cones (Harosi & MacNichol, 1974), for wavelengths
≤ 600 nm. B, in contrast, application of quinpirole during the subjective night (ZT 15, second cycle) altered
the average spectral sensitivity of L-type cone horizontal cells to resemble that of goldfish red (625 nm) cones
and cone horizontal cells in the day (Harosi & MacNichol, 1974), rather than rod horizontal cells and rods
(Schwanzara, 1967). Each data point represents the average of 5 to 8 cells (1 cell per retina).

Figure 6. The effects of the clock on cone horizontal cells are mediated by activation of
D2-like, and not D1-like, receptors. 
A, application of quinpirole (1 mM), a D2 receptor agonist, during the subjective night increased cone input
and eliminated rod input to cone horizontal cells, an effect similar to that of dopamine. B, application of
spiperone (1 mM), a general D2-like receptor antagonist, during the subjective day reduced cone input and
introduced rod input to the cone horizontal cells. C, SCH23390 (10 mM), a D1 antagonist, had no effect
during the subjective day. D, application of quinpirole (1 mM) at night to retinae pre-treated with 6-OHDA
increased cone input and decreased rod input to the cells. The recordings shown are representative of results
obtained on 12 (A), 16(B), 9 (C), and 6(D) cells.
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(0.5–10 mM), a general D2-like receptor antagonist, during

the subjective day reduced cone input and introduced

rod input to the horizontal cells (Fig. 6B). In contrast,

SCH23390 (10 mM), a D1 antagonist, had no effect during

the subjective day (Fig. 6C). Application of spiperone

alone or in conjunction with SCH23390 during the

subjective night had no effect on the light responses (data

not shown), suggesting that the level of endogenous

dopamine at night was below the threshold of dopamine

receptor activation. Finally, application of quinpirole or

dopamine to retinae pre-treated with 6-OHDA increased

cone input and decreased rod input to the cells when

applied at night (Fig. 6D), indicating that the D2-like

receptors, which are activated during the subjective day,

are downstream from the dopaminergic interplexiform

cells.

The effects of dopamine and dopamine ligands on the dark

resting membrane potential of L-type cone horizontal cells

depended on the time of day. As reported previously

(Wang & Mangel, 1996), the dark resting potential of cone

horizontal cells during the subjective night (_37.5 ± 1.4

mV; n = 24) was not significantly different (P > 0.5) from

that during the subjective day (_36.9 ± 1.2 mV; n = 20). As

shown in Table 1, dopamine and quinpirole hyperpolarised

the cells by about 6 mV at night, but had no effect during

the day. In contrast, spiperone depolarised the cells in the

day, but not at night. Finally, SCH23390 had no effect.

Spectral sensitivity measurements demonstrated that rod

and cone input to cone horizontal cells is modulated by

endogenous activation of D2-like receptors. L-type (H1)

cone horizontal cells receive synaptic contact primarily

from red (625 nm) cones (Stell & Lightfoot, 1975; Downing

& Djamgoz, 1989) and spectral sensitivity measurements

(Fig. 7A) during the subjective day support this. Figure 6A
also shows that application of spiperone during the

subjective day (ZT 03, second cycle) altered the average

spectral sensitivity of L-type cone horizontal cells to

resemble that of goldfish rod horizontal cells (and rods;

Schwanzara, 1967), rather than red cones (Harosi &

MacNichol, 1974). In contrast, application of quinpirole

during the subjective night (ZT 15, second cycle) altered

the average spectral sensitivity of L-type cone horizontal

cells (Fig. 7B) to resemble that of goldfish red cones

(Harosi & MacNichol, 1974) and cone horizontal cells

C. Ribelayga, Y. Wang and S. C. Mangel810 J. Physiol. 544.3

Figure 8. Increases in intracellular cAMP and protein kinase A activation increase rod input
and decrease cone input to cone horizontal cells at night
A, superfusion of forskolin (10 mM), an activator of adenylyl cyclase, during the subjective day reduced cone
input and increased rod input. B, forskolin application during the subjective night blocked the effects of a
subsequent dopamine application. C, application of Rp-cAMPS (100 mM), an inhibitor of cAMP-dependent
protein kinase, during the subjective night increased cone input and decreased rod input. D, application of
octanol (2 mM), an alcohol that uncouples gap junctions, during the subjective night increased cone input
and decreased rod input. Similar results were obtained from 13 (A), 6 (B), 9 (C), and 10 (D) cells.

Table 1. Effects of dopamine and dopamine ligands on
horizontal cell membrane potential in the day and night

Test drug Membrane potential change (mV)

Day Night

Dopamine (100 nM) _1.7 ± 2.0 (8) _5.8 ± 3.1 (9)
Quinpirole (1 mM) _2.1 ± 1.8 (6) _6.4 ± 2.7 (12)
Spiperone (1 mM) 4.1 ± 1.6 (16) 0.7 ± 0.6 (7)
SCH23390 (10 mM) 0.6 ± 0.5 (9) 0.4 ± 0.7 (6)

Values are means ± S.E.M. Numbers in parentheses in the column
on the right indicate numbers of cells tested.
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during the day, rather than rod horizontal cells and rods

(Schwanzara, 1967). Interestingly, the greater relative

spectral sensitivity of cone horizontal cells in the far red

region of the spectrum during the subjective night,

compared to rod horizontal cells, may indicate that L-type

cone horizontal cells still receive some input from red

cones at night, even though they are primarily driven by

rod input. A greater than expected sensitivity at night in

the far red region of the spectrum was also observed in

electroretinogram studies of goldfish (Nussdorf & Powers,

1988) and Japanese quail (Manglapus et al. 1998) retinae.

The relative spectral sensitivity of rod horizontal cells

closely resembled that of goldfish rods (cf. Schwanzara,

1967; Wang & Mangel, 1996).

In the above spectral sensitivity measurements, a 1 mV

criterion response was used to minimise light sensitisation

of the dark-adapted state. This response amplitude

represents approximately 25 % of the maximum dark-

adapted response of a cone horizontal cell at night. In the

day, the dark-adapted maximum response of a cone

horizontal cell is about 17 mV. Therefore, we also compared

spectral sensitivity using a criterion response of 25 % of

Vmax. Comparable results to those of Fig. 7 were obtained.

Increase in cAMP and protein kinase A activation
enhance rod input
As suggested by the findings shown in Fig. 8, the decreased

activation of D2-like receptors during the night, which

increased the level of cAMP and the activation of protein

kinase A, enhanced rod input and decreased cone input to

cone horizontal cells. Application of forskolin (10–20 mM),

an activator of adenylyl cyclase, during the subjective day

reduced cone input and increased rod input (Fig. 8A) in all

cases tested (n = 13). Dibutyryl cAMP (0.5–1.0 mM) had

similar effects, but application of 1,9-dideoxy-forskolin

(10–20 mM), an analogue of forskolin that does not activate

adenylyl cyclase, had no effect (data not shown). In about

half of the cases (n = 7), forskolin initially depolarised the

cells by a few millivolts and increased their light responses

by about 33 %, a finding that may be attributed to an

enhancement by cAMP of glutamate-gated conductances

in the horizontal cells (Knapp & Dowling, 1987). Following

this enhancement, responses always decreased below initial

levels and rod input became evident (about 20 min later).

Although forskolin application during the subjective night

had no effect on the light responses of the cells in all cases

tested, it blocked the effects of a subsequent dopamine

(100 nM) application (Fig. 8B). Application of Rp-cAMPS

(100 mM), a membrane-permeant inhibitor of cAMP-

dependent protein kinase, during the subjective night

(Fig. 8C), or octanol (2 mM), an alcohol that uncouples

gap junctions, increased cone input and decreased rod

input (Fig. 8D). Octanol also had a similar effect when it

was applied during the subjective night in the presence of

spiperone.

DISCUSSION
Dopamine activates D2-like receptors on rods and
cones during the subjective day
These findings suggest that dopamine acts as a circadian

clock signal for the day. During the day, the clock increases

endogenous dopamine release in the retina. The dopamine

activates D2-like receptors that decrease rod input and

increase cone input to cone horizontal cells via decreases in

intracellular cAMP and protein kinase A activation. During

the night, the clock decreases dopamine levels below the

threshold for activation of D2-like receptors and cone

horizontal cell responses become rod-dominated. In other

words, even in the absence of light stimulation, the clock

activates D2-like receptors to a greater extent in the day,

compared to the night. It is likely that the D2 receptors that

are involved with this circadian phenomenon are located

on photoreceptor cells, because: (1) D2-like receptors are

found on photoreceptors (Dearry & Burnside, 1986; Yazulla

& Lin, 1995), and not on horizontal cells (Knapp & Dowling,

1987; Lasater, 1987; Harsanyi & Mangel, 1992); and (2) the

effects of exogenous dopamine and quinpirole persist

following destruction of dopaminergic cells with 6-OHDA

(Fig. 6D). The clock thus regulates rod and cone input to

cone horizontal cells by activating extrasynaptic D2 receptors

on photoreceptor cells and not by activating D2 auto-

receptors on dopaminergic cells (Harsanyi & Mangel, 1992;

Rashid et al. 1993; Yazulla & Lin, 1995; Wang et al. 1997).

These findings are consistent with previous observations

that a circadian clock regulates rod–cone dominance of

the electroretinogram (Manglapus et al. 1999) and retino-

motor movements (Dearry & Burnside, 1986; Besharse et
al. 1988) by activation of D2-like extrasynaptic receptors.

Although the HPLC (Fig. 3) and electrophysiological

(Fig. 5) results both indicate that endogenous dopamine

release is greater during the subjective day compared to the

subjective night, the magnitude of the day–night difference

apparently depends on the method used for the measure-

ments. The electrophysiological results suggested that the

day–night difference was approximately 40:1 and that the

level of endogenous dopamine release at night was very

low, as evidenced by the lack of effect of the D2 antagonist

spiperone at night. In contrast, HPLC measurements

of dopamine overflow into the medium suggested that

endogenous dopamine release was 50 % greater during

the subjective day than the subjective night and that

dopamine release at night was relatively high. This apparent

discrepancy, however, can probably be attributed to

differences between the two techniques, because the HPLC

results represent dopamine overflow from dopaminergic

neurones into the medium, whereas the electrophysiological

results depend on both dopamine receptor activity and the

extracellular dopamine concentration. There are at least

four characteristics of the two techniques that can help

explain the different results. First, when dopamine release

Dopamine mediates circadian control of retinal light responsesJ. Physiol. 544.3 811
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from freshly excised retinae was measured using HPLC,

dopamine present in the extracellular space diffused into

the medium over the course of 1 h (see Methods), a

situation that probably generated a relatively high back-

ground level at night (cf. Witkovsky et al. 1993). Second,

dopamine diffusion over a distance from the extracellular

space into the medium might decrease the subjective

day–subjective night difference that was present at D2

receptors in the retina, because dopamine uptake in the

retina is concentration dependent (Witkovsky et al. 1993),

and therefore might be more active during the subjective

day than the subjective night. Third, D2-like receptors

become desensitised within minutes to hours from constant

exposure to dopamine (Bates et al. 1991). Because

desensitisation of D2-like receptors has been suggested to

occur in the vertebrate retina (Schorderet and Nowak,

1990) and because endogenous dopamine activates D2-like

receptors during the subjective day, the responsiveness of

D2 receptors in the retina probably decreases during the

subjective day. Consequently, higher doses of exogenous

dopamine may be needed to activate D2-like receptors

during the subjective day because endogenous dopamine

binds D2 receptors and desensitises them. Thus, desensitis-

ation of D2-like receptors during the subjective day may

have increased the magnitude of the day–night difference

in extracellular dopamine concentration that was estimated

from our electrophysiological data by raising the daytime

values. In contrast, desensitisation of D2-like receptors

during the subjective day would not alter the magnitude of

the day–night difference in dopamine release that was

measured with HPLC, because these data are independent

of D2 receptor sensitivity. Fourth, electrophysiological

measurements were obtained during superfusion of the

retina, a procedure that continuously washed dopamine

from the extracellular space and thus increased the

apparent subjective day–subjective night difference. On

the other hand, because the superfusion rate was relatively

low (0.5 ml min_1) in our experiments (see Methods), the

amount of dopamine washed from the extracellular space

may be relatively small. To conclude, then, the exact

concentration of dopamine at D2 receptor sites in the in
vivo outer retina cannot be known with certainty. It is

likely, however, that the in vivo subjective day–subjective

night values in the outer retina are somewhere between

those measured by the two techniques. Moreover, the

conclusion that the clock increases dopamine release

during the subjective day, compared to the subjective

night, is strengthened by the fact that two independent

measures, namely HPLC and electrical recording, have

both provided evidence in support of it.

Circadian clock and light regulate dopamine release
differently
The release of dopamine depends on distinct circadian and

light adaptive processes. The circadian clock, which is

likely intrinsic to the retina itself (Besharse & Iuvone, 1983;

Cahill & Besharse, 1993; Tosini & Menaker, 1996; Dmitriev

& Mangel, 2001), modulates the dopamine concentration

in the fish outer retina in the low nanomolar range

(cf. Hillman et al. 1995; Figs 3 and 5). Flickering and

sustained light stimuli in the photopic range during the

day may then further increase dopamine concentration to

the high nanomolar to low micromolar level (Harsanyi &

Mangel, 1992; Witkovsky et al. 1993; Weiler et al. 1997) so

that D1 receptors are also activated. In intact brain regions,

such as in intact retina, D2 receptors are two to three orders

of magnitude more sensitive to dopamine than D1 receptors

(Harsanyi & Mangel, 1992; Missale et al. 1998).

C. Ribelayga, Y. Wang and S. C. Mangel812 J. Physiol. 544.3

Figure 9. Proposed circadian clock pathway in the fish retina
The clock increases dopamine (DA) levels in the day so that D2-like receptors on photoreceptor cells are
activated. This in turn lowers intracellular cAMP and protein kinase A (PKA) levels in photoreceptors,
decreasing the conductance between rod–cone gap junctions so that cone input dominates cone horizontal
cells. At night, rod input dominates cone horizontal cells, because the clock has decreased dopamine levels
below the threshold of activation of the D2-like receptors. As a result, the intracellular cAMP level in
photoreceptor cells increases, raising the conductance between rod–cone gap junctions. See Discussion for
details.
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The effects of dopamine that are reported here were

observed in retinae kept in constant darkness, that is no

light stimuli were flashed before horizontal cell impalement.

It has recently been reported that dark-adapted retinae

possess a high degree of sensitivity to light stimuli in the

low photopic range and brighter (Morgan & Boelen, 1996;

Wang & Mangel, 1996). In fact, we have found that a single

flash of light at night brighter than _4.5 log Io (i.e. in the

low photopic range) can significantly increase fish cone

horizontal cell response size, as well as eliminate rod input

to the cells. Earlier studies (Mangel & Dowling, 1985, 1987;

Yang et al. 1988; Tornqvist et al. 1988), which had suggested

that dopamine release was higher in the dark than in the

light, were performed before it was known that dark-

adapted retinae were highly sensitive to stimuli in the

photopic range or that the actions and release of dopamine

are dependent on the time of day. It thus seems likely that a

number of the discrepancies between these earlier findings

and those reported here might be due to the fact that the

retinae in the earlier studies were light sensitised, because

occasional flashes of light in the photopic range were used

to facilitate cell impalement. On the other hand, other

differences between the findings reported previously

(Yang et al. 1988; Tornqvist et al. 1988) and those reported

here, such as those involving elimination of dopaminergic

neurones with 6-OHDA, are not easily explained.

Underlying mechanisms
Rod–cone coupling. A complete description of the processes

that result from the actions of dopamine and lead to the

modulation of rod and cone input to cone horizontal cells

is not yet available. When dopamine release is low at night,

it is unclear how rod input reaches cone horizontal cells or

how the efficacy of cone input to the cells decreases.

However, the following scenario can account for our

findings in part (Fig. 9). Because goldfish cone horizontal

cells receive synaptic contact from cones and not from rods

(Stell & Lightfoot, 1975; Downing & Djamgoz, 1989) and

rod–cone gap junctions are present in numerous vertebrates

(Raviola & Gilula, 1973), including fish (Witkovsky et al.
1974), the most parsimonious explanation for our findings is

that dopamine mediates circadian clock regulation of rod

and cone input to cone horizontal cells by modulating

rod–cone coupling. Specifically, the clock increases

dopamine levels during the day so that D2 receptors on

photoreceptor cells are activated. Activation of D2-like

receptors on photoreceptor cells has been shown to

decrease intracellular cAMP (Nir et al. 2002). This in turn

decreases rod–cone coupling via decreases in cAMP

content and protein kinase A activation. Thus, it is possible

that rod input reaches cone horizontal cells at night because

of a circadian clock-induced decrease in dopamine

concentration that increases the conductivity of rod–cone

gap junctions. The finding that octanol, an alcohol that

uncouples gap junctions, acts like dopamine (Fig. 8D)

supports this suggestion. In addition, the finding that

octanol increases cone input to cone horizontal cells, in

addition to decreasing rod input, supports the previous

suggestion (Mangel et al. 1994) that cone-mediated signals

are shunted at cone pedicles at night when rod–cone

coupling is high, because rods outnumber cones in the

goldfish retina by an average of about 12-fold (Stell &

Harosi, 1976). It should be noted that there is precedence

to suggest that cAMP increases the coupling between rods

and cones at night. Although the gap junctions between

retinal horizontal cells are uncoupled by cAMP (Lasater,

1987; DeVries & Schwartz, 1989), gap junctional coupling

is enhanced by cAMP in liver, heart and other systems

(Dermietzel & Spray, 1993), presumably due to differences

in connexin type in horizontal cells, compared to liver and

heart.

The clock-induced decrease in the amplitude of cone

horizontal cell light responses at night (Fig. 1) also probably

involves a decrease in the gain of the synapse between

cones and cone horizontal cells. This is so, because the light

responses of cone horizontal cells at night, which are

primarily rod-driven, are significantly smaller in size than

those of rod horizontal cells at night (Wang & Mangel,

1996). The decrease in synaptic gain at night may be due

in part to a clock-induced decrease in extracellular pH

(Dmitriev & Mangel, 2000, 2001), an effect which would

reduce calcium influx into cone pedicles and transmitter

release from cones (Barnes et al. 1993), and/or to a

decrease in the glutamate-gated conductance of horizontal

cells (Knapp & Dowling, 1987), an effect which might

result from a decrease in the activation of horizontal cell D1

receptors at night. However, the finding that the dark resting

potential of cone horizontal cells is similar in the subjective

day and night suggests that the clock does not modulate

the glutamate-gated conductance of horizontal cells. The

relatively small effects of dopamine and D2 ligands on the

dark resting potential (Table 1) support this view.

Although direct synaptic contacts from rods onto cone

horizontal cells in the goldfish retina have not been

observed, a morphological connection such as this cannot

be conclusively excluded. If rods directly contact cone

horizontal cells in the goldfish, then an alternative explan-

ation for the findings reported here might hold that the

clock-induced increase in dopamine release and D2

receptor activation during the day would somehow suppress

rod-to-cone horizontal cell transmission (Akopian &

Witkovsky, 1996) and augment cone-to-cone horizontal cell

transmission. However, the means by which D2 receptor

activation would augment a cone-to-cone horizontal cell

pathway while simultaneously suppressing a rod-to-cone

horizontal cell pathway is presently not clear. It should also

be noted that the above scenario and that described in the

text accompanying Fig. 9 are not mutually exclusive. That

is, it is possible that both phenomena occur, especially in

retinae such as amphibian retinae, in which horizontal

Dopamine mediates circadian control of retinal light responsesJ. Physiol. 544.3 813
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cells receive direct synaptic contacts from both rods and

cones (Witkovsky et al. 1988b). However, it is very unlikely

that rod input reaches fish cone horizontal cells at night via

rod horizontal cells. No evidence of a chemical or electrical

signal or synaptic contact from a rod horizontal cell to a cone

horizontal cell has ever been obtained in any vertebrate

retina. Moreover, the data presented here indicate that

such a signal would have to be sign-conserving, an unlikely

possibility since horizontal cells are inhibitory.

Day–night morphological changes in the outer retina

probably cannot account for the circadian changes reported

here. Light-sensitisation of fish cone horizontal cell light

responses (see Fig. 1 in Wang & Mangel, 1996) and the

effects of dopamine on cone horizontal cell light responses

(Fig. 4) can occur during the night about 10 times faster

than retinomotor movements (Burnside & Nagle, 1983) or

horizontal cell spinule formation (Douglas & Wagner,

1983). Thus, dopamine-mediated transmission from cones

to cone horizontal cells can occur even when cones are

elongated and horizontal cell spinules are relatively sparse.

This suggests that retinomotor movements and horizontal

cell spinule formation and dissolution do not themselves

underlie the circadian clock effects of dopamine on

transmission from rods and cones to cone horizontal cells.

Different mechanisms underlie circadian clock- and
light-activated phenomena. It is important to note that

circadian and light-adaptive phenomena are different and

may utilise different mechanisms. Although it has been

reported that light stimulation of previously dark-adapted

retinae during the day increases the conductivity of

rod–cone gap junctions (Yang & Wu, 1989) through

activation of dopamine D2-like receptors (Krizaj et al. 1998),

it is possible that the clock, in contrast to light stimulation

of dark-adapted retinae, increases the conductivity of

rod–cone gap junctions at night. In fact, as shown in Fig. 1

of Wang & Mangel (1996) and elsewhere (Witkovsky et al.
1988a; Yang & Wu, 1989), bright (photopic range) light

stimulation of dark-adapted, but not light-adapted,

retinae produces rod-mediated responses in horizontal

cells during the day, a phenomenon that has been named

the ‘rod plateau potential’ or ‘rod tail’. In contrast, the

clock produces rod-mediated responses in fish horizontal

cells to light stimulation at night. Thus, dopamine may

reduce rod–cone coupling if it is released by the clock, but

increases rod–cone coupling if it is released by bright light

stimulation of dark-adapted retinae in the day. It is

therefore likely that the underlying dopamine-mediated

circadian and light-evoked processes are different.

A circadian clock may utilise dopamine in other brain
regions. In summary, our findings demonstrate at the

single cell level that a circadian clock utilises dopamine

to modulate neuronal activity and connections in the

vertebrate retina. It is possible that activation of D2-like

receptors mediates circadian modulation of neuronal

activity and connections in other regions of the CNS, such

as the basal ganglia, limbic system, and suprachiasmatic

nucleus, where dopamine functions as a transmitter

(Viswanathan et al. 1994; Missale et al. 1998) and where

dopamine levels exhibit day/night differences (Khaldy et
al. 2002). Disruptions in circadian clock pathways and in the

circadian regulation of dopamine action may contribute in

part to features of Parkinson’s disease, schizophrenia and

seasonal affective disorder.
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