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A circadian clock modulates the functional organization of the
Japanese quail retina. Under conditions of constant darkness,
rods dominate electroretinogram (ERG) b-wave responses at
night, and cones dominate them during the day, yielding a
circadian rhythm in retinal sensitivity and rod–cone dominance.
The activity of tyrosine hydroxylase, the rate-limiting enzyme in
dopamine synthesis, also exhibits a circadian rhythm in the
retina with approximately threefold higher levels during the day
than at night. The rhythm of tyrosine hydroxylase activity is
opposite in phase to the circadian activity of tryptophan hy-
droxylase, the first enzyme in the melatonin biosynthetic path-
way. We tested whether dopamine may be related to the phys-
iological rhythms of the retina by examining the actions of
pharmacological agents that effect dopamine receptors. We
found that blocking dopamine D2 receptors in the retina during

the day mimics the nighttime state by increasing the amplitude
of the b-wave and shifting the retina to rod dominance. Con-
versely, activating D2 receptors at night mimics the daytime
state by decreasing the amplitude of the b-wave and shifting
the retina to cone dominance. A selective antagonist for D1
dopamine receptors has no effect on retinal sensitivity or rod–
cone dominance. Reducing retinal dopamine partially abolishes
rhythms in sensitivity and yields a rod-dominated retina regard-
less of the time of day. These results suggest that dopamine,
under the control of a circadian oscillator, has a key role in
modulating sensitivity and rod–cone dominance in the Japa-
nese quail retina.
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Animals adapt their visual sensitivity to function optimally under
a variety of lighting conditions. Adaptation in all animals begins
at the earliest stages of light detection in the retina, using mech-
anisms that respond to changes in ambient light intensity (Dowl-
ing, 1987). Many animals have evolved additional mechanisms to
modulate retinal sensitivity in the absence of changes in ambient
lighting. For example, some have coupled retinal processes with
circadian oscillators to adapt visual sensitivity in anticipation of
changes in ambient intensity (Barlow et al., 1989; Remé et al.,
1991). Others have developed centrifugal pathways that innervate
the retina and modulate its sensitivity via efferent signals trans-
mitted from the brain (Uchiyama, 1989).

The Japanese quail is an excellent model for studying both
circadian and efferent modulation of retinal sensitivity. As in
other avian visual systems, the quail retina receives a centrifugal
input from the isthmo-optic nucleus of the brain. The efferent
optic nerve activity triggered by this nucleus transiently enhances
retinal ganglion cell responses to dynamic visual stimuli (Uch-
iyama and Barlow, 1994). The topographic organization of the
centrifugal pathway and its relatively brief modulation of retinal

sensitivity (;300 msec) may serve to focus the attention of the
quail to relevant visual targets.

An endogenous circadian oscillator also modulates the sensi-
tivity of the quail retina. Under conditions of constant darkness,
the sensitivity of the retina anticipates the day–night changes in
ambient light intensity. At approximately the time of sundown,
retinal sensitivity increases, stays high throughout the night, de-
creases near dawn, and remains low during the day (Manglapus et
al., 1998a). These changes in the functional organization of the
retina may be mediated by a circadian clock located with the eye
(Underwood et al., 1988, 1990). Specifically, the ocular clock
shifts rod–cone dominance so that rod signals dominate at night
and cone signals dominate during the day (Manglapus et al.,
1998a).

Here we present evidence that dopamine is the putative trans-
mitter of these circadian rhythms in the quail retina. First, we
show that synthesis in the retina of the precursor to dopamine,
3,4-dihydroxyphenylalanine (DOPA), exhibits a circadian rhythm.
Second, we found that application of dopamine agonists at night
shifts the retina from rod to cone dominance and that blockade of
dopamine receptors during the day has the reverse effect. Finally,
we show that depletion of dopaminergic cells in the retina abol-
ishes circadian rhythms detected by the b-wave.

The action of dopamine on retinal function is not unique to the
Japanese quail. The catecholamine seems to be a ubiquitous
modulator of retinal processing (Dowling, 1991; Besharse and
Iuvone, 1992; Witkovsky and Dearry, 1992). For example, it
uncouples retinal horizontal cells in the fish retina (Lasater and
Dowling, 1985) and mediates rod–cone coupling in Xenopus (Wit-
kovsky et al., 1996). In goldfish, dopamine and a circadian oscil-
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lator modulate rod–cone inputs to cone horizontal cells (Wang
and Mangel, 1996). Dopamine also influences brightness percep-
tion in goldfish (Lin and Yazulla, 1994). This suggests that
dopamine may have a modulatory role in an avian retina.

MATERIALS AND METHODS
Animals. Sexually mature Japanese quail (Coturnix coturnix japonica)
were purchased from Bruckner poultry laboratory (Cornell University,
Ithaca, NY) and maintained on a 12:12 hr light /dark cycle for at least 1
week before experimentation. Methods for preparing animals for elec-
trophysiological recordings have been described (Manglapus et al.,
1998a). Briefly, quail are anesthetized [rompun (2 mg/kg); ketamine (5
mg/kg); urethane (10%; 1.0 ml/100 gm); and curare (0.1%; 0.3–0.4
ml/100 gm)], immobilized, and maintained on a heating pad (38–40°) in
a light-tight shielded cage with constant moisturized air flowing through
their lungs (95% O2 /5% CO2 ; 140 ml/min).

Recording technique. We used the amplitude of the b-wave of the
electroretinogram (ERG) as a convenient measure of retinal sensitivity
(Dowling, 1960, 1987). To record the ERG, we sutured open the exper-
imental eye and inserted a teflon-coated silver chloride electrode (0.005
inch bare; A-M Systems) through a small hole in the sclera into the
vitreous. We then covered the eye with clear silicone to prevent drying
(Dow Corning) and inserted a second electrode into the other eye to
serve as a reference. Stimuli were generated with both xenon (Oriel
Corporation) and tungsten light sources and were delivered to the eye
with a light pipe (4 mm in diameter). At the surface of the cornea, the
xenon light source gave an unattenuated output (indicated in figures as
Log I 5 0.0) via the light pipe of 10 14 photons sec 21 cm 22 between 470
and 610 nm (model S370; Graseby Optronics). The tungsten source, used
only for tracking retinal responses at 610 nm, yielded an unattenuated
output (Log I 5 0.0) of 3.7 3 10 15 photons sec 21 cm 22.

Pharmacological agents. The following dopaminergic ligands were pur-
chased from Research Biochemicals (Natick, MA): haloperidol, a gen-
eral blocker of dopamine receptors; SCH 23390, an antagonist of the D1
dopamine receptor; SKF 38393, an agonist of the D1 receptor; eticlo-
pride, an antagonist of the D2 receptor; and quinpirole, an agonist of the
D2 receptor. The antagonists were injected into the vitreous during an
animal’s subjective day, and the agonists were injected during its subjec-
tive night. Haloperidol was dissolved in either 0.4% lactic acid or 0.2%
tartaric acid. All other chemicals were dissolved in distilled water.

All pharmacological agents (10 ml final volume) were injected through
the sclera into the vitreous of the experimental eye under dim red light
with a Hamilton microliter syringe fitted with a 30 gauge needle. We
estimate that 10 ml is ;10% of the vitreal volume. Thus, pharmacological
agents are diluted 10:1 in the vitreous, but it is not yet possible to
estimate with precision the final concentrations at specific receptor sites.
The effect of eticlopride was robust at a concentration of 5 mM but not at
50 mM. Similarly, the effect of quinpirole was clear at a concentration of
50 mM but not at 5 mM. An intensity–response function of the ERG
b-wave was measured before an injection and at least 30 min after the
injection. On occasion, a second injection of the same pharmacological
agent was repeated within 2 hr of the first. Control studies showed that
intravitreal injection of the vehicle (10 ml of distilled water) alone did not
effect the waveform of the ERG, retinal sensitivity, or rod–cone
dominance.

We selectively lesioned dopaminergic cells in the retina with injections
of 6-hydroxydopamine (6-OHDA). In a given experiment, we injected
6-OHDA (25 mg/ml; 10 ml; 0.9% NaCl) into the vitreous on day 1 and
repeated the injection a week later. Three days later (day 10), we assessed
the sensitivity and rod–cone dominance of the retina by recording the
ERG b-wave.

Measurement of in vivo t yrosine hydroxylase and tryptophan hydroxylase
activity. The activities of tyrosine hydroxylase (TH) and tryptophan
hydroxylase (TPH) can be estimated in vivo by measuring the accumu-
lation of their respective reaction products, DOPA and 5-hydroxytryp-
tophan (5-HTP), after inhibition of aromatic L-amino acid decarboxylase
with m-hydroxybenzylhydrazine (Carlsson et al., 1972). TH and TPH are
key regulatory enzymes in the synthesis of dopamine and melatonin,
respectively (e.g., Iuvone et al. 1978; Cahill and Besharse, 1990; Thomas
and Iuvone, 1991), and accumulations of DOPA and 5-HTP are useful
indices of dopamine and melatonin biosynthesis in the avian retina
(Kazula et al., 1993; Thomas et al., 1993). DOPA and 5-HTP levels were
measured at defined intervals during a 24 hr period of diurnal lighting
and for 3 d in constant darkness. Animals were injected with

m-hydroxybenzylhydrazine (150 mg/kg of body weight, i.p.). Thirty min-
utes later, the animals were killed by decapitation, and retinas were
removed and frozen on solid CO2. Each retina was homogenized in cold
0.1 M HClO4 [20 vol (w/v)] containing 10 mM ascorbic acid, 0.1 mM
EDTA, and 20 ng/ml 3,4-dihydroxybenzylamine as an internal standard.
After centrifugation, DOPA and 5-HTP concentrations of the superna-
tant fractions were measured by HPLC with amperometric detection as
described by Thomas and Iuvone (1991), except that the mobile phase
contained 0.45 mM sodium octylsulfate.

RESULTS
Retinal levels of DOPA exhibit a circadian rhythm
The activity of TH and, by inference, the rate of dopamine
biosynthesis fluctuate in the retinas of animals exposed to cyclic
lighting or maintained in constant darkness. Figure 1 shows that
under both conditions, DOPA accumulation is high during the
daytime and low at night (open circles). The amplitude of the
rhythm decreased ;25% during the first 24 hr in constant dark-
ness and continued to dampen on subsequent days. The changes
in DOPA accumulation under constant darkness indicate that the
synthesis of dopamine is controlled by an endogenous circadian
pacemaker.

Retinal 5-HTP accumulation also exhibits rhythmic changes
when the animal is exposed to cyclic lighting or kept in constant
darkness (Fig. 1, filled circles). The rhythmic changes are opposite
in phase to those detected in DOPA levels, that is, they are low
during the day and high at night. As was the case with DOPA
levels, the amplitude of the rhythm decreased during the first day
in darkness and continued to dampen over the course of the
measurements. The changes in 5-HTP levels shown in Figure 1
confirm the previous observation that a circadian clock modulates
the synthesis of melatonin in the quail retina (Underwood et al.,
1988, 1990).

What is the consequence of the circadian rhythms in retinal
dopamine and melatonin? Are they related to the known circa-
dian rhythms in retinal sensitivity and rod–cone dominance
(Manglapus et al., 1998a)? We investigated the possible role of
dopamine with pharmacological agents that eliminate dopami-
nergic cells and modulate D1 or D2 dopamine receptors.

Blocking dopamine receptors during the day shifts the
retina to rod dominance
D2 receptors
Figure 2A plots the amplitude of the ERG b-wave response to 470
nm light flashes presented over a period of ;20 hr in constant
darkness. The amplitude is low (;6 mV) during the late after-
noon (1600–1800 hr), which is expected based on our previous
studies of circadian rhythms in this retina (Manglapus et al.,
1998a). The amplitude increases at approximately the time of
dusk, reaches a peak of 15 mV near midnight, and declines in the
early morning hours, returning to the low daytime level of ;6 mV
by 0800 hr. At 0935 hr, we injected eticlopride (5 mM; 10 ml), a
D2-selective antagonist, into the vitreous. The b-wave amplitude
increased rapidly after injection, nearly tripling in 1 hr to 15 mV,
the same amplitude recorded the previous night. These data show
that blocking D2 receptors during the daytime state of the retina
increases the b-wave amplitude to nighttime levels. In other
experiments (data not shown), eticlopride injection at night had
no effect.

What influence does eticlopride have on rod–cone dominance?
Figure 2B plots the spectral sensitivity of the ERG b-wave before
and after the injection of eticlopride during the day. Before
injection, spectral sensitivity peaks near 560 nm (open circles),
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characteristic of cone dominance. After injection, spectral sensi-
tivity shifts to ;500 nm (open diamonds), characteristic of rod
dominance. The spectral shift is associated with approximately a
sixfold (or ;0.8 log unit) increase in sensitivity that is also
indicative of a rod-dominated retina. The spectral sensitivity
measured during an the animal’s subjective night ( filled circles)
virtually overlays that after eticlopride injection during the day.
Both of these spectral sensitivities are well fit by a rhodopsin
nomogram (lmax 5 506 nm; solid curve), thus providing further
evidence that the retina is rod dominated at night and that
injecting a D2 receptor blocker during the day can convert the
retina from cone to rod dominance.

Does eticlopride influence the intensity coding characteristics
of the b-wave response? Previous research revealed a circadian
rhythm in the intensity–response function of the b-wave that was
especially prominent for short wavelength stimuli (Manglapus et
al., 1998a). The amplitude of the b-wave grows monotonically
with increasing light intensity at night (Fig. 2C, filled circles) but
not during the day (open circles). Increasing the intensity of 470
nm flashes during the day under dark-adapted conditions yields a
characteristic plateau region for b-wave responses in the range of
6–8 mV. The plateau represents a shift from rod-dominated
responses at low intensities to cone-dominated ones at higher
intensities. This Purkinje-like shift occurs just above the esti-
mated cone threshold (Manglapus et al., 1998a). The injection of
eticlopride (5 mM; 10 ml) abolished the plateau region, yielding a
monotonically increasing function (open diamonds) that matches
the nighttime function. Blocking D2 receptors during the day
transforms the intensity–response properties of the b-wave to the
nighttime state, providing further evidence of a role of dopamine
in the circadian rhythms of the quail retina.

Haloperidol (30 mM; 10 ml), a general D1 and D2 receptor
blocker, mimics the action of eticlopride (data not shown). In-
jected during the day, haloperidol increases the ERG b-wave
amplitude to nighttime levels and shifts the retina from cone to
rod dominance.

D1 receptors
To examine the underlying receptor mechanisms further, we
assessed the effect of SCH 23390, a selective antagonist of dopa-
mine D1 receptors. Figure 3A shows the typical circadian changes
in b-wave responses to 470 nm flashes for an animal maintained
in constant darkness. The time course of amplitude changes

follows closely that shown in Figure 2A. After the b-wave ampli-
tude had declined to low daytime levels (;1000 hr), SCH 23390
(10 mM; 10 ml) was injected intravitreally. No significant change in
b-wave amplitude was detectable over the 4 hr after injection. At
approximately the time of sundown, the b-wave increased slightly
and then gradually decayed during the second night in darkness
as is commonly observed (Manglapus et al., 1998a). The decay
appears to reflect a decline in the health of the preparation. The
lack of an effect of SCH 23390 in this and other experiments
strongly suggests that dopamine D1 receptors are not involved in
the circadian rhythms of the quail retina.

The spectral sensitivity of the retina is also unaffected by the
injection of SCH 23390. Figure 3B summarizes the results of
three experiments. As is commonly found, retinal sensitivity is
rod dominated at night ( filled circles) and fits well the rhodopsin
nomogram (l 5 506 nm; solid curve). During the subjective day
(open circles), the average retinal sensitivity decreased by ;1.2 log
units and shifted to cone dominance (lmax , ;520–560 nm).
Injecting SCH 23390 (10 mM; 10 ml) into the vitreous during the
day had no effect (open diamonds); retinal sensitivity remained
low and cone dominated (lmax , ;520–560 nm), suggesting that
D1 dopamine receptors are not involved in mediating the circa-
dian changes in rod–cone dominance.

The b-wave intensity–response function was not significantly
affected by injecting SCH 23390. Figure 3C shows that at night,
b-wave responses grow monotonically with increasing intensity of
470 nm light flashes ( filled circles). During the subjective day, the
characteristic plateau region is detected in the range of 6–8 mV
(open circles). The intensity–response function recorded after
SCH 23390 injection (10 mM; 10 ml) nearly overlays the daytime
data (open diamonds), providing further evidence that D1 recep-
tors are not involved in the endogenous rhythms in the quail
retina.

Comparing D1 and D2 effects
We explored further the effects of D1- and D2-selective antago-
nists on ERG b-wave amplitude by plotting the results from
several experiments (Fig. 4). The b-wave responses more than
double after injection of eticlopride, reaching nearly the same
amplitude recorded the previous night within 30 min (Fig. 4, top).
However, after injection of SCH 23390, the b-wave amplitude
remains relatively unchanged or decreases (Fig. 4, bottom). The
b-wave amplitude persists at low, daytime-like levels for up to 4 hr

Figure 1. Plotted are the concentrations for DOPA (lef t
y-axis) and 5-HTP (right y-axis) as functions of the time of
subjective day and night. Noon (1200) is the middle of the
subjective day, and midnight (Mid; 2400) is the middle of the
subjective night. Concentrations were measured every 4 hr
beginning at 0400 hr of the last day (open horizontal bar) that
the animals were maintained in cyclic lighting. Measurements
were continued for the next 2.5 d while the animals were
maintained in darkness. Cross-hatched horizontal bars repre-
sent subjective day, and filled horizontal bars represent sub-
jective night. Each point is the average of at least five mea-
surements. Error bars indicate SEM, with some lying within
the points.
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Figure 2. A, The amplitude of the ERG b-wave in response to 470 nm
flashes is plotted as a function of time of day as described in Figure 1. The
amplitude is low (;5 mV) during the end of the first subjective day
(cross-hatched horizontal bars), increases during the subjective night ( filled
horizontal bars), and decreases near the subjective dawn, reaching a low
value (;5 mV) by 0800 hr. Eticlopride, injected at 0935 hr (arrow), rapidly
increased the b-wave amplitude to nighttime levels. Asterisks denote the
time of spectral sensitivity measurements. B, Eticlopride, injected during
the day, shifts the retina from cone dominance (open circles; lmax 5 ;560
nm) to rod dominance (open diamonds; lmax 5 ;500 nm) that matches
the spectral sensitivity of the nighttime data ( filled circles; lmax 5 ;500
nm). Sensitivity does not change at the isosbestic point of 610 nm. The
solid curve plots the rod nomogram for lmax 5 506 nm. The criterion
response was 10 mV (n 5 3). Error bars indicate SEM. C, Intensity–
response functions of the b-wave measured in constant darkness in
response to 470 nm flashes are shown. The intensity–response function
grows monotonically with increasing stimulus intensity at night ( filled
circles) but exhibits a characteristic plateau region at intermediate stim-

Figure 3. A, Injection of SCH 23390, a D1 receptor blocker, during the
second subjective day (arrow; 0850 hr) does not affect the amplitude of the
b-wave. B, SCH 23390 does not affect the spectral sensitivity of the retina
(open diamonds) that remains in the cone-dominated daytime state. The
criterion response was 10 mV (n 5 3). C, SCH 23390, injected during the
day, does not affect the intensity–response function. Symbols, asterisks,
error bars, and the light cycle are described in Figure 2.

4

ulus intensities during the day (open circles). Eticlopride injection during
the day abolishes the plateau, yielding a function that approximates that
measured at night (open diamonds). At Log I 5 0.0, each 50 msec flash
delivered 5 3 10 12 photons cm 22 at the cornea.
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after injection (Fig. 4, bottom). These results support the idea that
dopamine modulates circadian rhythms via a D2-like mechanism.

Activating dopamine receptors at night shifts the
retina to cone dominance: D2 receptors
Figure 5A plots b-wave amplitude in response to 470 nm flashes
for an animal maintained in constant darkness. For the experi-
ments shown in Figures 2A and 3A, the b-wave amplitude pos-
sesses a circadian rhythm. At the time of dusk, the b-wave
amplitude began increasing from a low daytime value of ;10 mV
and leveled off at ;30 mV at 2100 hr (Fig. 5A). Quinpirole (10 ml;
50 mM), a dopamine D2 receptor agonist, was injected into the
vitreous at 2130 hr. Almost immediately the amplitude began to
decrease. Within 1 hr (2230 hr), it reached ;10 mV that is equal
to that measured ;7 hr earlier during the day. By midnight, the
quinpirole effect was no longer detectable because the b-wave
amplitude increased, reaching high nighttime levels at ;0100 hr.
Shortly after dawn (0600 hr), the b-wave amplitude began to
decrease to low daytime levels as expected. These data show that
at night a D2 receptor agonist can reduce retinal responses to

Figure 4. Top, Injection of eticlopride during the day increases the
b-wave amplitude. The figure plots the results of two experiments. After
injection of eticlopride, the b-wave responses more than double within 30
min, reaching nearly the same amplitude recorded the previous night.
Bottom, The b-wave amplitude remains relatively unchanged or decreases
after injection of SCH 23390. The results of two experiments are plotted.
The b-wave amplitude persists at low, daytime-like levels for up to 4 hr
after injection.

Figure 5. A, Quinpirole, injected at night (arrow; 2150 hr), reduces the
b-wave amplitude to low daytime levels within ;1 hr (2230 hr). After
midnight, the quinpirole effect reverses, and the b-wave amplitude returns
to its high nighttime state. Shortly after dawn, the b-wave decreases to the
low daytime levels. B, Quinpirole, injected at night, reduces sensitivity
and shifts the retina from rod ( filled circles) to cone (open diamonds)
dominance. Sensitivities fell well below those measured during the pre-
ceding day (open circles). The criterion responses were 10 mV (Day, n 5
4; Night 1 Quinpirole, n 5 7). C, Quinpirole, injected at night, reduces the
b-wave response to all test intensities (open diamonds). Some are smaller
than those measured during the preceding day (open circles). Symbols,
asterisks, error bars, and the light cycle are described in Figure 2.
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daytime levels. In other experiments (data not shown), quinpirole
injection during the day had no effect.

Figure 5B shows that quinpirole can also shift the spectral
sensitivity of the retina. Nighttime spectral sensitivity ( filled
circles) peaks at ;500 nm and is well fit by a rhodopsin nomogram
(lmax 5 506 nm; solid curve), indicating rod dominance. After
activation of dopamine D2 receptors at night with quinpirole,
retinal sensitivity decreases ;30-fold, and peak spectral sensitiv-
ity shifts to ;550 nm, signifying cone dominance (open dia-
monds). The spectral shift induced by quinpirole at night resem-
bles that recorded during the subjective day (open circles). Light
adaptation at night can also shift the retina from rod to cone
dominance (Manglapus et al., 1998a). These data suggest that
activation of dopamine D2 receptors at night can mimic the
effects of light by shifting the retina to the daytime, cone-
dominated state.

Figure 5C shows that quinpirole can also influence the inten-
sity–response properties of the b-wave. The characteristic plateau
region is apparent during the day (open circles) but not at night
( filled circles; l 5 470 nm). Injection of quinpirole (50 mM; 10 ml)
at night (open diamonds) reduced the amplitude of the b-wave at
all test intensities to below those measured during the day. The
shape of the intensity–response function changed significantly
with just a suggestion of a plateau in the range of Log I 5 23.0
to 22.0. These data are consistent with those in Figure 5, A and
B, and provide further evidence that activating D2 dopamine
receptors at night affects both retinal sensitivity and rod–cone
dominance by shifting the retina to the daytime state.

Reduction of retinal dopamine abolishes
circadian rhythms
Rod–cone shif t requires dopamine
Intravitreal injection of 6-OHDA ablates dopaminergic cells in
the vertebrate retina (Ehinger and Nordenfelt, 1977). Spectral
sensitivity recorded from Japanese quail subjected to 6-OHDA
reveals a nighttime-like, rod-dominated retina both day and night

(Fig. 6A). During the first day in darkness, retinal sensitivity is
high and peaks in the range of 500–520 nm (open circles). As the
animal enters subjective night, sensitivity remained high with no
significant shift in spectral sensitivity; the retina remains rod
dominated (lmax , ;506 nm; filled circles). A rod nomogram fits
well the spectral sensitivities measured during the first day and
night (solid curve). During the second day in darkness, retinal
sensitivity decreases, and its maximum spectral sensitivity shifts
to longer wavelengths (lmax , ;560–600 nm; open diamonds),
indicative of cone contributions. This is a consistent finding in
6-OHDA–treated animals. Why their retinas partially shift to-
ward cone dominance after 2 d in darkness is not known. This is
not the case for untreated animals that exhibit clear circadian
rhythms in rod–cone dominance throughout a 2 d period in
darkness (Manglapus et al., 1998a). To explore these apparent
rod–cone shifts in 6-OHDA–treated animals further, we mea-
sured their spectral sensitivities under conditions of both light and
dark adaption after 2 d in darkness.

Light adaptation can override the clock
Figure 6B plots spectral sensitivities of the b-wave responses
recorded during the first day in darkness from animals treated
with 6-OHDA (open circles). Their retinas are rod dominated and
remain so the following night ( filled circles). A rhodopsin nomo-
gram fits both sets of data reasonably well (lmax 5 506 nm; solid
curve). However, during the second day in constant darkness
(crossed squares), retinal sensitivity decreases by ;1 log unit, and
its spectral sensitivity broadens and shifts toward longer wave-
lengths (lmax 5 520–610 nm). As noted above, this long wave-
length shift suggests a cone contribution to the generation of the
b-wave in 6-OHDA–treated retinas after 24 hr in darkness. Light
adaptation on day 2 (open diamonds) further reduces their sen-
sitivity (0.4 log units) and with a clear shift toward cone domi-
nance (lmax , ;560–610 nm). A previous study showed that light
adaptation of an untreated retina at night can override the clock’s
influence and shift its sensitivity to cone dominance (Manglapus

Figure 6. 6-OHDA partially blocks circadian rhythms of rod–cone dominance. A, Spectral sensitivity of 6-OHDA–treated animals (n 5 3) does not
exhibit a rod–cone shift the first day in constant darkness. During Day 1, spectral sensitivity is high, rod dominated (open circles; lmax , ;520 nm), and
fit well by a rod nomogram (lmax 5 506 nm). During Night 1, retinal sensitivity remains high and rod dominated ( filled circles). Spectral sensitivity
decreases and shifts to cone dominance (lmax , ;560–600 nm) during Day 2 in constant darkness (open diamonds). Error bars indicate SEM. B,
Dopamine is not required for light to shift the retina to cone dominance. As described in Figure 6A, spectral sensitivity does not change significantly
from Day 1 (open circles) to Night 1 ( filled circles) in 6-OHDA–treated animals. By Day 2 in constant darkness (crossed squares), retinal sensitivity
decreases and shifts to longer wavelengths (lmax , ;520–610 nm). Light adaptation (LA) during day 2 (Day 2 LA; open diamonds) further shifts the retina
toward cone dominance (lmax , ;560–610 nm). Dark adaptation during day 2 [Day 2 (Repeat); open triangles] increases retinal sensitivity and shifts it back
to rod dominance (lmax , ;520 nm). Under these conditions, the spectral sensitivity resembles that measured the first 24 hr and fits a rhodopsin
nomogram reasonably well (solid curve; lmax 5 506 nm). Error bars indicate SD (n 5 2).
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et al., 1998a) as we observe here for 6-OHDA–treated retinas.
Dark adaptation of these retinas during day 2 (open triangles)
increases their sensitivity by ;1 log unit and shifts them back
toward rod dominance. Under these conditions, the spectral sen-
sitivity of the retina fits a rhodopsin nomogram reasonably well
and is similar to that recorded during the first 24 hr in darkness.
These experiments suggest that reduction of retinal dopamine
partially blocks circadian rhythms in retinal sensitivity and rod–
cone dominance. The neuromodulator however does not seem to
be required for a light-induced shift to cone dominance.

DISCUSSION
Circadian rhythms characterize a wide range of
visual systems
Circadian rhythms have been reported in the visual systems of a
range of vertebrate retinas including goldfish, Xenopus, Anolis,
rabbit, quail, rats, and humans (Katz et al., 1975; Brandenburg et
al., 1983; Fowlkes et al., 1984; Pierce and Besharse, 1985; Terman
and Terman, 1985; Bassi and Powers, 1986, 1987; Wang and
Mangel, 1996; Barlow et al., 1997; Manglapus et al., 1998a).
Effects range from circadian changes in intraocular pressure and
mechanical movements of photoreceptors to changes in rod–cone
dominance, dopamine synthesis, and visual sensitivity. Circadian
rhythms also characterize many invertebrates and are generally
associated with day–night changes in retinal sensitivity (Page,
1981; Barlow et al., 1989).

In most cases, the action of circadian clocks on retinal sensi-
tivity is to increase it at night. Our results indicate that the clock
in the Japanese quail retina acts to decrease its sensitivity during
the day. A similar result was recently reported for zebrafish.
Using a behavioral measure of avoidance to visual stimuli, Li and
Dowling (1998) found evidence that a circadian oscillator de-
creases the visual sensitivity of zebrafish during the day rather
than increasing it at night.

We have found that circadian changes in the sensitivity of the
Japanese quail retina are associated with changes in rod–cone
dominance such that rods dominate the b-wave responses at night
and cones dominate them during the day (Manglapus et al.,
1998a). In this study we examine the clock mechanism(s) that
mediates these circadian changes in the retina.

Circadian rhythm of dopamine synthesis
The activity of TH, the rate-limiting enzyme of dopamine syn-
thesis, exhibits a robust rhythm in the Japanese quail retina (Fig.
1). Activity is high during the day and low at night. This rhythm
persists in constant darkness, suggesting that a circadian oscilla-
tor may play an important role in controlling dopamine synthesis.
Dopamine synthesis and release exhibit a circadian rhythm in the
retinas of these vertebrates [rat (Wirz-Justice et al., 1984); fish
(McCormack and Burnside, 1993); and pigeon (Adachi et al.,
1998)]. In all cases dopamine synthesis is high during the day and
low at night. I llumination of the retina at night, however, can
override the clock and increase dopamine synthesis (Iuvone et al.,
1978). We found that illumination of the Japanese quail retina at
night can also override the circadian modulation of rod–cone
dominance and shift the retina to daytime cone dominance (Man-
glapus et al., 1998a). Does dopamine under control of a circadian
clock regulate the functional organization of the quail retina?

Dopamine modulates retinal sensitivity
The rhythm in the synthesis of a dopamine precursor is corre-
lated with circadian changes in retinal sensitivity and rod–cone

dominance (Figs. 2, 5), suggesting that dopamine is the circadian
modulator. At night, dopamine levels are low, and the retina is
rod dominated. During the day, dopamine levels are high, and the
retina is cone dominated. Blocking dopamine receptors during
the day shifts the retina to the rod-dominated nighttime state, and
activating dopamine receptors at night shifts the retina to the
cone-dominated daytime state. It appears that the circadian clock
uses dopamine to change the functional organization of the
retina. The release of dopamine during the day appears to block
rod signals at the outer retina, allowing only cone signals to be
transmitted to the inner retina. What receptor mechanisms me-
diate these dopamine effects?

Dopamine modulates circadian rhythms via a
D2-like mechanism
Quinpirole activates dopamine D2-like receptors, and eticlopride
blocks them. Injected at night, quinpirole decreases the sensitivity
of the retina and shifts it to a cone-dominated daytime state (lmax

5 550–560 nm; Fig. 5). Injected during the day, eticlopride has
the opposite effect; it increases retinal sensitivity and shifts it to
the nighttime state (Fig. 2). Modulation of these receptors alters
the sensitivity and rod–cone dominance of the retina (Figs. 2, 5).
Haloperidol, a general blocker of both D1 and D2 receptors,
mimics the effects of eticlopride by shifting the retina to the
rod-dominated nighttime state (data not shown). A selective
antagonist of dopamine D1 receptors, SCH 23390, injected dur-
ing the day does not influence either retinal sensitivity or rod–
cone dominance (Fig. 3A,B). In sum, dopamine acts via D2-like
receptors in the Japanese quail retina to change its sensitivity and
rod–cone dominance.

Two general classes of dopamine receptors have been localized
in the vertebrate retina (Kebabian and Calne, 1979). A D1-like
receptor has been found on horizontal cells, and a D2-like recep-
tor has been found on both photoreceptors and amacrine cells
(Besharse and Witkovsky, 1992; Behrens and Wagner, 1995; Ro-
hrer and Stell, 1995; for review, see Djamgoz and Wagner, 1992;
Witkovsky and Dearry, 1992). The existence of dopamine recep-
tors in the outer retina is consistent with our finding that dopa-
mine acts at this level to modulate the transmission of rod signals
to the inner retina.

What is the source of retinal dopamine?
Thus far amacrine cells are the only dopaminergic cell type
identified in the avian retina [chick (Djamgoz and Wagner, 1992)
and quail (M. K. Manglapus, unpublished observation)]. If they
are the source of the circadian changes in retinal dopamine, then
the dopamine they release must diffuse to the outer retina where
it can modulate the transmission of photoreceptor signals to the
inner retina (Witkovsky et al., 1993).

Dopamine effects in other retinas
Dopamine has been shown to exert both morphological and
physiological effects in a range of vertebrate retinas. It can induce
light-adaptive cone contraction via a D2-like receptor mechanism
in Xenopus (Pierce and Besharse, 1985) and fish (Dearry and
Burnside, 1986; McCormack and Burnside, 1993); however, its
removal does not inhibit circadian retinomotor movements in fish
(Douglas et al., 1992). Dopamine, possibly acting at D1-like
receptors, mediates a circadian rhythm in spinule formation in
fish horizontal cells (Wagner et al., 1992). Also acting via D1
receptors, it decreases gap junctional coupling between horizon-
tal cells in the fish retina (Lasater and Dowling, 1985). Mangel
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and Wang (1996) reported that light-evoked responses of cone
horizontal cells in the fish retina exhibit a circadian rhythm; cone
responses predominate during the day, and rod responses pre-
dominate at night. Presumably dopamine acts via D2 and D4
receptors on inner segments of photoreceptor cells in the fish
retina, increasing cone input to horizontal cells (Mangel and
Wang, 1996). Reduction of retinal dopamine or blockade of its
receptors during the day increases rod input to the cone horizon-
tal cells (Mangel and Wang, 1996). Similarly, both light and
dopamine modify photoreceptor input to horizontal cells in the
Xenopus retina (Krizaj and Witkovsky, 1993). Dopamine acting
via D2 receptors regulates gap junctions between rods and cones
and thereby influences rod–cone coupling (Witkovsky et al., 1988,
1996; Krizaj and Witkovsky, 1993).

We have no direct evidence that the mechanisms described
above function in the quail retina, but it is not unreasonable to
suggest that dopamine modulates photoreceptor signals at the
outer plexiform layer of the quail retina by affecting the coupling
of rods and cones as well as their input to horizontal cells.
Whatever the mechanism(s) underlying the endogenous rod–
cone shift is, it must be (1) located in the outer plexiform layer
because a rod–cone shift is detected in the responses of ON
bipolar cells (b-waves) and not in those of photoreceptors [Man-
glapus et al. (1998a), their Fig. 5, PIII]; (2) triggered by cone
responses because rod signals are not blocked below the predicted
cone threshold during the day [Manglapus et al. (1998a), their
Fig. 8]; and (3) mediated by dopamine via D2 receptors (Figs. 2, 5).

Our working hypothesis is that melatonin, under control of a
circadian clock, reduces dopamine levels and shifts the retina to
rod dominance and increases its sensitivity at night. With this
scheme, dopamine reduces the sensitivity of the retina and pre-
pares the retina for visual processing during the day.

What cells mediate these modulatory mechanisms? One possi-
ble way for cones to influence rod signals is by direct rod–cone
coupling. Functional coupling of rods and cones has been de-
tected in many vertebrate retinas [salamander (Yang and Wu,
1989); rabbit (DeVries and Baylor, 1995); cat (Nelson, 1977); and
primate (Schneeweis and Schnapf, 1995)]. Indeed, Witkovsky et
al. (1988, 1996) showed that dopamine can modify rod–cone
coupling such that cone signals are enhanced and rod signals are
suppressed. Similarly, Yang and Wu (1989) reported that light
mimics the effects of dopamine in the salamander retina. Because
D2 receptors have been detected on photoreceptor inner seg-
ments in chick, the same may be true for quail so that they can
detect dopamine released by amacrine cells during the day. Ac-
tivation of D2 receptors may then increase rod–cone coupling
and enable cones to shunt rod signals, effectively blocking their
transmission to the inner retina. This would continue to be the
case when dopamine levels are high during the day and reverse at
night. The expected changes in spectral sensitivity are exactly
what we observe (Manglapus et al., 1998a) (Figs. 2, 3, 5, open
circles).

Feedback from horizontal cells that receive input from both
rods and cones may provide an alternative mechanism for cones
to block rod signals. Mariani (1987) has reported such a horizon-
tal cell in the avian retina but also reports three other types of
horizontal cell that do not receive mixed inputs. It is therefore
difficult to conceive of a mechanism involving horizontal cells
that would allow cones to block completely transmission of rod
signals to the inner retina during the day.

What retinal cells contain the clock(s)?
Many, perhaps all, vertebrate eyes contain endogenous circadian
oscillators [Xenopus (Besharse and Iuvone, 1983); rat (Remé et
al., 1991); quail (Underwood et al., 1988, 1990); and hamster
(Tosini and Menaker, 1996)], but what retinal cells contain the
oscillator(s)? A reduced Xenopus retina, one devoid of most all
postphotoreceptor cells, generates a circadian rhythm in melato-
nin synthesis, strongly indicating that the clock may reside in
photoreceptor cells (Cahill and Besharse, 1993). A similarly re-
duced chick retina also maintains rhythmic melatonin synthesis,
again suggesting that the photoreceptor cells may be the site of
circadian oscillators (Thomas et al., 1993). Vertebrate photore-
ceptors can also mediate circadian regulation of gene expression.
Specifically, mRNAs for chicken serotonin N-acetyltransferase
and Xenopus TPH that express a circadian rhythm are localized
to photoreceptor cells (Green et al., 1995a,b; Bernard et al.,
1997). Additionally, iodopsin, the red cone visual pigment, exhib-
its a circadian rhythm in quail and chick retinal cultures (Pierce et
al., 1993). Finally, a circadian rhythm of photoreceptor responses
(PIII) may reflect the action of circadian oscillators within the
photoreceptors themselves (Manglapus et al., 1998a). Taken to-
gether, these data point to photoreceptors as the loci of circadian
oscillators.

What is the role of melatonin?
Although dopamine is the focus of this paper, it is interesting that
the circadian rhythm of its precursor DOPA is reciprocally re-
lated to that of the precursor for melatonin (Fig. 1). It is also
interesting that two studies have associated melatonin with retinal
function in darkness. In one, Pierce and Besharse (1985) found
that melatonin mimics the effect of darkness on cone elongation.
In the other, Mangel and Wang (1996) found that melatonin
applied to the goldfish retina in vitro shifts the responses of cone
horizontal cells to rod dominance. Inspired by their results, we
injected melatonin into the vitreous of the quail retina following
the procedures outlined above. Although these experiments are
preliminary, we have yet to detect an effect of melatonin on either
retinal sensitivity or rod–cone dominance (Manglapus et al.,
1998b). This may not be a valid test for melatonin because we do
not know whether our method delivers melatonin to appropriate
sites of action in the retina. This leaves open the question of
whether melatonin has a direct role in the circadian rhythms of
the quail retina.

Do dopamine and melatonin interact?
Perhaps melatonin has an indirect role in the generation of retinal
circadian rhythms in the quail. Indeed, rhythms in melatonin
synthesis have been detected in a number of retinas (Hamm and
Menaker, 1980; Underwood et al., 1988; Adachi et al., 1995;
Tosini and Menaker, 1996) and are directly regulated by circadian
oscillators in both Xenopus and chicken retinas (Green et al.,
1995b; Bernard et al., 1997; Chong et al., 1999). Melatonin
inhibits dopamine release in rabbit, Xenopus, and chick retinas
(Dubocovich, 1983, 1988; Boatright et al., 1994), and conversely,
dopamine inhibits melatonin release in Xenopus and chicken
retinas (Iuvone, 1986; Zawilska and Iuvone, 1989; Cahill and
Besharse, 1991; Zawilska et al., 1994). Thus, these two neuro-
modulators form a mutual inhibitory or “push–pull” biosynthetic
mechanism in the chick and Xenopus. If this were the case in quail
retina, then the interacting neuromodulators would enhance the
functional reorganization of the retina at dawn and dusk. Be-
cause dopamine and melatonin have been detected in the retinas

Manglapus et al. • Dopamine Mediates the Rod–Cone Shift in the Quail Retina J. Neurosci., May 15, 1999, 19(10):4132–4141 4139



of many species, the circadian mechanisms we report here for the
quail retina may be widespread in the animal kingdom.
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