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A circadian clock is located in the retinal photoreceptors of the
African clawed frog Xenopus laevis. These photoreceptor clocks
are thought to govern a wide variety of output rhythms, including
melatonin release and gene expression. Both light and dopamine
phase shift the retinal clock in a phase-dependent manner. Two
homologs of the Drosophila period gene have been cloned in
Xenopus, and one of these (xPer2) is acutely regulated by light.
Light and dopamine induce xPer2 mRNA in a similar manner. In
addition, the increase of xPer2 mRNA in response to light and

dopamine is the same at all times of day tested. In contrast,
xPer1 mRNA exhibits circadian oscillations but is relatively in-
sensitive to phase-shifting treatments of light or dopamine. Our
data suggest that xPer2 functions as the molecular link between
the light/dark cycle and the circadian clock.
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Information about time of day is provided to organisms by external
stimuli such as light and by circadian clocks. Circadian clocks
consist of a set of genes that govern rhythmic events in the absence
of external timing cues such as light (Green, 1998). Clocks are
modulated by environmental light via daily resetting in response to
the imposed light/dark cycle. Resetting (or phase shifting) of the
clock is initiated when light causes acute changes in the activity or
abundance of central clock gene products (Pittendrigh, 1993).

Circadian rhythms are generated by activating the transcription
of a set of genes that ultimately enter the nucleus and inhibit their
own transcription. This negative feedback mechanism is conserved
in all species (Dunlap, 1999). In Drosophila, the period ( per) gene
is a clock gene that negatively regulates its own transcription. PER
only enters the nucleus with a protein partner called TIMELESS
(TIM). Light applied at night results in the rapid degradation of
TIM protein (Hunter-Ensor et al., 1996; Lee et al., 1996; Myers et
al., 1996; Zeng et al., 1996). Thus, light changes the abundance of
both per and tim mRNA, by acutely affecting TIM and by inter-
rupting the normal negative feedback of per. The degradation of
TIM by light resets the clock to an earlier or later time, depending
on the time of day light is delivered.

A different mechanism exists for phase shifting the mammalian
suprachiasmatic nucleus (SCN) involving period gene products.
There are three period gene homologs in mice (mPer1, mPer2, and
mPer3) that are rhythmically expressed (Zylka et al., 1998) and are
able to function as transcriptional inhibitors (Jin et al., 1999; Kume
et al., 1999). Light causes an increase in the abundance of the
mRNA of two of these genes, mPer1 and mPer2 (Albrecht et al.,
1997; Shearman et al., 1997; Shigeyoshi et al., 1997; Takumi et al.,
1998; Zylka et al., 1998; Field et al., 2000). Treatment of mice with
antisense mPer1 oligonucleotides blocks phase shifts induced by
light, providing direct evidence that changes in mPer1 mRNA
contribute to the phase-shifting mechanism (Akiyama et al., 1999).

Phase shifting of the retinal circadian clock has been studied

primarily in Xenopus by measuring how light affects the rhythm of
melatonin release by cultured eyecups (Besharse and Iuvone, 1983;
Cahill and Besharse, 1991). Both light and dopamine are able to
phase shift the retinal melatonin rhythm (Cahill and Besharse,
1991). Our previous work demonstrated that xPer2 mRNA was
rhythmic in a light/dark cycle (LD) but was maintained at consti-
tutively low levels in constant darkness (DD), indicating that light
plays a major role in the regulation of xPer2 (Zhuang et al., 2000).
In this report using the eyecup system, we show that light exposure
increases xPer2 mRNA at all times of day tested. In a similar
manner, xPer2 mRNA is increased by dopamine. Our data suggest
that in Xenopus retina, changes in xPer2 mRNA play a critical role
in phase shifting.

MATERIALS AND METHODS
Animals. Mature male Xenopus laevis purchased from Nasco (Ft. Atkinson,
WI) were maintained at 21°C on a 12/12 hr light /dark cyclic lighting
schedule (LD) for at least 2 weeks before all experiments. Zeitgeber time
(ZT) is used by convention to denote the time of day relative to the normal
lighting condition. ZT 0 is when lights are turned on, and ZT 12 is when
lights are turned off. Animal care and experimental protocols involving
these animals were performed in full compliance with the institutional and
federal guidelines.

In vivo collections. Retinas were collected from Xenopus maintained in
LD beginning at ZT 0 and proceeding for 6 hr after lights were turned on
(normal room lights). For the ZT 0 group, animals were killed, and retinas
were dissected using infrared illumination (FJW Optical, St. Palatine, IL).
Normal lighting conditions were used for all other collections. Retinas
were immediately frozen on dry ice and stored at 280°C.

Eyecup culture. A defined medium gassed with 95% O2/5% CO2 was
used for dissection and culturing of the eyecups as described previously
(Cahill and Besharse, 1991). In several experiments (see Figs. 4, 5c–f, 6c–f,
7), the defined medium was supplemented with 20% Wolf and Quimby’s
amphibian tissue culture medium (Life Technologies, Gaithersburg, MD).
In all experiments (for exception, see Fig. 3b), 100 mM 5-hydroxy-L-
tryptophan was added to increase overall melatonin to measurable levels
(Cahill and Besharse, 1990). Melatonin assays of culture medium (Cahill
and Besharse, 1991) from each experiment showed that light and dopamine
agonists inhibited melatonin release as expected (data not shown). This
concentration of 5-hydroxy-L-tryptophan does not alter the phasing of the
circadian oscillator when applied in a cyclic manner (Cahill et al., 1991).

Dissections were done 1–2 hr before normal dark onset. Eyecups were
prepared by removing the anterior portion of the eye (cornea, lens, and
vitreous) by a circular cut following the boundary of the iris. In most
experiments, paired experimental and control eyecups from an individual
animal were compared to reduce variability. For light induction experi-
ments, single eyecups were set into baskets mounted in 35 mm culture
dishes to orient the eyecup toward the light source (Pierce and Besharse,
1988). In experiments involving only drug pulses, five eyecups were cul-
tured per 60 mm culture dish. Eyecups were maintained in darkness in a
rotating incubator (60 rpm). Fresh medium was exchanged at 6 or 12 hr
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intervals. Light and dopamine treatments were delivered the following day
beginning at three different times (ZT 2, ZT 10, and ZT 18). These times
were chosen because we have studied previously phase resetting by light
and dopamine at these times (Cahill and Besharse, 1991). All manipula-
tions during the experiment were conducted under infrared illumination.

Light. A tungsten–halogen lamp (Oriel Corporation, Stanford, CT) at
constant voltage (12 V) delivered light via mirrors to the eyecups in the
rotating incubator at an intensity of 3–5 3 10 2 4 W/cm 2 (measured using
a radiometer from International Light, Newburyport, MA).

Drugs. Dopamine, quinpirole, and eticlopride were purchased from
Research Biochemicals (Natick, MA). SKF 38393 was donated by Smith
Kline and French Laboratories (SmithKline Beecham, Philadelphia, PA).
Drug stocks (1003) were prepared immediately before each experiment.
Dopamine was solubilized in 100 mg/ml ascorbic acid. Quinpirole, eticlo-
pride, and SKF 38393 were solubilized in water. Final drug concentrations
were obtained by diluting stocks into culture medium that was exchanged
to begin the drug pulse. Vehicle-alone groups received the same final
concentration of ascorbic acid. The antagonist eticlopride was delivered
for 15 min before adding additional drugs or light.

Retina collections. Retinas were harvested from the eyecup at indicated
times after light or drug treatment using a dissecting microscope and either
overhead room lights (light groups) or infrared lights (dark groups).
Retinas were immediately frozen on dry ice and were stored at 280°C.

RNA isolation and Northern blot analysis. Total RNA was isolated from
individual retinas using Trizol (Life Technologies). RNA was separated on
an agarose-formaldehyde gel and was transferred to a Bright Star positively
charged nylon membrane (Ambion, Austin, TX). Hybridizations were
done using Ultrahyb solution (Ambion) according to the manufacturer’s
instructions. Blots were hybridized overnight at 42°C with 32P-labeled
probes (1 3 10 6 cpm/ml). Final washes were at 42°C with 0.13 SSC and
0.1% SDS.

Probes. Single-strand DNA probes were generated by asymmetric PCR
labeled with [ 32P]dCTP (New England Nuclear, Boston, MA) and were
purified using DyeEx spin columns (Qiagen, Hilden, Germany). Blots
were sequentially hybridized to xPer2 (either nucleotides 36 –182 or
575–1066 of GenBank AF199499), xPer1 (GenBank AF250547), and
either actin (nucleotides 171– 680 of GenBank AF079161) or random-
primed glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GenBank
J02642) probes for normalization.

Quantitative analysis. Four or five retinas from individual animals were
analyzed in each group, and mean per gene responses are reported 6 SEM.
The signal of xPer1 or xPer2 mRNA from an individual retina was quan-
tified using the Storm PhosphorImaging system (Molecular Dynamics,
Sunnyvale, CA) and was normalized to the signal of either actin or
GAPDH internal controls. The means of all groups are normalized to the
untreated control. ANOVA with Tukey–Kramer multiple comparisons or
t test were done using InStat software (version 2.03).

RESULTS
In DD, xPer2 mRNA levels in retina remain low and arrhythmic.
However, in LD, xPer2 mRNA exhibits a robust rhythm with higher
levels during the light phase (Zhuang et al., 2000). In those exper-
iments, samples were collected at 4 hr intervals. To determine the
extent of light induction occurring between 0 and 4 hr, frogs were
exposed to continuous light beginning at the normal dark-to-light
transition (ZT 0). Retinas were collected at various times after the
onset of light, and the abundance of xPer2 mRNA was quantified by
Northern blotting (Fig. 1). At 3 hr after light onset, significant
differences were seen in the abundance of xPer2 mRNA. The level
of xPer2 mRNA continued to increase between 3 and 6 hr to a level
approximately threefold higher than that at ZT 0.

To verify that light increases xPer2 mRNA in a similar manner in
cultured retinas, a time course was repeated using Xenopus eyecups
(Besharse and Dunis, 1983; Cahill and Besharse, 1991). Eyecups
were dissected on the afternoon before the experiment and were
cultured in constant darkness until a continuous bright white light
(3–5 3 102 4 W/cm2) was delivered for 3 hr (Fig. 2a,b) or for 6 hr
(Fig. 2c). Retinas were collected at various times after the begin-
ning of the light treatment. In agreement with the in vivo data,
cultured retinas required 3 hr of light exposure to achieve a
significant increase in the abundance of xPer2 mRNA compared
with dark controls. Both the 10 and 13 kb xPer2 mRNAs were
increased by light and were quantified together for all experiments
(Fig. 2a). On the basis of these data, we chose to assay for changes
in xPer2 mRNA after 3 hr of light in subsequent experiments.

If xPer2 is solely under the control of light, then its response to
light should remain the same regardless of what time of day the
light is delivered. Retinas were collected after 3 hr of light exposure
that began at early subjective day (Fig. 3a), late subjective day (Fig.

3b), or subjective night (Fig. 3c). These times correspond to times
for which phase-shifting data are available (Cahill and Besharse,
1991). At all three times of day, retinas receiving light have twofold
to threefold more xPer2 mRNA than do dark controls.

The increase in xPer2 mRNA after a light pulse may serve to
phase shift the retinal clock. In addition to light, dopamine phase
shifts the retinal clock (Cahill and Besharse, 1991). To test whether
dopamine would also increase xPer2 mRNA, quinpirole (1 mM), a
D2-like dopamine agonist, was delivered to eyecups for 3 hr.
Retinas were collected at various times after the beginning of the
treatment, and xPer2 mRNA levels were measured. The level of
xPer2 mRNA was significantly increased after 3 hr of quinpirole
treatment (data not shown). Therefore, we chose to assay for
changes in xPer2 mRNA levels after 3 hr of drug treatments. Three
hours of various concentrations of dopamine, quinpirole, or SKF
38393 (a D1-like agonist) were delivered to eyecups at ZT 10 (Fig.
4). Both dopamine and the D2-like agonist (quinpirole) in the
nanomolar concentration range caused increases in xPer2 mRNA.
The D1-like agonist SKF 38393 induced xPer2 mRNA, but only at
high micromolar concentrations (50 mM). These high concentra-
tions of the D1 agonist likely cross-react with D2-like receptors
(Munemura et al., 1980).

Dopamine (500 nM) increased xPer2 mRNA at all three times of
day (Fig. 5a–c). The increase in xPer2 mRNA was blocked by
previous treatment with the D2-like antagonist eticlopride (50 mM).
Because light is known to stimulate retinal dopamine release
(Boatright et al., 1989), the effect of light on xPer2 mRNA could be
mediated via the release of dopamine. However, light-induced
phase shifts are not blocked by previous treatment with eticlopride
(Cahill and Besharse, 1991). In a similar manner, the light-induced
increase in xPer2 mRNA was not blocked by treating eyecups with
eticlopride before light exposure at ZT 10 (Fig. 5e). There may be
a partial block by eticlopride in the light-induced increase of xPer2
mRNA at ZT 2 and ZT 18 (Fig. 5d,f). There was no significant
difference, however, between the light and the light plus eticlopride
groups at any time of day (ANOVA). Thus, it appears that light and
dopamine increase xPer2 mRNA via parallel pathways as seen for
phase shifting.

In contrast to xPer2, xPer1 mRNA is rhythmically expressed in
LD and DD with peak levels at ZT 0 (Zhuang et al., 2000). To
determine whether xPer1 mRNA was sensitive to light or dopamine
treatments, blots from the previous experiments were probed with
xPer1 cDNA. At ZT 2, both dopamine and light treatment induced

Figure 1. Three hours of light increase xPer2 mRNA in vivo. Total retinal
RNA was prepared from Xenopus killed at various times after the onset of
a 6 hr continuous light treatment delivered at ZT 0. The abundance of xPer2
mRNA was quantitated by Northern blotting, and the signal was normalized
to an internal control (actin). The mean value was calculated from five
retinas from individual animals and was normalized to the 0 hr dark group
(gray bar). Error bars indicate SEM. Significant differences were detected
between the 3, 4, 5, and 6 hr light-treated groups (white bars) compared with
the 0 hr dark control group (***p , 0.001, ANOVA). No significant
differences were detected between the 0, 0.5, 1, or 2 hr groups (ANOVA).
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xPer1 mRNA to a modest but significant extent compared with the
vehicle control group (Fig. 6a,d). Previous treatment with eticlo-
pride blocked the effect of both light and dopamine at this time of
day. However, there was no effect of light on xPer1 mRNA levels at

ZT 10 or ZT 18 (Fig. 6e,f). A significant difference was detected
between dopamine groups and the dopamine plus eticlopride
groups at ZT 10 and ZT 18, but the induction was modest at best,
and xPer1 mRNA values after dopamine treatment were not sig-
nificantly different from vehicle controls (Fig. 6b,c). These data
suggest that xPer1 mRNA is not induced by light or dopamine at
times of day known to phase shift the retinal clock (Cahill and
Besharse, 1991).

In the mouse SCN, mPer1 mRNA is acutely increased by light
and returns to control levels within 3 hr (Zylka et al., 1998). To
exclude the possibility that light induces xPer1 mRNA with faster
kinetics as seen in mouse SCN, retinas were sampled at various
times during 3 hr of continuous light beginning at ZT 10 (Fig. 7).
No significant differences were seen in xPer1 mRNA levels between
the light and dark groups at any time during the treatment. After 3

Figure 2. Three hours of light increase xPer2 mRNA in vitro. Eyecups were
dissected the afternoon before the experiment and were cultured in con-
stant darkness until a continuous light pulse (3–5 3 10 24 W/cm 2) was
delivered at either ZT 18 (a, b) or ZT 2 ( c). a, Top, xPer2 mRNA for all
experiments was measured by Northern blotting. Each lane contains the
total RNA from a single retina of an individual animal. Two xPer2 bands
(arrows) at 10 and 13 kb were increased after 3 hr of light. Both bands were
quantitated in all experiments. Bottom, The abundance of the ribosomal
RNA (arrowheads) was visualized by methylene blue staining of the blot. b,
One eyecup from each animal received light (white circles), and the paired
eyecup from the same animal was maintained in darkness (black squares).
Retinas were collected at 0, 0.5, 1, 2, or 3 hr after the beginning of the light
pulse. The abundance of xPer2 mRNA was quantitated by Northern blot-
ting, and the xPer2 signal was normalized to the signal of an internal control
(GAPDH) for each individual retina. Mean values (4–5 retinas from
individual animals) for each group were normalized to the 0 hr dark
control. The 3 hr light-treated group was significantly different from the 3 hr
dark group (*p , 0.05, ANOVA). No significant differences were detected
between any of the dark control groups (ANOVA). c, Retinas were col-
lected after 3, 4.5, or 6 hr of light (white bars) or after 0 or 6 hr of dark ( gray
bars). The abundance of xPer2 mRNA was quantitated by Northern blot-
ting, and the xPer2 signal was normalized to the signal of an internal control
(actin) for each individual retina. Mean values (4–5 retinas from individual
animals) for each group were normalized to the 0 hr dark control. The light
groups were significantly different from both the 0 and 6 hr dark controls
(***p , 0.001, ANOVA). No significant difference was detected between
the 0 and 6 hr dark groups (ANOVA).

Figure 3. Light induces xPer2 mRNA at three different times of day. Three
hour pulses of light (3–5 3 10 2 4 W/cm 2) were delivered to eyecups
beginning at early subjective day (a; ZT 2), late subjective day (b; ZT 10),
or subjective night (c; ZT 18). The abundance of xPer2 mRNA was quan-
titated as in Figure 2b, and values were normalized to the time 0 hr dark
control. The mean value of each group was calculated from four retinas
from individual animals, except in b where n 5 1 for the 0 hr time. Error
bars indicate SEM. At all three times of day (a–c), the light-treated groups
(white bars) were significantly different from the dark controls (3 hr; gray
bars) (**p , 0.01, *p , 0.05, ANOVA; #p , 0.05, t test).

Figure 4. Dopamine increases xPer2 by activating D2-like dopamine re-
ceptors. Three hour treatments with various concentrations of vehicle
(white bars), dopamine (bars with diagonal lines), the D2-like agonist quin-
pirole ( gray bars), or the D1-like agonist SKF 38393 (bars with wavy lines)
were delivered to eyecups at ZT 10. Eyecups were maintained in constant
darkness throughout the experiment. The abundance of xPer2 mRNA was
quantitated as in Figure 2c, and values were normalized to the vehicle-alone
group. The mean value of each group was calculated from five retinas from
individual animals. Error bars indicate SEM. Dopamine (100 nM, 500 nM,
and 1 mM), quinpirole (100 nM), and SKF 38393 (50 mM) groups were
significantly different from the vehicle-alone group (***p , 0.001, *p ,
0.05, ANOVA).
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hr of light, xPer2 mRNA was increased compared with dark con-
trols as expected (data not shown). Therefore, xPer1 mRNA is
relatively insensitive to light and dopamine, whereas xPer2 mRNA
is induced by both phase-shifting agents.

DISCUSSION

Our observations suggest that phase shifting in Xenopus retina
involves the light- and dopamine-inducible xPer2 gene. Three hours

Figure 5. Light and dopamine act in parallel pathways to
increase xPer2 mRNA at three times of day. Three hours of
dopamine (a–c; 500 nM) or light (d–f; 3–5 3 10 2 4 W/cm 2) were
delivered to eyecups beginning at early subjective day (a, d; ZT
2), late subjective day (b, e; ZT 10), or subjective night (c, f; ZT
18) after previous treatment with 50 mM eticlopride, a D2-like
dopamine antagonist. The abundance of xPer2 mRNA was
quantitated as in Figure 2c, and values were normalized to the
vehicle-alone group for each experiment. The mean value of
each group was calculated from four to five retinas from
individual animals. Error bars indicate SEM. White bars indi-
cate those groups receiving light; gray bars indicate those
groups maintained in constant darkness. At all three times of
day (a–c), the dopamine-treated groups were significantly dif-
ferent from both the vehicle-alone groups and the dopamine
plus eticlopride groups (***p , 0.001, **p , 0.01, ANOVA).
At all three times of day (d–f ), the light-treated groups were
significantly different from the vehicle-alone groups (***p ,
0.001, **p , 0.01, *p , 0.05, ANOVA). No significant differ-
ences were detected between the light and the light plus eti-
clopride groups at any time of day (ANOVA).

Figure 6. Three hour pulses of dopamine and light have
modest effects on xPer1. Northern blots from the experiments
described in Figure 5 were hybridized with an xPer1 probe.
Three hours of dopamine (a–c; 500 nM) or light (d–f; 3–5 3
10 2 4 W/cm 2) were delivered to eyecups beginning at early
subjective day (a, d; ZT 2), late subjective day (b, e; ZT 10), or
subjective night (c, f; ZT 18) after previous treatment with 50
mM eticlopride, a D2-like dopamine antagonist. The abun-
dance of xPer1 mRNA was quantitated as in Figure 2c, and
values were normalized to the vehicle-alone group for each
experiment. The mean value of each group was calculated from
four to five retinas from individual animals. Error bars indicate
SEM. White bars indicate those groups receiving light; gray bars
indicate those groups maintained in constant darkness. At ZT
2 (a), the dopamine-treated group was significantly different
from the vehicle-alone group (***p , 0.001, ANOVA). At all
three times of day (a–c), the dopamine-treated groups were
significantly different from the dopamine plus eticlopride
groups (**p , 0.01, *p , 0.05, ANOVA). At ZT 2 (d), the
light-treated group was significantly different from both the
control group and the light plus eticlopride group (*p , 0.05,
ANOVA). No significant differences were detected between
the light-treated groups and either the control groups or the
light plus eticlopride groups at ZT 10 or ZT 18 (e, f; ANOVA).
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of light or dopamine increased the levels of xPer2 mRNA at all
times of day, and the effect of dopamine was shown to be mediated
by activation of D2-like dopamine receptors. Eticlopride, a D2
antagonist, blocked the effects of dopamine but not the effects of
light, indicating that light increases xPer2 mRNA in a dopamine-
independent manner. These features of acute stimulation of xPer2
mRNA are remarkably similar to the features of light- and
dopamine-induced phase shifts of melatonin outflow shown in
previous work on this system (Cahill and Besharse, 1991). Thus,
increased xPER2 in daytime would be expected to reinforce the
existing circadian phase, whereas increased xPER2 at night would
lead to delay or advance phase shifts.

The mouse homolog of xPer2 has been shown to be an indis-
pensable part of the clock (Zheng et al., 1999). Both mPer1 and
mPer2 mRNA levels increase in SCN after a phase-shifting light
treatment. In good agreement with the retinal xPer2 induction
shown here, mPer2 in the SCN responds more slowly to light with
maximal mRNA levels seen after 2–3 hr (Albrecht et al., 1997;
Shearman et al., 1997; Takumi et al., 1998; Zylka et al., 1998). A
recent study in quail retina shows that qPer2 mRNA is induced by
light at both ZT 10 and ZT 16 with a similar time course to that of
xPer2 (Yoshimura et al., 2000). The per genes are thought to be
negative elements in the transcription feedback loop. Positive ele-
ments in the feedback loop are CLOCK and BMAL1, which are
basic helix–loop–helix transcription factors that activate transcrip-
tion at E box elements within the promoters of the per genes
(Gekakis et al., 1998; Hogenesch et al., 1998). In transient trans-
fection assays, mPER2 inhibits CLOCK- and BMAL1-mediated
transcription (Griffin et al., 1999; Jin et al., 1999; Kume et al., 1999).
Recent evidence suggests that mPER2 also positively regulates
bmal1 transcription (Shearman et al., 2000). Thus, changes in the
level of Per2 are expected to both increase and decrease the levels
of other clock genes, which will change the phasing of the clock.

We could not detect light induction of xPer1 mRNA in retina at
times of day known to phase shift the retinal circadian clock. This
is strikingly different from the light response shown for mPer1 in
mouse SCN, in which mPer1 mRNA levels are maximally induced
at 30–60 min and return to baseline levels by 3 hr (Albrecht et al.,
1997; Shearman et al., 1997; Shigeyoshi et al., 1997; Zylka et al.,
1998). Injection of mPer1 antisense oligonucleotides into SCN
causes inhibition of light-induced phase shifts of behavior

(Akiyama et al., 1999). This suggests a major role for mPer1 in
phase shifting within the mouse SCN. The disparity in the light
induction of Per1 between Xenopus retina and mouse SCN may
reflect a fundamental difference in the mechanism of phase shifting
between the retina and SCN. In the SCN, the light signal received
in the retina is transmitted via the retinohypothalamic tract, caus-
ing neurotransmitter release onto SCN neurons. In the retina, a
large proportion of clock cells are directly photosensitive (Cahill
and Besharse, 1993).

The induction of xPer2 mRNA by dopamine in Xenopus retina is
one of the first reports of a member of the per family being acutely
responsive to a stimulus other than light (Balsalobre et al., 1998;
Maywood et al., 1999). For many retinal processes, the effect of
light is mimicked by dopamine. For example, light-evoked cone
contraction is blocked by a D2-like dopamine antagonist (Pierce
and Besharse, 1985), suggesting that dopamine release mediates
light-evoked cone contraction (Besharse and Witkovsky, 1992). In
contrast, light and dopamine act in parallel, convergent pathways to
cause phase shifts in the melatonin rhythm (Cahill and Besharse,
1991). In those studies, a D2-like antagonist was able to block the
effects of exogenous dopamine but was ineffective in blocking
phase shifts induced by light. D2-like receptor activation causes a
decrease in cAMP levels (Vallone et al., 2000). Increasing cAMP
in Xenopus retina blocks phase shifting by dopamine but does not
block phase shifting by light (Hasegawa and Cahill, 1999). Thus,
light and dopamine cause phase shifts via different second messen-
ger systems. We show that light and dopamine act in parallel to
increase xPer2 mRNA. This may be the first point at which the light
and dopamine pathways converge on the retinal clock.

Whether the induction of xPer2 mRNA is the initial event lead-
ing to phase shifting in Xenopus retina is an important question.
Light may cause increases in xPer2 mRNA by stabilizing existing
xPer2 mRNA or by activating new transcription of xPer2. Both
possibilities may require the synthesis or recruitment of an addi-
tional protein. Evidence from transgenic mice in which green
fluorescent protein (GFP) is driven by the mPer1 promoter shows
that acute light exposure increases GFP signal above controls,
indicating a transcriptional mechanism for mPer1 induction (Kuhl-
man et al., 2000). Three hours of light are required to increase
xPer2 mRNA in Xenopus retina, similar to the induction of mPer2
in SCN (Albrecht et al., 1997; Shearman et al., 1997; Takumi et al.,
1998; Zylka et al., 1998). In the SCN, however, there are other
genes that respond to phase-shifting pulses of light with faster
kinetics such as mPer1 (Shigeyoshi et al., 1997) and the immediate-
early gene c-fos (Ikonomov and Stoynev, 1994; Shearman and
Weaver, 1999). We do not believe that xPer1 is involved in phase
shifting in Xenopus retina because xPer1 mRNA is insensitive to
phase-shifting pulses of light and dopamine. Fos induction by light
is seen in amacrine and ganglion cells of the mammalian retina
(Sagar and Sharp, 1990; Chambille et al., 1993; Koistinaho and
Sagar, 1995; Huerta et al., 1997). It is possible that fos or other
immediate-early genes induced by light could play a role in phase
shifting the retinal clock.

A unique circadian organization exists in Xenopus retina. We
found that xPer1 mRNA levels are regulated by an endogenous
clock and that xPer2 mRNA levels are regulated by light and
dopamine. It appears that xPer2 provides the molecular link be-
tween light and the circadian clock in retina. Further analysis will
provide an understanding of how xPer2 regulates the cycling of
other clock components and alters rhythmic physiology down-
stream of the clock.
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