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Abstract
Purpose—To investigate the circadian regulation and acute illumination effects on the expression
and secretion of retinoschisin from vertebrate retinas.

Methods—Retinas were studied on the second day of constant darkness (DD) after several days of
entrainment to 12-hour light/12-hour dark (LD) cycles in ovo or in vitro. Quantitative real-time PCR
and Western immunoblotting were used to examine the mRNA and protein expressions of
retinoschisin at different circadian time points. Pharmacologic treatments in whole retina and
dissociated retinal cell cultures were used to investigate the cellular mechanisms underlying the
circadian regulation of retinoschisin content and secretion. Different illumination conditions were
given to examine changes in retinoschisin content in association with acute light/dark adaptation.

Results—The mRNA level, protein expression, and secretion of retinoschisin were under circadian
control, all of which were higher at night and lower during the day. The Ras, MAP kinase Erk,
CaMKII pathway served as part of the circadian output regulating the rhythmicity of retinoschisin.
Blockage of L-type VGCCs dampened the retinoschisin rhythm, but inhibition of L-type VGCCs
did not completely abolish the secretion of retinoschisin. The protein expression of retinoschisin also
responded to acute illumination changes.

Conclusions—The mRNA and protein expression, as well as retinoschisin secretion, are under
circadian control. L-type VGCCs play a role in the circadian regulation of retinoschisin, but the
molecular mechanism underlying retinoschisin secretion does not depend on L-type VGCCs. Protein
expression of retinoschisin in response to acute illumination changes depends on previous light
exposure experience.

Retinoschisin is a 224-amino acid protein secreted mainly from retina photoreceptors.1,2
Mutations in genes encoding retinoschisin cause X-linked retinoschisis (XLRS), which is a
leading cause of macular degeneration in juvenile male patients,3–5 affecting worldwide
populations ranging from 1:5000 to 1:25,0004 and commonly leading to vision loss.4–6
Retinoschisin is a secreted octameric complex consisting of identical subunits linked by
disulfide bonds.1,7 Each subunit contains a single discoidin domain that has been implicated
in cellular adhesion or cell-cell interactions, which may function to maintain cellular
organization and synaptic structure of the retina.1,3,8,9 The Rs1 knockout mouse has a retinal
phenotype closely resembling human XLRS with a highly disorganized retina.10 Replacement
of the RS1 gene leads to improvement in retinal function and morphology,11,12 indicating a
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role for retinoschisin in the development and maintenance of retinal architecture. However, in
adult animals, the concentration of retinoschisin remains high in the photoreceptor layer,13
and recent evidence shows that the pineal glands in rodents and humans also express
retinoschisin.14 Although RS1 mutations cause structural delamination of the neural retinal
layers in mice, the pineal gland structures are still intact in these mutant animals.14 Thus, the
functions of retinoschisin in adult animals and humans remain unclear, and the mechanism of
retinoschisin secretion is not completely understood.

Photoreceptors are nonspiking neurons, and their synapses mediate the continuous release of
neurotransmitters, which is an L-type voltage-gated calcium channel (VGCC)-dependent
process.15 In retina photoreceptors, the synthesis and release of melatonin are under circadian
control, and they are also L-type VGCC dependent.16,17 Because retinoschisin is secreted
from photoreceptors and the mechanisms underlying its secretion are not known, we tested
whether the secretion of retinoschisin could also be an L-type VGCC-dependent process.
Circadian oscillators in the retina provide a mechanism for visual systems to initiate more
sustained adaptive changes in ambient illumination throughout the day.18,19 Circadian
oscillators in photoreceptors are endogenous and able to function independently in the absence
of other retinal inputs.20–22 Importantly, photoreceptors are more sensitive to intense light
damage at night than during the day, even in animals that have been maintained in constant
darkness for several days after circadian light-dark cycle entrainment.23 We have shown that
the L-type VGCCs in chick cone photoreceptors are under circadian control.24 mRNA levels,
protein expression, and currents of the L-type VGCCs are greater when measured during the
subjective night than during the subjective day.24 Because retinoschisin is present in retinas
and pineal glands,14 there is a possible circadian regulation of retinoschisin or a role of
retinoschisin in the circadian regulation of retina physiology.

Here, we report that mRNA levels, protein expression, and secretion of retinoschisin—all
which are high at night and low during the day—are under circadian control. The Ras, Erk,
CaMKII pathway is part of the output pathway that regulates the circadian expression of
retinoschisin. The retinoschisin rhythm is concurrent with the circadian rhythm of L-type
VGCCs,24 and the L-type VGCC inhibitor, nitrendipine, abolishes the rhythms of
retinoschisin. The result indicates a relationship between L-type VGCCs and retinoschisin, in
which the circadian rhythms of retinoschisin total cellular content levels and secretion are
VGCC dependent. In addition, acute changes in illumination affect the protein expression of
retinoschisin in the chick retina, which depends on prior light exposure experience. This result
implies that the oscillations seen in retinoschisin are truly circadian in nature, not simply a
response to bright light. To our knowledge, this study is the first to elucidate the circadian
regulation of retinoschisin.

Materials and Methods
Circadian Entrainment and Cell Culture

Fertilized eggs (Gallus gallus) were obtained from the Poultry Science Department, Texas
A&M University (College Station, TX). Chick embryos from embryonic day (E) 11 were
entrained to 12-hour light/12-hour dark (LD) cycles at 39°C in ovo. Zeitgeber time (ZT) 0 was
designated as the time lights turned on, and ZT 12 was designated as the time lights turned off.
After in ovo LD entrainment for 6 days, eggs were kept in constant darkness (DD) for another
day. On the second day of DD, retinas were dissected out for biochemistry or molecular biology
analysis at various circadian times (CT) of the day. In some experiments, on the last day of LD
entrainment, retina cells were dissociated, cultured in DD (39°C, 5% CO2), as described
previously,21,25 and used for biochemistry and molecular biology assays on the second day
of DD. To quantify retinoschisin secretion, whole retinas were cultured in 300 μL medium and
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maintained in DD. On the second day of DD, the culture media and the whole retinas were
harvested separately for analysis of secreted and cellular retinoschisin.

Acute Light and Dark Adaptation
To study acute light or dark adaptation, chick embryos were exposed to light (at ZT 16) or
darkness (at ZT 4) for 0, 5, 15, 30, 45, 60, and 120 minutes after several days of LD entrainment.
In some experiments, chick embryos were exposed to the light for various lengths on the second
day of DD at CT 4 (subjective day) or CT 16 (subjective night). The retinas were excised at
different exposure times and subjected to Western immunoblotting.

Quantitative Real-Time Reverse Transcription–Polymerase Chain Reaction
Total RNA from intact chick retinas was collected using a RNA isolation kit (Qiagen, Valencia,
CA), and 500 ng total RNA from each sample was used to quantify the expression of chick
retinoschisin and chick β-actin (loading control) mRNA by Q-PCR using the one-step RT-PCR
kit (TaqMan; Applied Biosystems, Foster City, CA) and an ABI Prism 7500 Sequence
Detection System (Applied Biosystems). Forward and reverse primers for chick β-actin are
listed in Ko et al.25,26 Forward and reverse primers for retinoschisin were 5′
GGGTTGGAGCAGCTGATCTG3′ and 5′ CAGAGTGCCCCTACCACAAG3′, respectively,
and they were designed based on the sequence reported in GenBank (accession number
AI438129). All primers and probes were made by Applied Biosystems. Accumulation of PCR
products was detected directly by monitoring the increase in fluorescence from the reporter
dye. Data are expressed as the ratio of retinoschisin to β-actin. All measurements were repeated
four times.

Western Immunoblotting Analysis
The procedure has been described in detail previously.21 Briefly, cultured retinal cells were
washed in ice-cold PBS and lysed in RIPA buffer. In some experiments, intact retinas were
homogenized in RIPA buffer. Samples were mixed with 2 × Laemmli sample buffer, separated
on 10% SDS-PAGE gels, and transferred to nitrocellulose membranes. Primary antibodies
used in the studies were a polyclonal antibody specific for retinoschisin (generated in the
laboratory of DT) and a polyclonal antibody insensitive to the phosphorylation state of Erk
(loading control; Santa Cruz Biotechnology, Santa Cruz, CA). Blots were visualized using
anti–rabbit secondary antibodies conjugated to HRP and an ECL detection system (Pierce,
Rockford, IL). The ratio of retinoschisin to total Erk in each sample was determined by
densitometry using Scion Image (National Institutes of Health, Bethesda, MD). All
measurements were repeated four to six times. Manumycin A, KN-92, and KN-93 were
obtained from Calbiochem (San Diego, CA); PD 98059 was obtained from AG Scientific (San
Diego, CA); nitrendipine was obtained from Tocris (Ellisville, Missouri).

Statistical Analysis
All of the data were presented as mean ± SE. Student’s t-test or one-way ANOVA followed
by Tukey post hoc test for unbalanced n were used for statistical analysis. P < 0.05 was regarded
as significant.

Results
Circadian Expression of Retinoschisin in Chick Retinas

We set out to determine whether there was a circadian rhythm in the mRNA expression of
retinoschisin in chick retina. On the second day of DD after 6 days of LD entrainment in ovo,
retinas were excised at six different circadian time points (CT 0, 4, 8, 12, 16, and 20) and were
prepared for quantitative real-time RT-PCR. We found that levels of retinoschisin mRNAs
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were under circadian control peaking at CT 12, which was significantly different from other
circadian time points (CT 0, 16, and 20; P < 0.05; Fig. 1a).

Because retinoschisin mRNA levels were rhythmic, we subsequently examined whether
protein expression was under circadian control. On the second day of DD, retinas were
harvested for Western immunoblot analysis for the protein expression of retinoschisin (Fig.
1b). The cellular content of retinoschisin protein in the whole retina was higher during the
subjective night and lower during the subjective day. Protein expression peaked at CT 16 and
was significantly different from CT 0, 4, 8, and 20 (P < 0.05), whereas the protein level at CT
12 was significantly different from that at CT 0 and CT 4 (P < 0.05). These results showed that
there was a circadian regulation of retinoschisin protein expression in the chick retina, and the
peak expression of retinoschisin protein was 4 hours later than its mRNA expression. We next
examined the cellular mechanisms underlying the circadian regulation of retinoschisin.

Circadian Outputs to Regulate Retinoschisin Rhythms Partially through Ras, MAP Kinase
Erk, and CaMKII

Previously, Ko et al.21,25 showed that the small GTPase Ras, MAP kinase Erk, and calcium-
calmodulin kinase II (CaMKII) are part of the circadian output pathway regulating the
rhythmicity of cGMP-gated cation channels. This Ras-Erk-CaMKII pathway also serves as
part of the circadian output to control VGCC rhythmicity.24 We developed whole retina
cultures and associated retinal cell cultures to investigate whether the circadian regulation of
retinoschisin was also through the same output pathway. Protein expression of retinoschisin
in the chick retina is rhythmic (Fig. 1); therefore, we first examined whether the secretion of
retinoschisin was subject to circadian control. After LD entrainment in ovo, both retinas from
one embryo were cultured in one well of a 24-well plate containing 300 μL medium and were
kept in DD. On the second day of DD, the media and whole retina tissue were harvested
separately for Western immunoblotting of retinoschisin at CT 5 (subjective day) and CT 17
(subjective night). We found that the secretion of retinoschisin was under circadian control in
whole retina cultures (Figs. 2a, 3a). The content of retinoschisin in the media (secreted; Fig.
2a, control) and in the whole retina (whole retina; Fig. 2b, control) was high in the subjective
night (CT 17) and low in the subjective day (CT 5). The retinoschisin content collected from
the dissociated retinal cell cultures also displayed a similar circadian rhythmicity (Fig. 2c,
control). On the second day of DD, cultured whole retinas or dissociated retinal cells were
treated with the MEK inhibitor PD98059 (50 μM) for 2 hours at CT 3 and CT 15. The culture
medium from the whole retina cultures, whole retina tissues, and dissociated retinal cells were
harvested at CT 5 and 17 for Western immunoblotting. By inhibiting MEK, PD98059 prevents
the activation of Erk, which is phosphorylated and activated by MEK. PD98059 decreased the
protein content of retinoschisin secreted in the medium (Fig. 2a), whole retina tissues (Fig. 2b),
and dissociated retinal cell cultures (Fig. 2c). Similarly, treatment with the Ras inhibitor
manumycin A (1 μM) or the CaMKII inhibitor KN-93 (10 μM) for 2 hours decreased the amount
of retinoschisin secreted in the medium (Fig. 2a), in whole retina tissue (Fig. 2b), and in
dissociated retinal cell cultures (Fig. 2c) during the subjective night (CT 17) but not the
subjective day (CT 5). Treatment with KN-92 (10 μM), the inactive analog of KN-93, had no
effect on retinoschisin protein expression (Fig. 2). Thus, the Ras-Erk-CaMKII pathway serves
as a common circadian output pathway in chick retina to regulate ion channels and other
molecules, including retinoschisin. Given that the secretion of retinoschisin was under
circadian control, we next examined the cellular mechanism governing the circadian regulation
of retinoschisin secretion.

L-Type VGCCs Regulating Retinoschisin Secretion
Synaptic vesicle-mediated neurotransmitter release is an L-type VGCC-dependent process in
retinal photoreceptors.15 In the chick retina, L-type VGCCs are responsible for the synthesis
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and release of melatonin from photoreceptors,16,17 even though the secretion of melatonin is
not a synaptic vesicle-dependent process.27 The cellular mechanisms underlying the secretion
of melatonin27 are poorly understood, and those of retinoschisin are completely unknown.
Previously, we showed that the L-type VGCCs in chick cone photoreceptors are under circadian
control.24 The mRNA levels, protein expression, and currents of the L-type VGCCs are greater
when measured during the subjective night than during the subjective day.24 Interestingly, the
circadian expression of retinoschisin shown in this study (Fig. 1) is concurrent with the L-type
VGCC rhythm.24 Hence, we tested whether the L-type VGCCs were a part of the circadian
output to regulate the synthesis and secretion of retinoschisin. Treatment with nitrendipine (3
μM), a specific L-type VGCC inhibitor, for 2 hours at CT 3 and CT 15 abolished the circadian
rhythms of retinoschisin content secreted in the medium (Figs. 3a, 3b) and in whole retinas
(Figs. 3a, 3c). However, nitrendipine did not completely block the secretion of retinoschisin;
we still detected secreted retinoschisin in the media in the presence of nitrendipine in whole
retina cultures in the subjective day (CT 5) and in the subjective night (CT 17). In addition,
nitrendipine treatment for 2 hours did not alter retinoschisin mRNA expression (data not
shown).

Acute Changes in Illumination Affecting Protein Levels of Retinoschisin Depending on
Previous Light-Dark Entrainment

The circadian oscillators in the retina provide a mechanism for visual systems to initiate more
sustained adaptive changes throughout the day because visual systems have to anticipate the
large daily changes in ambient illumination.18,19 For example, the magnitude of light pulse-
induced photoreceptor disc shedding in rat retinas is under circadian control.28 At the same
time, retinas are capable of undergoing rapid morphologic and physiologic changes in response
to acute changes in illumination.29–31 In dark-adapted retinas, exposure to light for 30 minutes
is enough to cause changes in protein expression, in which it causes an increase in
dihydroxyphenylalanine32 and a decrease in arylalkylamine N-acetyltransferase (AA-NAT)
protein and activity.33 Therefore, it is possible that acute changes in illumination might have
effects on the protein expression of retinoschisin in the retina. In this study, E18 chick embryos
from various preconditions were exposed to light or dark for different periods of time (0 – 120
minutes). In LD-entrained E18 embryos, exposure to complete darkness at ZT 4 (4 hours after
lights on) had no effect on the protein expression of retinoschisin (Fig. 4a), whereas exposure
to light at ZT 16 (4 hours after lights off) for 15 minutes significantly increased protein
expression of retinoschisin (Fig. 4b; P < 0.05 compared with all other time periods). Brief light
exposure for 5 minutes at CT 4 (on the second day of DD) transiently decreased retinoschisin
content, but light exposure for 30 minutes at CT 4 significantly increased protein expression
of retinoschisin (Fig. 4c; P < 0.05, 30 minutes vs. 0 and 15 minutes). Although brief light
exposure at CT 16 (on the second day of DD) for various periods of time had no effect on the
protein expression of retinoschisin (Fig. 4d), exposure to light for 60 to 120 minutes
significantly decreased the protein expression of retinoschisin in E18 chick embryos that had
never been exposed to light (Fig. 4e; P < 0.05, 60 minutes vs. 0, 5, 15 minutes; 120 minutes
vs. 0, 5, 15 minutes). Therefore, the protein expression of retinoschisin in response to acute
illumination changes depends on previous light-dark entrainment.

Discussion
Our study indicates a circadian regulation of the expression and secretion of retinoschisin in
the chick retina. Protein expression and secretion of retinoschisin were higher during the
subjective night and lower during the subjective day, and the highest mRNA expression was
4 hours more advanced than the peak of protein expression. The mRNA and protein rhythms
of retinoschisin have the same patterns in constant darkness (DD) as in LD cycles (data not
shown). In addition, we found that Ras, MAP kinase Erk, and CaMKII were part of the circadian
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output pathway regulating the rhythmicity of retinoschisin. This Ras-MAP kinase-CaMKII
pathway also regulates the affinity rhythm of cGMP-gated ion channels to cGMP21,25 and the
circadian expression of L-type VGCCs.24 Therefore, the Ras-MAP kinase-CaMKII pathway
may serve as the “universal” output pathway in regulating photoreceptor physiology.

Interestingly, the rhythmicity of retinoschisin was concurrent with the circadian rhythms of L-
type VGCC currents. Blockage of L-type VGCCs dampened the retinoschisin rhythm but did
not completely block the secretion of retinoschisin. By contrast, the release of melatonin is an
L-type VGCC-dependent process. Nitrendipine, an L-type VGCC blocker, inhibits the
melatonin synthesis enzyme arylalkylamine N-acetyltransferase, and it also blocks the release
of melatonin in chick retina photoreceptors.16,17 Hence, L-type VGCCs played a role in the
circadian regulation of retinoschisin content and secretion, but the molecular mechanism
underlying retinoschisin secretion did not entirely depend on L-type VGCCs. Even though
inhibition of L-type VGCCs did not completely inhibit the secretion of retinoschisin, we cannot
rule out the possibility that the secretion of retinoschisin could be a calcium-dependent process.

Retinoschisin is known to serve as an anchor protein in maintaining the architecture of the
retina synapses, especially around the photoreceptor synapses.1,10,13 Normally, upon
secretion, retinoschisin interacts with proteins and phospholipids at the surfaces of
photoreceptor membranes of the inner segments and the outer plexiform layer,34,35 and
retinoschisin forms a stabilizing scaffold as a multimolecular complex for retinal synapses.
36 The retinas of patients with human X-linked retinoschisis (XLRS) display macular atrophy.
4,37 The electroretinogram (ERG) recordings from XLRS patients show that the synaptic
currents between photoreceptors and bipolar cells (b-wave) are significantly altered, and the
cone-driven ERG responses are more severely affected than rod-driven responses.4,37 In
retinoschisin-deficient mice, the number of photoreceptors decreases with photoreceptor
displacement,10 and the extracellular space increases in the region of photoreceptor ribbon
synapses.10 Replacement of the RS1 gene in retinoschisin-knockout mice leads to an
improvement in retinal structure and function.11,12 Hence, retinoschisin is believed to play
an important role in maintaining the proper architecture of the retina during development.1,
10 However, the protein expression of retinoschisin remains high throughout adulthood, and
there is an especially heavy concentration of retinoschisin along the inner segments and
synaptic regions of photoreceptors.13 Therefore, retinoschisin could have functions other than
maintaining retinal architecture during development.

Photoreceptors undergo daily cycling changes in retinomotor movement of inner segments,
29,38,39 outer segment disc shedding and membrane renewal,28,40,41 morphologic changes
at synaptic ribbons,42,43 gene expression,44–46 and functional properties of ion channels,
21,24 among other photoreceptor activities in vertebrates. At photoreceptor synapses, the
length and the shape of the photoreceptor synaptic ribbons change over 24-hour daily cycles
in mice.42,43 The number of synaptic ribbons in photoreceptor terminals of fish retinas also
changes on a circadian cycle.47 All of the evidence described above points to the circadian
control of synaptic plasticity in the retina in vivo. The circadian expression of retinoschisin
presented here supports the notion that retinoschisin plays an important role in daily
photoreceptor synaptic plasticity and in maintaining photoreceptor stability during inner
segment retinomotor movement and outer segment renewal during 24-hour cycles.

The ultrastructure and the length of synaptic ribbons are under circadian control but also
respond to illumination.42,43,48 The ribbons form protrusions and release them into the
cytoplasm within 30 to 60 minutes after lights on; the reverse occurs within 30 minutes after
lights off.48 In a similar fashion, retinoschisin can respond to acute illumination changes, but
this response depends on previous light exposure experience. We found that brief light exposure
caused an increase of retinoschisin at night (ZT 16) under LD cycles and during the subjective
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day (at CT 4, in DD), whereas acute light exposure failed to elicit a transient increase of
retinoschisin during the subjective night (at CT 16) and in embryos that were never exposed
to the light before. Hence, retinoschisin plays an important role in the circadian regulation of
photoreceptor physiology and function, and it may also participate in the circadian-dependent,
and illumination-dependent, synaptic plasticity at ribbon synapses.
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Figure 1.
Circadian rhythm in the mRNA and protein expression of retinoschisin. Chick embryos (E11)
were entrained under LD cycles for 6 days and kept in DD. On the second day of DD, retinas
were taken out every 4 hours at six different circadian time (CT) points—CT 0, 4, 8, 12, 16,
and 20—and were processed for quantitative real time RT-PCR or immunoblotting assays for
retinoschisin and total Erk (loading control). (a) Retinoschisin mRNA peaked at CT 12, which
was significantly different from CT 0, 16, and 20 (*P < 0.05 using ANOVA with Tukey post
hoc test). n = 4 for each circadian time point. (b) Protein expression of retinoschisin peaked at
CT 16. n = 3 or 4 for each circadian time point. *Significant difference at CT 16 compared
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with CT 0, 4, 8, and 20. #Significant difference at CT 12 compared with CT 0 and CT 8 using
ANOVA with Tukey post hoc test; P < 0.05.
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Figure 2.
Circadian regulation of retinoschisin content and secretion is through Ras, MAPK (Erk), and
CaMKII. After LD entrainment for 6 days, both retinas from each embryo (E16) were dissected,
cultured in 300 μL medium, and kept in DD for 2 days. On the second day of DD, culture media
and retinal tissue were harvested separately at CT 5 (subjective day) and CT 17 (subjective
night) after 2 hours of different treatments. (a) Retinoschisin secreted in the media was
significantly higher at CT 17 than at CT 5 (controls). Treatment with a Ras inhibitor manumycin
A (ManuA; 1 μM) or a MEK1 inhibitor PD98059 (50 μM) in whole retina cultures for 2 hours
decreased the secreted retinoschisin amount in the media during the subjective night (CT 17)
but had no effect during the subjective day (CT 5). Treatment with a CaMKII inhibitor KN-93
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(10 μM) also dampened the circadian regulation of retinoschisin secretion, whereas KN-92 (10
μM), the inactive analog of KN-93, had no effect on the circadian control of retinoschisin
secretion. (b) Retinoschisin expressed in the whole retina showed a pattern similar to that
secreted in the medium after different treatments. (c) Retinoschisin in dissociated retinal cell
cultures also showed a pattern similar to that in secreted medium and whole retinas after
different treatments. n = 3 or 4 in each group. Comparisons were made between CT 5 and CT
17 using Student’s t-test (*P < 0.05).
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Figure 3.
L-type VGCCs regulate the circadian control of retinoschisin secretion and content. The culture
media and retinal tissue from whole retina cultures were harvested at CT 5 (subjective day)
and CT 17 (subjective night) for immunoblotting assays. (a) Immunoblots show the secreted
retinoschisin in the media, protein content of retinoschisin in the whole retina, and loading
control (whole retina total Erk). Treatment with an L-type VGCC blocker, nitrendipine (3
μM), for 2 hours decreased the secreted retinoschisin and the protein content of retinoschisin
in the whole retina during the subjective night (CT 17) but not subjective day (CT 5). (b)
Secretion of retinoschisin was under circadian control, which was significantly higher during
the subjective night (CT 17) than during the subjective day (CT 5). Nitrendipine treatment
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abolished the circadian rhythms of secreted retinoschisin in the media. (c) Similar results were
observed in retinoschisin protein expression in cultured whole retinas. n = 3 or 4 in each group.
Comparisons were made between CT 5 and CT 17 using Student’s t-test (*P < 0.05).
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Figure 4.
Acute changes in illumination affect protein levels of retinoschisin. (a, b) E18 chick embryos
in different preconditions were exposed to light or dark briefly for 0, 5, 15, 30, 45, 60, and 120
minutes. E18 embryos were under LD cycles for 7 days. (a) At ZT 4 (4 hours after lights on),
brief exposure to darkness of various lengths of time did not affect the retinoschisin content.
(b) At ZT 16 (4 hours after lights off), exposure to light for 15 minutes significantly increased
the protein content of retinoschisin compared with other exposure time periods (0, 5, 30, 45,
60, 120 minutes). *P < 0.05. (c, d) E18 chick embryos, entrained under LD cycles for 5 days
and kept in DD for 2 days, were exposed to the light on the second day of DD at CT 4 (c) or
CT 16 (d) for 0, 5, 15, 30, 45, 60, and 120 minutes. (c) At CT 4 (subjective day), brief exposure
to light for 30 minutes significantly increased retinoschisin compared with 0- and 5-minute
light exposure (*P < 0.05). (d) At CT 16 (subjective night), acute light exposure did not change
the retinoschisin content. (e) In E18 embryos that had been kept in complete darkness without
any light experience, exposure to light for 60 or 120 minutes significantly decreased the protein
expression of retinoschisin compared with 0-, 5-, and 15-minute light exposure (*P < 0.05).
n = 5 to 6 for each time point. ANOVA with Tukey post hoc test was used to compare the
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retinoschisin protein level at different exposure time periods. (f) Different experimental
paradigms from (a) to (d).
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