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Circadian controls outweigh acute illumination effects on the
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Abstract

Extracellular signal-regulated kinase (ERK) participates in numerous cellular functions including
circadian-related activities. In the retina, the activity of ERK is under circadian control. However, it
is not clear whether acute illumination changes or the circadian clocks in the retina have a larger
impact on ERK activity, and the cellular distribution of activated ERK (pERK) as a function of
circadian time in cone photoreceptors is not known. Chick embryos were exposed to the light or dark
for various lengths of time after 12:12 h light-dark (LD) cycles, or on the second day of constant
darkness after LD entrainment. Retinas were excised after various exposure times and relative ERK
activity was determined by western immunoblotting. We also performed immunohistochemical and
immunocytochemical stainings on circadian entrained retina sections and dissociated retina cells.
There is about a fourfold difference in ERK activity between retinas harvested at circadian time (CT)
4 and CT 16, and the internal circadian control of ERK activity in the retina overcomes external light
exposure. Also, during the subjective night, pPERK was more apparent in the outer segment of cones,
while pERK distribution was more uniform throughout the photoreceptors during the subjective day.
Our results imply that the activity of retinal ERK is influenced more by circadian oscillators than
acute illumination changes. Hence, the circadian oscillators in retina photoreceptors play a major
role in the regulation of photoreceptor physiology, which leads to the circadian control of light
sensitivity in photoreceptors.
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Signaling through extracellular signal-regulated kinase (ERK) participates in numerous
cellular functions ranging from cell division [20] to apoptosis [14]. In the retina, the ERK
pathway is critical in postnatal development and visual system maturation [33] as well as
responses to environmental stimuli. Inhibition of MAPK decreases neurite elongation in
cultured retinal explants [40], reduces ultra violet light-induced apoptosis [38], and diminishes
blue light-induced increases of rhodopsin expression in zebrafish photoreceptors [46].
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The ERK pathway also partakes in many circadian activities. Visual systems anticipate daily
changes in ambient illumination that can be over 10-12 orders of magnitude, and circadian
oscillators in the retina provide a mechanism for visual systems to initiate more sustained
adaptive changes throughout the course of the day [10,16]. The circadian oscillators in
photoreceptors are endogenous, and a vast array of photoreceptor physiology and functions
are under the control of these oscillators, including retinomotor movement [7,31], outer
segment disc shedding and membrane renewal [5,29], ribbon synapse changes [3],
photopigment gene expression [18,26,34], and the activities of ion channels [23-25].
Importantly, photoreceptors are more sensitive to intense light damage at night than during the
day [41]. The activity of ERK is high during the subjective day and low during the subjective
night in the suprachiasmatic nuclei (SCN) of nocturnal rodents [32,35], but is reversed in the
pineal glands and retinas of diurnal species [19,23,39]. Light exposure during the subjective
night induces ERK phosphorylation in rodents, and pharmacological inhibition or constitutive
activation of the ERK pathway attenuates photic-induced phase-shifting without affecting the
core oscillators in the SCN in these animals [8,9,13,15,17,32,35]. Genetically altered ERK
signaling does not influence core oscillator genes but produces abnormalities of circadian
rhythms in Drosophila locomotor activity [44]. These reports reveal the complexity of ERK
signaling in the involvement of both circadian input and output pathways.

Previously, we established that there is a circadian regulation of ERK activity in chick retinas
[23] with ERK activity high during the subjective night and low during the subjective day. The
signaling through Ras-ERK regulates the affinity rhythm of cGMP-gated ion channels and
expression of L-type voltage-gated calcium channels in cone photoreceptors [23-25]. In the
present study, we found that the activity of ERK was influenced more by the circadian
oscillators than acute changes in illumination. Phosphorylated ERK (pERK; activated ERK)
was at least fourfold greater during the subjective night compared to the subjective day. In
constant darkness after circadian entrainment, acute light exposure at either CT 4 or CT 16 did
not affect pPERK expression. However, when there was an acute illumination change in embryos
that were never exposed to light, the pERK levels roughly doubled over 2 h. The distribution
of pERK in cone photoreceptors was also under circadian control. During the subjective night,
pERK was more pronounced in the outer segment than the inner segment, while pERK
distribution became more uniform throughout the photoreceptors during the subjective day.
Thus, the circadian rhythm of pERK may underlie the daily regulation of retina photoreceptor

physiology.

Fertilized eggs (Gallus gallus) were obtained from the Poultry Science Department, Texas
A&M University (College Station, TX). Chick embryos from embryonic day 11 (E11) were
entrained to 12:12 h light—dark (LD) cycles at 39 °C in ovo, and Zeitgeber time zero (ZT 0)
was designated as when the lights come on, and ZT 12 was the time when the lights turn 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 at various circadian times (CT) of
the day. For some experiments, chick retinas were dissociated at E11 and cultured on glass
coverslips for 6-7 days as described previously [22—-25]. Cultures prepared in this way in the
presence of ciliary neurotrophic factor (R&D Systems, Minneapolis, MN) yield a highly
enriched population of cone photoreceptors [1,2,4]. Cell culture incubators (maintained at
39 °C and 5% CO,) were equipped with lights and timers, which allowed for the entrainment
of retinal circadian oscillators to LD cycles in vitro for 5 days, after which the cultures were
kept in DD for another day. On the second or third day of DD, cultured photoreceptors were
processed for immunocytochemistry.

To study acute light or dark adaptation, chick embryos were either exposed to light (at ZT 16)
or dark (at ZT 4) for 0, 5, 15, 30, 45, 60, and 120 min after several days of LD entrainment. In
other experiments, chick embryos were exposed to the light for various lengths on the second
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day of DD at CT 4 (subjective day) or CT 16 (subjective night). The retinas were excised at
different exposure times, washed in ice-cold PBS, and lysed in RIPA buffer [23]. The samples
were separated on 10% SDS-PAGE gels and transferred to nitrocellulose membranes. The
primary antibodies used in this study were a monoclonal antibody specific for di-phospho-
extracellular signal-related kinase (PERK; Sigma, St. Louis, MO) and a polyclonal antibody
insensitive to the phosphorylation state of ERK (total ERK, used for loading control, Santa
Cruz Biochemicals, Santa Cruz, CA). Blots were visualized using anti-mouse and anti-rabbit
secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology,
Danvers, MA) and an ECL detection system (Pierce, Rockford, IL). The ratio of pERK to total
ERK in each sample was determined by densitometry using Scion Image (NIH, Bethesda, MD).
All measurements were repeated six to eight times.

For immunohistochemical stainings, on the second day of DD at CT 4 and CT 16, the eyes
were dissected and fixed with Zamboni’s fixative (Newcomer Supply, Middleton, W1) in
phosphate buffer (PB; 0.1 M, pH 7.4) overnight at 4 °C followed by submersion in series of
gradient sucrose-PBS for cryo-protection. One whole eye section (15 pm) from CT 4 and CT
16 were mounted on the same glass slide. Whole eye sections were incubated with anti-pERK
(1:200, Sigma) antibody in 1% normal goat serum at 4 “C overnight. Sections were then washed
in PBS several times and incubated with a fluorescence conjugated secondary antibody (Alexa
488 nm goat anti-rabbit, 1:1500 dilution; Molecular Probes, Carlsbad, CA) for 2 h in the dark.
After several washes, coverslips were mounted and stored at 4 °C for later observation on a
Zeiss microscope with epi-fluorescence to determine the distribution of pERK. The images
taken from CT 4 and CT 16 were under identical conditions including illumination intensities,
exposure time, and magnification.

For immunocytochemical stainings, cultured cells on glass coverslips were fixed with
Zamboni’s fixative in PB for 30 min at room temperature followed by three washes in PB
containing 0.1% Triton-X, a blocking step with 0.1% triton-X/PB containing 3% normal goat
serum for an hour, and then the cells were incubated with two primary antibodies, anti-L-type
voltage gated calcium channel 1D (VGCCalD, 1:100; Alomone Labs, Jerusalem, Israel) and
anti-pERK (1:200) overnight. The cells were washed with PB and incubated with fluorescent
conjugated secondary antibodies (Alexa 488 nm goat anti-rabbit and Alexa 594 nm goat anti-
mouse) in PB containing 1.5% normal goat serum for 1 h in the dark. After washing in PB,
coverslips were prepared as above for later observation on a Zeiss microscope with epi-
fluorescence to determine the localization of VGCCalD and pERK. A pair of coverslips from
CT 4 and CT 16 along with controls (omitted primary antibodies substituted with the
appropriate antiserums) was processed concurrently for each experiment. A single fluorescence
image from CT 4, CT 16, or control was taken under identical settings, including exposure
time and magnification. The averaged fluorescence intensities per pixel (F) of the outlined
structures were analyzed without any modification using the luminosity channel of the
histogram function in Adobe Photoshop 6.0 software, and the green or red fluorescence
intensity was measured on a scale of 0-255. Three cells (F1, F2, and F3) from each experiment
were measured. The background fluorescence intensity was acquired from an adjacent area
without any cells (B). The relative fluorescence intensity from one single image of a particular
time point (T) was converted as: T = [(F1 — B) + (F2 — B) + (F3 — B)]/3. All of the data are
presented as mean + S.E. (standard error). Student’s t-test or one-way ANOVA followed by
Tukey’s post hoc test for unbalanced n were used for statistical analysis. Throughout, *p <
0.05 was regarded as significant.

In chick embryos that were entrained to LD cycles and kept in DD for 2 days (in free-running
rhythm), we found that the relative expression of pERK in retinas harvested at CT 16 was at
least four times higher than CT 4 retinas (Fig. 1A), which was consistent with our previous

reports in younger embryos [23,24]. In chick embryos that were never exposed to light before,

Neurosci Lett. Author manuscript; available in PMC 2010 February 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ko et al.

Page 4

brief exposure to light for 2 h increased pERK expression (Fig. 1B), which was similar to other
reports where exposure to light for 12 h causes an up-regulation of pERK in rat retinas [30],
and exposure to light for 4 h causes an up-regulation of pERK in cultured photoreceptors
[45].

Interestingly, in LD-entrained E18 embryos that were not transferred to constant darkness
(DD), exposure to complete darkness at ZT 4 (4 h after lights on) for 2 h caused a significant
decrease in pERK (Fig. 1C), while exposure to light at ZT 16 (4 h after lights off) for 2 h also
caused a down-regulation of pERK (Fig. 1D). Brief light exposure in embryos under free-
running rhythm during the subjective day (CT 4) or the subjective night (CT 16) did not have
any significant effect on the phosphorylation of ERK (Fig. 1E and F), while pERK was
significantly higher at CT 16 than CT 4 without light exposure as presented earlier (Fig. 1A).

The pERK immuno-staining intensity was higher in retina tissue fixed at CT 16 than tissue
fixed at CT 4 (Fig. 2). In our double immunostaining with anti-VGCCalD and anti-di-
phorphorylated ERK (pERK) antibodies of cultured retinal cells, we found that pERK was
presentin all cells (including glia cells, neurons, and fibroblasts, Fig. 3A). In chick retina cones,
oil droplets are present at the base of the outer segment, thereby providing a convenient marker
to differentiate outer segments from inner segments and cell bodies. As we reported previously,
VGCCalD is primarily present in neurons and in the cell bodies and inner segments of
photoreceptors but not glia cells ([25]; Fig. 3A). Here, we show the immunostaining of
VGCCalD as a reference for photoreceptor cell bodies. In photoreceptors, pERK was
distributed in outer and inner segments and cell bodies. However, the fluorescence intensity
was higher in cells fixed at CT 16. Interestingly, there was more pERK fluorescence intensity
present in the outer segments (OS) than inner segments-cell bodies (IS) of the photoreceptors
fixed at CT 16, while pERK appeared to be less intense and distributed more evenly in
photoreceptors fixed at CT 4 (Fig. 3A). Further analysis of fluorescence intensities of pERK
in the inner and outer segments revealed that pERK intensity was significantly stronger in cells
fixed at CT 16 than at CT 4 in photoreceptor OS, while comparisons between pERK intensity
of IS from cells fixed at CT 16 and CT 4 were not significantly different (Fig. 3B). The
immunofluorescence intensities for VGCCalD was also much higher in photoreceptors fixed
at CT 16 than at CT 4 (Fig. 3A), which was similar to our previous observation [25], and we
showed that pERK serves as part of the circadian output to regulate L-type VGCC channels,
and inhibition of the ERK pathway dampens the protein expression rhythm of VGCCalD
[25]. The CT 4 pERK pictures shown in Fig. 3A were photo-enhanced with prolonged exposure
for viewing purpose and not used for statistical comparisons (Fig. 3B and C), since under
normal exposure time, the pERK fluorescence intensity in CT 4 cells was very faint.

Our studies indicate that the internal circadian control of retina ERK activity overcomes
external light exposure (Fig. 1A, E, and F), since there was about fourfold more ERK activity
in retinas harvested during the subjective night (CT 16) than during the subjective day (CT 4),
but light exposure for various lengths of time did not affect pERK levels (Fig. 1E and F) at
these time points when the retinas were under free-running conditions. The fourfold oscillatory
difference between the peak and nadir of pERK levels does not reflect the total extent to which
ERK activity can be extended [21]. Cyclic AMP or forskolin (adenylate cyclase activator) can
further activate ERK beyond levels observed during the subjective night when the circadian
ERK activity is at peak, while PKA or adenylate cyclase inhibitors can further decrease pERK
levels when the ERK activity is at its nadir [21]. However, when retinas were kept in a cycling
light environment, retinas were able to respond to acute illumination changes through
modifications in ERK activity (Fig. 1B, C, and D). Previously, Warren and Molday [43] showed
that exposure to bright light for 20 min during the subjective night causes a decrease in tyrosine
phosphorylation of ERK in chick pineal glands, while others showed that exposure to light
causes an up-regulation of pERK in rat retinas [30] as well as in cultured photoreceptors that
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were not exposed to light before [45]. Since the visual systems have to adapt to long-term
changes in ambient illumination throughout the day [10,16] in addition to short-term light/dark
adaptation [6,7,28], it is possible that pERK participates in the circadian regulation of
photoreceptor physiology as well as acute light/dark adaptation.

While light did not affect ERK activity in circadian entrained photoreceptors that were free-
running in constant darkness, illumination changes did affect pERK levels when embryos were
in LD cycles or were never exposed to light before. Interestingly, photoreceptors are more
sensitive to intense light damage at night than during the day even in animals kept in constant
darkness after LD entrainment [41]. It is possible that in these animals, on top of higher ERK
activity in the subjective night, intense light might trigger activation of other signaling
pathways (e.g. the p38 stress-kinase pathway) that lead to light-induced retina damage. The
elevated levels of pERK seen during the night may be a protective/adaptive measure to sudden,
drastic illumination changes. Active ERK can phosphorylate and activate hypoxia-induced
factor (HIF), which has been shown to protect photoreceptors from light-induced degeneration
in the mouse retina [36]. The decrease in ERK activity seen in photoreceptors at ZT 4 (dark
exposure) and ZT 16 (light exposure) after 2 h may be one factor that leads to light-induced
damage in the retina. Hence, the circadian oscillators in retina photoreceptors play a major role
in regulation of photoreceptor physiology, which leads to the circadian control of light
sensitivity of photoreceptors.

We also found that there was a circadian regulation in the distribution of activated ERK
(pERK). During the subjective night (CT 16), even though pERK was distributed throughout
the photoreceptor, it was more prominent in the outer segments, while during the subjective
day (CT 4), pERK was less abundant and distributed more evenly in both inner and outer
segments. What are the functional roles of activated ERK in the outer segments of
photoreceptors? Thus far, ERK has not been directly linked to the phototransduction process,
but overexpression of the y subunit of phosphodiesterase 6, the primary effector of
phototransduction, increases ERK activity in HEK 293 cells [42]. In zebrafish retina
photoreceptors, pharmacologically blocking MAPK signaling diminishes blue-light-induced
increases in rhodopsin promoter expression but has no effect on white-light mediated rhodopsin
promoter expression [46]. These evidences imply that MAP kinase ERK may play a modulatory
role in phototransduction. Previously, we showed that MAPK signaling serves as the circadian
output pathway to regulate the affinity rhythm of cGMP-gated ion channels [23,24]. The
cGMP-gated ion channels (CNGCs) in photoreceptor outer segments serve as the last step in
phototransduction and carry the “dark currents” [12,27,43]. Coincidently, CNGCs are also
present in the cone synaptic terminals that regulate exocytosis in photoreceptors [37]. The
apparent heavier distribution of pERK in photoreceptor outer segments at night indicates that
the major contribution of MAPK signaling in the outer segments is the circadian regulation of
CNGGC affinity rhythms, in which the affinity of cGMP to CNGC:s is higher at night [23-25].
The very last step of the molecular mechanism underlying the circadian regulation of cGMP
affinity to CNGCs is the tyrosine phosphorylation of the auxiliary subunits of CNGCs [11].
Therefore, MAPK signaling serves as an upstream regulator to tyrosine kinase and/or
phosphatase activity that leads to the circadian regulation of CNGCs. In summary, the MAPK
signaling pathway participates in the circadian output regulation of photoreceptor daily
adaptation to environmental illumination as well as short-term light/dark adaptation.
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Fig. 1.

Effects of acute changes in illumination on ERK phosphorylation depend on previous light-

experience and circadian oscillators in the retinas. (A) The pERK levels of CT 16 retinas was
at least four times than CT 4 retinas; chick embryos were entrained in LD cycles and kept in
DD for 2 days; n = 4 for each group. *p < 0.05, Student’s t-test. (B) Chick E18 embryos that
were continuously kept in compete darkness were exposed to light for 0, 5, 15, 30, 45, 60, and
120 min (min). Brief exposure to light for 120 min significantly increased the pERK expression
compared with other exposure time periods 0, 30, or 60 min. *p < 0.05; n = 6-9 for each group.
(C and D) E18 embryos were under LD cycles for 7 days. At ZT 4 (4 h after lights on) or ZT
16 (4 h after lights off), embryos were exposed to the dark or light briefly for 0, 5, 15, 30, 45,
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60, and 120 min. (C) Exposure to the dark for 120 min at ZT 4 caused a significant decrease
of pERK compared with 0 and 5 min dark exposure. *p < 0.05; n = 6-8 for each group. (D)
Exposure to light for 120 min at ZT 16 caused a significant decrease of pERK compared with
15 min light exposure. *p < 0.05; n = 6-7 for each group. (E and F) Chick embryos were
entrained in LD cycles and kept in DD for 2 days. On the second day of DD at CT 4 and CT
16, embryos were exposed to light for 0, 5, 15, 30, 45, 60, and 120 min. At both CT 4 (E) and
CT 16 (F), brief light exposure did not have any effect on pERK. n = 6-7 for each group. The
bottom panel shows the different experimental paradigms from (C) to (F).
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Fig. 2.

There is a circadian regulation of pERK fluorescence intensity in the retina tissue sections. The
immunofluorescence intensity of pERK is higher in the retina tissue fixed at CT 16 than at CT
4. RPE: retina pigment epithelium; OS/IS: outer segment/inner segment; ONL.: outer nuclear
layer; bar = 20 pum.
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Fig. 3.

The distribution of di-phosphorylated ERK (pERK) is under circadian control in cone
photoreceptors. On the second day of DD, photoreceptors were fixed at CT 4 and CT 16,
followed by immunocytochemistry dual-staining with antibodies against pERK and L-
VGCCalD (VGCC1D) subunit. (A) The distribution of VGCCalD (green fluorescence) is
mainly confined to the somata (inner segment and cell bodies) of the cone photoreceptors, and
the fluorescence is higher in cells fixed at CT 16 (lower panel) than at CT 4 (upper panel). The
arrows indicate the photoreceptors. The overall pERK fluorescence intensity (red fluorescence)
is also higher in cells fixed at CT 16 (lower panel) than in cells fixed at CT 4 (upper panel).
The distribution of pERK in photoreceptors is also under circadian control. In photoreceptors
fixed at CT 16 (lower panel), the pERK fluorescence intensity is much stronger in the outer
segments (OS, arrow heads) than in the inner segments-cell bodies (IS). The control shows no
fluorescence activity when the specific primary antibodies were omitted and substituted with
serums. (B) The pERK fluorescence intensity is significantly higher in the OS of photoreceptors
fixed at CT 16 than the other three groups (*p < 0.05, ANOVA, Tukey post hoc test). (C) The
PERK fluorescence intensity ratio (outer segment/inner segment-cell body; OS/1S) is
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significantly higher in photoreceptors fixed at CT 16 than at CT 4 (*p < 0.05, Student’s t-test).

The fluorescence intensity data are taken from nine photoreceptors in three different
experiments of each time point (CT4 or CT16). Bar = 10 um.
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