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1

Chick pineal cells in culture display a circadian rhythm of melatonin release. Light pulses can entrain (phase shift) the rhythm. One
candidate for the photoentrainment pathway uses a mitogen-activated protein kinase (MAPK), also known as extracellular signal–
regulated kinase (ERK). We tested the hypothesis that activation of ERK (by phosphorylation to p-ERK) is necessary and/or sufficient for
entrainment by measuring the ability of several drugs, light, and other perturbations to change levels of p-ERK and to induce phase shifts
in the melatonin rhythm. If changes in the levels of p-ERK are sufficient for photoentrainment, then all perturbations that reduce its level
must induce light-like phase shifts, and all those that increase its level must induce dark-like phase shifts. If such changes are necessary
for photoentrainment, then light pulses must reduce p-ERK levels, and the duration of the light pulse, the magnitude and duration of the
change in p-ERK, and the size of the phase shift must correlate. We found five perturbations that reduced p-ERK levels. Of these, two
induced light-like phase shifts (PD 98059 and caffeine), one induced dark-like phase shifts (SB203580), and two did not induce phase
shifts at all (U0126 and omitting a medium change). Serum increased p-ERK levels without inducing any phase shifts. Finally, light pulses
did not elicit changes in p-ERK, nor was there a diurnal rhythm in p-ERK levels, nor could rapid changes in p-ERK levels have accounted
for duration effects of light pulses on phase shifts. Taken together, these results argue strongly against the hypothesis that reduction (or
increases) in MAPK/ERK activation is necessary or sufficient for entrainment in chick pineal cells.
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Introduction
Chick pineal cells display a persistent, photosensitive, circadian
rhythm of melatonin synthesis and release in dispersed cell culture (Deguchi, 1979). Light pulses acutely suppress melatonin
output, an effect closely related to “masking,” and can induce
phase shifts in the rhythm, an effect closely related to entrainment
of the underlying clock. The acute and phase-shifting effects of
light are mediated by different mechanistic pathways (Natesan et
al., 2002). Although there is some understanding of the biochemical pathway mediating the acute effect of light (Zatz, 1996; Zatz
et al., 2000), there is virtually nothing known about the transduction pathway mediating the phase-shifting effects of light.
Several of the agents and perturbations that have been found
to induce phase shifts in the melatonin rhythm can be viewed as
cellular stressors (Takahashi et al., 1989; Zatz, 1996). One group
of transduction pathways that respond to cellular stressors is the
mitogen-activated protein kinase (MAPK) superfamily (Cobb,
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1999; Johnson and Lapadat, 2002), also known as the extracellular signal–regulated kinase (ERK) family. These pathways are
named after the protein kinases that lie at their “center.” Signal
transduction is mediated by a cascade of protein phosphorylations that activates one protein kinase after another until any of
several specific transcription factors, including c-Fos, CREB
(cAMP response element-binding protein), and Elk, become
phosphorylated and activated (Su and Karin, 1996; Valjent et al.,
2001). An extensive network of isoforms and parallel pathways
provides flexibility and specificity (Pearson et al., 2001; Arbabi
and Maier, 2002). Thus, we considered these transduction pathways to be reasonable candidates for a role in photoentrainment.
In view of the multiple, complex, and overlapping pathways in
this superfamily (Mackova et al., 2000), we undertook to test the
simplest hypothesis: increased (or decreased) levels of activated
MAPK/ERK (p-ERK) are uniquely necessary and/or sufficient for
entrainment of chick pineal cells in culture. If photoentrainment
is mediated by reductions in the levels of activated MAPK/ERK,
as has been suggested (Sanada et al., 2000), then drugs that block
activation of ERK should mimic the phase-shifting effects of light
pulses, and agents that promote activation of ERK should mimic
the effects of dark pulses. Furthermore, light pulses should decrease levels of p-ERK, and other perturbations that induce lightlike phase shifts might do so as well. Perturbations that induce
dark-like phase shifts, on the other hand, should not decrease
p-ERK levels, but might instead increase p-ERK levels. To test
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these predictions, we used a number of agents that were known,
expected, or unexpectedly found to alter levels of p-ERK and
measured their effects on levels of p-ERK and on phase shifts of
the melatonin rhythm, respectively. We also tested the effects of
agents known to induce phase shifts on p-ERK levels. While this
work was underway, the presence, temporal dynamics, and photoresponsiveness of MAPK/ERKs have been reported in several
systems, but results related to entrainment in these different systems have been inconsistent (Obrietan et al., 1998; Sanada et al.,
2000; Yokota et al., 2001; Cermakian et al., 2002). Our extensive
results, taken together, argue strongly against the hypothesis positing a clear relationship between activation of MAPK/ERK and
phase shifts in chick pineal cells.

Materials and Methods
Pineal cell culture. White Leghorn chicks were received 0 –2 d after hatch
from Truslow Farms (Chestertown, MD). Pineal cells were dispersed in
trypsin and plated in modified McCoy’s 5A medium (Invitrogen, Carlsbad, CA; 12330 – 031) containing 25 mM HEPES buffer, L-glutamine,
penicillin, streptomycin, 10% heat-inactivated fetal bovine serum, and
10% chicken serum as described previously (Zatz et al., 1988). Each
24-well plate had cells in groups of four wells (one to four groups per
plate). Experiments used cells from up to 100 glands in 60 wells, initially
containing ⬃10 6 cells per well. Cells were fed by exchange of medium at
least daily. Days in culture are numbered successively from the day of
plating (day 1). Cells were fed with the plating medium (modified by
omission of fetal bovine serum) on days 2 and 3. On day 4, they were
switched to medium without serum but containing an additional 10 mM
KCl. The effects of feeding schedule, media, sera, and potassium on melatonin production were described previously (Zatz et al., 1988).
Light cycles. Cells were maintained at 37°C under 5% CO2 in air in
tissue culture incubators containing red lights, white lights, and timers as
described previously (Zatz et al., 1988). They were all exposed to a cycle of
12 hr of white light (L) and 12 hr of red light (R), designated LR 12:12,
through day 5. In this schedule, L acts as “day” and, by convention, starts
at zeitgeber time (ZT) 0; R acts as “night” and starts at ZT 12. In most
experiments, cells were switched from LR 12:12 to constant red light
(RR) before expected onset of L at the start of day 6. Thereafter, media
were exchanged, drugs were administered, and cells were fixed or harvested in RR unless noted otherwise.
Drugs and reagents. PD 98059 (catalog #513000), U0126 (catalog
#662005), and SB 203580 hydrochloride (catalog #559395) were purchased from Calbiochem (San Diego, CA). PD 98059 and U0126 were
dissolved in DMSO and diluted into medium such that final DMSO
concentrations were 0.1%. This concentration of DMSO has no effect on
either p-ERK levels or the melatonin rhythm (data not shown). SB
203580 was dissolved in sterile distilled water and diluted into medium at
1:100 or less. Caffeine (Sigma-Aldrich, St. Louis, MO; catalog #C-0750)
and NaCl were each dissolved directly into medium.
Mouse monoclonal antibody that specifically recognizes the activated,
diphosphorylated forms of ERK 1 and ERK 2 (p-ERK) was purchased
from Sigma (catalog #M8159). Second antibody (HRP-linked antimouse IgG) was purchased from Amersham Biosciences (Piscataway, NJ;
catalog #NA 931). The rabbit polyclonal antibody against total ERK (tERK) (Santa Cruz Biotechnology, Santa Cruz, CA; catalog #sc-94) recognizes both phosphorylated and nonphosphorylated forms of ERK 1
and ERK 2. Second antibody (HRP-linked anti-rabbit IgG) was purchased from Cell Signaling Technology (Beverly, MA; catalog #7071-1).
p-ERK, t-ERK, and phospho-p38 (p-p38) standards were purchased
from Cell Signaling Technology (catalog #9103 and 9213). The p-ERK
and t-ERK standards used are derived from bacterially expressed pure
ERK 2 protein. Their apparent molecular weight of 42 kDa does not
change with phosphorylation. The p-p38 standard used is made from
anisomycin-treated C6 glioma cell extracts. In addition to p-p38, it contains ERK 1 (44 kDa) and ERK 2 (42 kDa). The p-p38 cannot be distinguished in these experiments from ERK 2, because both are present in the
standard and both run at an apparent molecular weight of 42 kDa. The
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p-p38 extract does provide, however, a distinguishable ERK 1 standard. It
gives a band at 44 kDa with the anti-p-ERK and anti-ERK antibodies that
is not seen with the ERK 2 standard. SeeBlue molecular weight markers
were purchased from Invitrogen (catalog #LC 5625).
Immunoblots. Harvests for assay of p-ERK (and t-ERK) were usually
performed on day 6. Medium was aspirated from the cells, and 300 l of
Laemmli buffer (Sigma; catalog #S 3401) was immediately added to each
well. After 20 min, samples were transferred to Eppendorf tubes, heated
at 98°C, and centrifuged. Aliquots from each well containing ⬃10 g of
protein were loaded onto a 10% Bis-Tris gel (Invitrogen; catalog #NP
0302) and subjected to PAGE. Proteins were transferred from the gel to a
nitrocellulose membrane. Membranes were blocked with Tris-buffered
saline containing 0.1% Tween 20 and 5% fat-free dry milk. For determination of p-ERK, membranes were incubated with anti-p-ERK antibody
(1:2000) at 4°C overnight, washed three times at room temperature, and
incubated for 1 hr with secondary antibody (1:2000). Membranes were
washed, and then bound secondary antibody was visualized using a commercial chemiluminescence detection kit (Pierce, Rockford, IL; catalog
#34080) according to the manufacturer’s instructions. Bands were quantified using a Kodak Image Station (PerkinElmer Life Sciences, Boston,
MA; model 440CF). For determination of t-ERK, the anti-ERK antibody
was used at 1:5000 and its corresponding secondary antibody was used at
1:2000. In early experiments, t-ERK determinations used separate gels. In
most experiments, however, membranes were stripped after determination of p-ERK (using 0.2 M glycine buffer, pH 2.8, 15 min), blocked, and
then reprobed for determination of t-ERK.
Calculation of normalized p-ERK/t-ERK ratios. Early experiments gave
a troublesome degree of variability in density readings. To compensate,
an aliquot of sample from each control well was run on all gels, and values
for experimental bands were normalized to the average value of the four
controls. Values of t-ERK were similarly normalized to controls. A normalized p-ERK/t-ERK ratio was calculated from these values. Differences
between experimental and control groups were analyzed using Student’s
t test.
Assay of 14C-melatonin release. L-[side chain-3- 14C]-tryptophan (specific activity 53.8 –54.6 mCi/mmol) was purchased from PerkinElmer
Life Sciences (catalog #NEC–367). McCoy’s 5A medium contains ⬃0.03
mM tryptophan (of which more than half is contributed by the Bactopeptone, a proprietary nutrient digest, that it contains). Cells were exposed to 14C-tryptophan for 24 hr before the start of timed collections.
Different experiments used 0.45– 0.50 Ci/ml, present from day 5. Media were collected and replaced at 4 hr intervals in RR (unless noted
otherwise) starting on day 6. Spent medium from each well was transferred into a polypropylene test tube containing 0.05 ml of an indole
carrier mix, extracted into 5 ml of chloroform, and backwashed with acid
and base as described previously (Zatz et al., 1988). Three milliliters of
the final chloroform phase were transferred to scintillation vials, dried,
and counted.
Calculation of phase shifts. 14C-melatonin rhythm data were analyzed
by nonlinear least squares regression (Johnson and Frasier, 1985;
Straume et al., 1991) to a cosine function, from which were estimated
parameter values for oscillatory amplitude, period, and acrophase, as
well as terms for constant offset and linear trend with time (slope). Approximate nonlinear asymmetric joint parameter confidence limits were
subsequently evaluated at 68.26% confidence probability (the probability of 1 SD). Of the 15 points available in each data set, only the last 9 were
analyzed (from 28 to 60 hr after release into RR). Acrophase was estimated for both the first and second occurrences of acrophase in the
analyzed time series (second and third peaks in the melatonin data).
Phase and period were computed as variance-weighted averages with
associated variance-weighted SEs of the mean. Phase shifts were computed as differences between control and experimental values. SEs for the
shifts took the SEs for the respective phases into account, and statistical
significance was determined using Student’s t test.
Immunocytochemistry. Cells were fixed in their wells in 4% paraformaldehyde on day 3 of culture, washed, blocked in PBS containing 0.5%
Triton X-100 and 3% sheep serum, and incubated overnight with primary antibody at 4°C. For double-labeling experiments, a mouse monoclonal antibody directed against t-ERK (Santa Cruz Biotechnology; cat-
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washed in PBS containing 0.5% Triton X-100
and then incubated with Alexa Fluor 488
against mouse (Molecular Probes, Eugene, OR;
catalog #A11001) and Alexa Fluor 594 against
rabbit (Molecular Probes; catalog #A11012),
each at 1:500. Wells were again washed with
PBS containing 0.5% Triton X-100 and then
examined under the microscope.

Results
PD 98059 reduced levels of p-ERK and
induced light-like phase shifts
PD 98059 is a potent and specific inhibitor
of MAPK kinase 1 (MEK) and prevents it
from phosphorylating and activating
MAPK/ERK (Alessi et al., 1995; Dudley et
al., 1995; Davies et al., 2000). Treatment
with 10 M PD 98059 for 4 hr, between ZT
12 and 16 in RR, reduced levels of p-ERK
by 95% in the experiment shown in Figure
1 A (normalized p-ERK/t-ERK ⫽ 0.05 ⫾
0.01 relative to controls; p ⬍ 0.001). Similar but somewhat weaker effects were obtained in five other experiments with the
same design. Pooled results from the six
experiments gave a ratio of p-ERK to
t-ERK of 24 ⫾ 7% relative to that in controls ( p ⬍ 0.001). PD 98059 did not affect
levels of total ERK (t-ERK) at all (97 ⫾ 3%
of controls) (Fig. 1 B). Levels of t-ERK
from experimental wells remained essenFigure 1. Effects of PD 98059 on ERK and on the melatonin rhythm. A, Exposure to PD 98059 from ZT 12 to 16 reduced levels of tially the same as those from control wells
p-ERK. Chick pineal cells were plated on day 1 and maintained in a cycle of 12 hr white light and 12 hr red light through day 5. They in this and all other experiments.
In samples from chick pineal cells, a
were switched to constant red light before the start of day 6. On day 6, cells in one group of four wells were exposed (in R) to 10 M
PD 98059 for 4 hr, from ZT 12 to 16. Control cells also had their medium changed at ZT 12. Experimental and control cells were single band was detected with either antiharvested at ZT 16 in R, extracted, and subjected to PAGE and immunoblot analysis as described in Materials and Methods. Lane 1 p-ERK (Fig. 1 A) or anti-t-ERK antibodies
contained SeeBlue molecular weight markers; lanes 2– 4 had p-p38, t-ERK, and p-ERK standards, respectively. Lanes 5– 8 con- (Fig. 1 B), which migrated with the 42 kDa
tained an aliquot of the sample from each control well, respectively, and lanes 9 –12 contained an aliquot of the sample from each ERK 2 standard. The ERK 1 isoform was
well exposed to PD 98059. B, PD 98059 did not change levels of t-ERK; same samples and procedure as for p-ERK ( A). Lane 1
visible in the cell extracts used as standards
contained molecular weight markers; lanes 2– 4 had p-p38, t-ERK, and p-ERK standards, respectively. Lanes 5– 8 contained an
for p-p38 but was not detected in the chick
aliquot of the sample from each control well, respectively, and lanes 9 –12 contained an aliquot of the sample from each well
exposed to PD 98059. In contrast to other experiments, this experiment assayed samples of t-ERK on a separate gel rather than pineal cells.
The effect of 10 M PD 98059 on
after stripping the membrane used for p-ERK. C, Exposure to PD 98059 from ZT 12 to 16 evoked a phase advance in the melatonin
rhythm. Chick pineal cells in primary culture were maintained under LR 12:12 through day 5 and then switched to RR. On day 6, p-ERK levels was essentially the same
cells in one group of four wells were exposed (in R) to 10 M PD 98059 for 4 hr, from ZT 12 to 16. Control cells had their media when tested at the opposite phase (ZT
collected and replaced as usual. All cells were in medium containing 14C-tryptophan from day 5 onward. Media were collected (and 0 – 4). The drug reduced normalized
replaced) every 4 hr in RR from the start of day 6 and then assayed for 14C-melatonin as described in Materials and Methods. Solid p-ERK levels to 17 ⫾ 1% of controls ( p ⬍
lines and closed circles represent results from controls, and dotted lines and open circles represent results from cells treated with 0.001). At a somewhat higher concentraPD 98059. Each point is the mean ⫾ SE of data from four wells, shown at time of collection. Bar at the bottom shows the lighting tion, 30 M, there was a similar reduction;
conditions: open intervals were in L, stippled intervals were in R, and the hatched interval indicates when the drug was present.
normalized p-ERK levels were 19 ⫾ 4% of
14
C-tryptophan was used at 0.49 Ci/ml, and blanks (not subtracted) gave 73 ⫾ 2 dpm per well (n ⫽ 12). D, The phase response
controls ( p ⬍ 0.001). The effect of PD
curve for PD 98059 is similar to that for light pulses. Phase shifts evoked by 4 hr pulses of 10 M PD 98059 are plotted against the
time at which the drug was administered. Phase-shift values are shown at the midpoint of the 4 hr treatment intervals. Phase 98059 was rapid and sustained: p-ERK levadvances are depicted, by convention, as positive shifts, and phase delays are depicted as negative shifts. Solid lines and closed els had fallen to 30 ⫾ 2% of controls ( p ⬍
circles represent phase shifts induced by 4 hr pulses of 10 M PD 98059, and dotted lines and open circles represent phase shifts 0.001) after 10 min of treatment with 10
induced by 4 hr pulses of light for comparison [taken from Zatz et al. (1988)]. Each point on the curves represents the phase shift M (data not shown) and stayed down for
determined from a separate experimental group; the PD 98059 point shown at ZT 14 was determined from the results of the at least 4 hr (see above).
experiment shown in C. Other points represent phase shifts determined in similar experiments, but in which the drug was
We tested the effects of 4 hr pulses of
administered at other times. The dark triangle represents the phase shift induced by 30 M PD 98059 at ZT 12–16, and the open PD 98059 on the melatonin rhythm.
triangle denotes the phase shift induced by L in the same experiment. Each point is the mean ⫾ SE of data from four wells.
Treatment of the cells with 10 M PD
98059 from ZT 12–16 induced a phase advance of the melatonin rhythm (Fig. 1C) of
alog #sc-1647) was used at 1:200, and a rabbit polyclonal antibody
⫹2.86
⫾
0.48
hr
(
p
⬍
0.05). Similar results were obtained in two
directed against hydroxyindole-O-methyltransferase (HIOMT), proother experiments. Pooled results from the three experiments
vided by Dr. Pierre Voisin (Laboratoire de Neurobiologie Cellulaire,
Poitier, France), was used at 1:2000 (Voisin et al., 1988). Wells were
gave a phase advance of ⫹2.78 ⫾ 0.34 hr ( p ⬍ 0.05). Light pulses
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at this phase also induce phase advances (Zatz et al., 1988; Takahashi et al., 1989). Indeed, the relationship between the phase
shifts induced and the time of the pulse [plotted in the phase
response curve (PRC)] was very similar for 4 hr pulses of light and
4 hr pulses of PD 98059 (Fig. 1 D). Both perturbations had little or
no effect on subsequent phase when administered in the morning
(ZT 0 – 4), induced increasingly large delays when administered
later in the day (ZT 8 –12), and then switched suddenly to inducing phase advances when given during early night (ZT 12–16).
The phase shifts induced by 10 M PD 98059 were smaller than
those induced by light. A higher concentration of PD 98059 (30
M), however, evoked a phase advance at ZT 12–16 approximately twice the size of that evoked by 10 M (Fig. 1 D). This
phase shift was comparable in magnitude to that evoked by light.
The marked increase in the size of the phase shift evoked by 30 M
PD 98059 as compared with 10 M did not correspond to a
marked increase in the effect of the drug on levels of p-ERK (see
above). Light pulses also induce an acute decrease in melatonin
secretion. PD 98059 did not have any appreciable acute effect on
melatonin output (Fig. 1C).
U0126 reduced levels of p-ERK but did not induce
phase shifts
U0126 is another inhibitor of MEK, mechanistically similar to PD
98059 but more potent in blocking activation of ERK (Favata et
al., 1998). In our hands, exposure of cells to 10 M U0126 between ZT 12 and 16 (Fig. 2 A) reduced p-ERK to virtually undetectable levels (normalized p-ERK/t-ERK ratio 0.02 ⫾ 0.004; p ⬍
0.001). The same result was obtained in three other experiments
using the same design. Pooled results from the four experiments
gave a ratio of p-ERK to t-ERK of 1 ⫾ 1% relative to that in
controls ( p ⬍ 0.001). Complete blockade was also observed
when the drug was tested at the opposite phase (ZT 0 – 4). The
effect of 10 M U0126 was also rapid and sustained; p-ERK levels
fell to 5 ⫾ 1% of controls ( p ⬍ 0.001) after 10 min treatment and
remained undetectable for at least 4 hr (see above). U0126, like
PD 98059, did not change levels of t-ERK.
We tested the effects of 4 hr pulses of 10 M U0126 on the
melatonin rhythm. In contrast to PD 98059, U0126 from ZT
12–16 induced no phase shift in the melatonin rhythm (Fig. 2 B)
(phase shift ⫽ ⫹0.76 ⫾ 0.75 hr). Similar results were obtained in
three other experiments (pooled results from the four experiments: ⫹0.81 ⫾ 0.33 hr). Nor did treatment with U0126 induce
phase shifts at other phases. Pooled results from three experiments with 10 M U0126 at ZT 0 – 4 gave a phase shift of ⫺0.19 ⫾
0.45 hr, and from two experiments at ZT 8 –12 gave ⫹0.10 ⫾ 0.53
hr. Treatment with U0126, like treatment with PD 98059, had no
acute effect on melatonin production.
SB203580 reduced levels of p-ERK and induced dark-like
phase shifts
SB203580 is a putatively specific inhibitor of the activity of p38
kinases (not of their phosphorylation), which are parallel members of the MAPK superfamily and are activated by cellular stressors (Cuenda et al., 1995). We tested three different concentrations of SB203580 for effects on p-ERK levels (Fig. 3A). At 10 M
SB 203580, 4 hr pulses at ZT 0 – 4 had a small effect (normalized
p-ERK/t-ERK ratio ⫽ 0.87 ⫾ 0.03; p ⬍ 0.05). Strong reductions
were seen, however, at higher concentrations. At 30 M, SB
203580 reduced the ratio to 0.53 ⫾ 0.06 ( p ⬍ 0.001) and at 100
M, SB 203580 reduced the ratio to 0.09 ⫾ 0.01 ( p ⬍ 0.001). A
similar effect and concentration dependence were observed when

Figure 2. Effects of U0126 on ERK and on the melatonin rhythm. A, Exposure to U0126 from
ZT 12 to 16 reduced levels of p-ERK; experimental design and procedures as in Figure 1 A. Lanes
1– 4 (data not shown) contained molecular weight markers and standards. Lanes 5– 8 contained samples from the control group, and lanes 9 –12 contained samples from the group
exposed to U0126 (10 M) from ZT 12 to 16. Each sample is from a separate well (n ⫽ 4 wells per
group) collected at ZT 16. B, Exposure to U0126 from ZT 12 to 16 did not evoke a phase advance
in the melatonin rhythm; experimental design and procedures as in Figure 1C. One group of cells
was exposed to U0126 (10 M) from ZT 12 to 16. Solid lines and closed circles represent results
from controls, and dotted lines and open circles represent results from cells treated with U0126.
Each point is the mean ⫾ SE of data from four wells, shown at time of collection. Medium
contained 0.48 Ci/ml 14C-tryptophan, and blanks (not subtracted) were 103 ⫾ 3 dpm per
well (n ⫽ 12).

the drug was tested at the opposite phase (ZT 12–16; data not
shown).
We compared the concentration dependence of the effects of
SB 203580 on p-ERK levels with that of its effects on the melatonin rhythm (Fig. 3A). At 1 M, SB 203580 evoked no visible phase
shift (⫺0.31 ⫾ 0.89 hr). At 10 M, it induced a significant phase
delay (⫺3.86 ⫾ 0.83 hr; p ⬍ 0.05), despite a relatively modest
reduction in p-ERK levels. It should be noted, however, that
phase delays evoked at ZT 0 – 4 are characteristic of dark pulses,
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interval (ZT 4 – 8) that then decrease to little or no effect in the evening (ZT 12–16)
and finally become increasing delays to the
next morning.
It can be seen from a comparison of
Figures 1 D (the light-like PRC) and 3C
(the dark-like PRC) that by testing perturbations at the two phases ZT 0 – 4 and ZT
12–16 we could infer whether agents were
likely to have light-like, dark-like, or no
effects on subsequent phase. PD 98059 reduced p-ERK levels and had light-like
phase shifting effects. At 100 M, SB
203580 reduced p-ERK levels at least as
much as did PD 98059, yet this reduction
did not interfere with, or reverse, its darklike phase-shifting effects.
Chicken serum increased levels of
p-ERK but did not induce phase shifts
All of the agents tested above reduced the
levels of activated ERK. Serum is one agent
known to increase the levels of p-ERK in
some systems (Mitra et al., 1993; Troppmair et al., 1994). Addition of equal volumes of chicken serum to the standard
medium (i.e., 50% chicken serum) also increased levels of p-ERK in the chick pineal
cells (Fig. 4 A). Normalized p-ERK/t-ERK
ratios were 188 ⫾ 6% of controls ( p ⬍
0.001) after 4 hr treatment from ZT 0 to 4.
Similar results were obtained using 20%
chicken serum at ZT 0 – 4 or 50% chicken
serum at the opposite phase (ZT 12–16) or
50% horse serum at ZT 12–16 (150 –174%
Figure 3. Effects of SB 203580 on ERK and on the melatonin rhythm. A, Comparison of concentration dependence of effects of of controls; all p ⬍ 0.001). The effect of
SB 203580 on p-ERK and on the melatonin rhythm. Several concentrations of SB 203580 were tested for effects on p-ERK levels 50% chicken serum was fast and sustained;
and, in separate experiments, on the melatonin rhythm. Designs were similar to those used for Figure 1, A and C, respectively, the increase after 15 min (179 ⫾ 5% of
except that drug exposure occurred from ZT 0 to 4. Solid lines and closed circles represent phase shifts, and dotted lines and open controls; p ⬍ 0.001) was similar to that after
circles represent relative levels of p-ERK. Means ⫾ SE are shown; SEs for p-ERK fell within the points drawn. Decreasing (more 4 hr. t-ERK levels remained unchanged.
negative) values for phase shifts indicate phase delays of increasing magnitude. Decreasing values for p-ERK indicate greater
We tested the effects of 4 hr pulses of
reduction in relative p-ERK levels. B, Exposure to SB 203580 from ZT 0 to 4 evoked a phase delay in the melatonin rhythm. serum on the melatonin rhythm. TreatExperimental design is as in Figure 1C, except for the time of drug treatment. One group of cells was exposed to 100 M SB 203580 ment of the cells with 50% chicken serum
from ZT 0 to 4. Solid lines and closed circles represent results from controls, and dotted lines and open circles represent results from
from ZT 0 to 4 induced no dark-like phase
cells treated with SB 203580. Each point is the mean ⫾ SE of data from four wells, shown at time of collection. Medium contained
delay in the experiment shown in Figure
14
0.50 Ci/ml C-tryptophan, and blanks (not subtracted) were 124 ⫾ 4 dpm per well (n ⫽ 12). C, The phase response curve for
SB 203580 is similar to that for dark pulses. Phase shifts evoked by 4 hr pulses of 100 M SB 203580 (solid lines and closed circles) 4 B (phase shift ⫽ ⫺0.65 ⫾ 0.67 hr) or in
are plotted against the time at which the drug was administered. Derivation is as in Figure 1 D. Dotted lines and open circles another with the same design (phase
represent phase shifts induced by dark pulses for comparison [taken from Zatz et al. (1988)]. Phase advances are depicted as shift ⫽ ⫹0.10 ⫾ 0.64 hr). Nor was there a
positive shifts, and phase delays are depicted as negative shifts. Each point represents the phase shift determined from a separate light-like phase advance when cells were
experimental group in an experiment similar to that shown in B but with the drug added at different times. Each point is the exposed to 50% chicken serum from ZT 12
mean ⫾ SE of data from four wells.
to 16 (two experiments; phase shift ⫽
⫹0.28 ⫾ 0.48 hr). Treatment of the cells
not light pulses. At 100 M, SB 203580 induced a large dark-like
with 50% horse serum and 20% chicken serum, respectively, also
phase delay of ⫺8.69 ⫾ 0.97 hr ( p ⬍ 0.001), even though norhad no effect on subsequent phase.
malized p-ERK/t-ERK ratios were markedly reduced (Fig. 3A).
Data from another experiment with the same design are shown in
High osmolarity and caffeine induced light-like phase shifts
Figure 3B, with a phase delay of ⫺6.89 ⫾ 0.09 hr ( p ⬍ 0.001).
but had different effects on p-ERK
Like the other drugs tested, SB 203580 had little acute effect on
We tested two perturbations that are known to induce light-like
melatonin secretion (Fig. 3B).
phase shifts in the melatonin rhythm, high concentrations of
We compared the PRC for 4 hr dark pulses with the PRC for 4
caffeine (Zatz and Heath, 1995) and high osmolarity (Zatz and
hr pulses of 100 M SB 203580 (Fig. 3C). They are indistinguishWang, 1991), for their effects on p-ERK levels. Treatment of cells
able. Maximal phase delays are induced in the morning (ZT 0 – 4)
with caffeine (5 mM) at ZT 12–16 did reduce levels of p-ERK
(normalized p-ERK/t-ERK ratios from two experiments were
and then switch suddenly to maximal phase advances in the next
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gence of the entrainment pathways for these agents with that for
light, their interactions with ERK were not pursued further, nor
were those of other perturbations known to induce phase shifts in
the melatonin rhythm.

Figure 4. Effects of chicken serum on ERK and on the melatonin rhythm. A, Exposure to 50%
chicken serum from ZT 0 to 4 increased levels of p-ERK. Experimental design is as in Figure 3A,
with one group exposed to 50% chicken serum from ZT 0 to 4. Lanes 1– 4 (data not shown)
contained molecular weight markers and standards. Lanes 5– 8 contained samples from the
control group, and lanes 9 –12 contained samples from the group exposed to serum. Each
sample is from a separate well (n ⫽ 4 wells per group) collected at ZT 4. B, Exposure to 50%
chicken serum from ZT 0 to 4 did not induce phase shifts in the melatonin rhythm. Experimental
design is as in Figure 3B, with one group exposed to 50% chicken serum from ZT 0 to 4. Solid
lines and closed circles represent results from controls, and dotted lines and open circles represent results from cells treated with serum. Each point is the mean ⫾ SE of data from four wells,
shown at time of collection. Medium contained 0.49 Ci/ml 14C-tryptophan, except during
exposure to the serum. Consequently, there was a marked reduction in apparent 14C-melatonin
output during the serum pulse on day 6 (the first point shown). Apparent melatonin output
recovered in the next interval when the “normal” 14C-tryptophan was restored. Blanks (not
subtracted) were 85 ⫾ 4 dpm per well (n ⫽ 12).

0.56 ⫾ 0.06; p ⬍ 0.01) although not as much as did 10 M PD
98059 or U0126. Addition of 50 mM NaCl at ZT 12–16, however,
did not affect levels of p-ERK (normalized p-ERK/t-ERK ratios
from two experiments were 0.96 ⫾ 0.05). Thus, changes in
p-ERK cannot be considered necessary for, or characteristic of,
light-like phase shifts. Absent a hypothesis for the site of conver-

Medium exchange transiently increased levels of p-ERK but
its omission did not induce phase shifts
Most of the p-ERK experiments reported above used 4 hr time
points. It mattered little whether p-ERK values were compared
with zero time controls or controls whose medium had been
changed 4 hr earlier, because values for these different controls
were essentially the same. Pooled results from four experiments
gave 1.09 ⫾ 0.03 for the 4 hr/zero time ratio. It also did not matter
when short-term effects of perturbations were tested at a single
time point, because control groups always had their medium
changed at the same time as the experimental groups and were
harvested after the same interval. When we started doing time
courses, however, e.g., for light pulses, we noted grossly inconsistent values in the normalized data from experiment to experiment, which we ultimately traced to differences in the interval
between medium change and harvest of the experimental groups
and controls. On testing the effects of medium change alone, we
noted a rapid, marked, and transient increase in the levels of
p-ERK relative to “zero time” controls, whose medium was not
changed (Fig. 5A). Relative p-ERK levels rose rapidly, in ⬃5 min,
to a peak that was almost sixfold that of controls (normalized
p-ERK/t-ERK ⫽ 5.91 ⫾ 0.04; p ⬍ 0.001) and then declined back
toward control values, reaching them within 3 hr (normalized
p-ERK/t-ERK ⫽ 1.07 ⫾ 0.05). Thus, values for short times after
intentional perturbations could not all be compared with a single
control. We considered whether these effects of medium change
were based on differences in pH, temperature, nutrients, etc., in
the fresh medium that was added relative to the “spent” medium
that was removed. Attempts to isolate these variables (compared
with no change in medium) all gave similar, positive results. Finally, we simply removed the “spent” medium and put it back
again and still got the same increase as with fresh medium (data
not shown). Evidently the mechanical agitation of ordinary medium exchange is sufficient to raise p-ERK levels.
Our protocol for monitoring the rhythm of melatonin release
requires collecting and replacing the radioactive medium every 4
hr. The increase in relative p-ERK levels after medium change
alone provides a novel perturbation with which to test the effects
of lowering p-ERK levels on the melatonin rhythm. By not changing the medium at a certain time, the ensuing increase would not
occur. Indeed, relative to the normal procedure of collecting and
replacing the medium, omitting the medium change results in a
rapid, marked, and transient decrease in p-ERK levels (Fig. 5A,
inset). In contrast to the effects of the previous perturbations
tested, the relative decrease, in the cells with no medium change, is
transient: greatest in the first minutes and almost over within 1 hr.
We tested the effects of omitting the normal medium change
on the melatonin rhythm (Fig. 5B). Omitting the medium change
at ZT 12 induced no phase shift in the melatonin rhythm (phase
shift ⫽ ⫹0.01 ⫾ 0.68 hr). Similar results were obtained in another experiment (⫺0.23 ⫾ 0.67 hr). Omitting the normal medium change at ZT 0 also had no effect on subsequent phase
(⫺0.08 ⫾ 0.59 hr).
Light did not change levels of p-ERK but did induce
duration-dependent phase shifts
We then asked whether exposure to white light changes levels of
p-ERK in these cells (Fig. 6 A). Matched controls were used to
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Figure 6. Effects of light pulse duration on ERK and on the melatonin rhythm. A, Exposure to
light did not change levels of p-ERK. Cells were maintained under LR 12:12 for 5 d and switched
to RR on day 6. Experimental groups were exposed to 5, 10, 20, 40, 60, 120, and 180 min of light
pulses, all ending near ZT 16 (n ⫽ 4 for each time point). Medium was changed immediately
preceding the light pulse for all of the groups. Matched control groups (n ⫽ 4 for each time
point) had only their medium changed and were also harvested near ZT 16. Membranes were
probed for p-ERK and then stripped and reprobed for t-ERK as described in Materials and Methods. B, Magnitudes of phase shifts increase with duration of light exposure with no change in
p-ERK levels. Cells were maintained under LR 12:12 for 5 d and switched to RR on day 6.
Experimental groups were exposed to 1, 2, or 3 hr of L ending at ZT 16. Normalized p-ERK levels
(taken from the experiment shown in A) and phase shifts of the melatonin rhythm were determined in separate experiments. p-ERK (left ordinate) values are shown as open circles and
dotted line. Phase shifts (right ordinate) are shown as closed circles and solid line.
Figure 5. Effects of medium change on ERK and on the melatonin rhythm. A, Medium
change strongly, but transiently, increased levels of p-ERK. Cells were maintained under LR
12:12 through day 5 and then switched to RR. Between ZT 13 and 16, different groups had their
medium changed, i.e., replaced with fresh medium, at different times. Groups of cells were then
harvested 5, 10, 20, 40, 60, 120, and 180 min after their medium change, all close to ZT 16. The
control group did not have its medium changed and was also harvested at ZT 16. Each point is
the mean ⫾ SE of data from four wells. Note that medium change caused a rapid, marked, and
transient increase in p-ERK levels relative to cells whose medium was not changed. Inset, p-ERK
values for the same experiment using reversed ratios, i.e., the groups with medium change here
being treated as the controls. Reciprocal values of those shown in A are plotted. Note that cells
with medium that was not changed showed a rapid, marked, and transient decrease in p-ERK
levels relative to cells whose medium was changed. This provides the basis for the experiment
shown in B. B, Omitting the medium change at ZT 12 did not evoke a phase advance in the
melatonin rhythm. Experimental design is similar to that in Figure 1C, except that the perturbation at ZT 12 was omission of the usual medium change. Consequently, there

examine the effects of both short (5, 10, 20, and 40 min) and long
exposures (1, 2, and 3 hr) to light. Separate control groups were
used for each duration; their medium was changed and they were
harvested at the same times as the experimental groups exposed
to light. Medium changes were used to compare the effects of
4
was an 8 hr interval between medium changes in this group; melatonin output from ZT 8 to 12
was collected together with the melatonin output from ZT 12 to 16. Half the value obtained is
shown at ZT 12, and the other half is shown at ZT 16. Solid lines and closed circles represent
results from controls, and dotted lines and open circles represent results from cells with no
medium change (No MC) at ZT 12. Medium contained 0.49 Ci/ml 14C-tryptophan, and blanks
(not subtracted) were 103 ⫾ 5 dpm per well (n ⫽ 12).
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Figure 7. Is there a diurnal rhythm in levels of p-ERK? Cells were maintained as usual in LR
12:12 in two different incubators with opposite phases. On day 6, groups were harvested at ZT
2 and 14 (morning and evening) from the two incubators, in L and R, respectively, without a
medium change. Other groups underwent a last medium change at these times. They were then
harvested at ZT 6 and 10 in L from one incubator and at ZT 18 and 22 in R from the other. Thus,
all points were harvested at least 4 hr from the last medium change. In one experiment, an
additional point was collected at the second ZT 2 to control for possible differences between
incubators. Membranes were probed for p-ERK and then stripped and reprobed for t-ERK as
described in Materials and Methods. Aliquots of samples from ZT 18 (midnight) were included in
every gel, and all other values were normalized to them. Open triangles, open diamonds, and
open circles represent values from three separate experiments, each using four wells, for each
point. Closed circles and solid line represent the means of the three experiments.

drugs with those of light in the same or similar experiments.
Neither short exposure to light nor long exposure to light consistently altered normalized levels of p-ERK relative to controls (Fig.
6 A). Additional experiments with short (20 min) and long (4 hr)
light pulses (starting at ZT 17) confirmed the lack of effect (five
experiments with short pulses gave 1.01 ⫾ 0.01, and two experiments with long pulses gave 1.03 ⫾ 0.14).
We also examined the relationship between duration of light
exposure and the magnitude of the phase shifts induced. The
magnitude of phase shifts increased linearly with increasing duration of light exposure (Fig. 6 B). Light pulses of 1, 2, and 3 hr, all
ending at ZT 16, induced phase advances of ⫹1.6 ⫾ 0.7, ⫹3.52 ⫾
0.71, and ⫹5.34 ⫾ 0.7 hr, respectively. In contrast, light pulses of
the same durations, at the same phase, did not have an increasing
effect on levels of p-ERK. Indeed, they had little effect at all (Fig.
6 A, B). After light pulses of 1, 2, and 3 hr, normalized p-ERK/tERK ratios were 1.0 ⫾ 0.09, 1.18 ⫾ 0.05, and 1.04 ⫾ 0.12,
respectively.
We then examined the relative levels of p-ERK at different
times of day, in an LR cycle, in three separate experiments (Fig.
7). There was no apparent diurnal cycle in the normalized
p-ERK/t-ERK ratios, nor was there a difference between p-ERK
levels in cells exposed to 6 or 10 hr L or to 6 or 10 hr R. Absent a
rhythm in LR, we did not test for rhythmicity in RR.
Distribution of ERK and HIOMT in cultured pineal cells
One possible explanation for the absence of any meaningful response of p-ERK to light is that the fibroblasts or other nonpine-
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Figure 8. Distribution of HIOMT and ERK among cultured pineal cells. Cells were plated and
initially maintained as usual. After ⬃45 hr in culture, however, they were fixed at ZT 12 and
analyzed by immunocytochemistry as described in Materials and Methods. A, Phase-contrast
image of a field of pineal cells at 20⫻ magnification. Pinealocytes aggregate and form clumps
(as seen in the middle of the field) on top of a feeder layer of fibroblasts. At this time after
plating, individual pinealocytes and fibroblasts can still be seen, as can relatively small clumps
(compared with those in mature cultures) of putative pinealocytes and incipient clumps on
fibroblasts. The arrows are the same in each panel. Topmost arrow points toward an incipient
pinealocyte clump. Middle arrow points to a few individual pinealocytes clumped together.
Lowest arrow points to an individual fibroblast. Scale bar, 50 m. B, Same field showing cells
immunolabeled for the pinealocyte marker HIOMT. Melatonin-producing cells are red; fibroblasts are not visible. C, Same field showing cells immunolabeled for ERK. All cells in the field are
green and contain ERK. D, Overlay showing double-labeled cells (seen in yellow).

alocytes in the cultures (there are a few erythrocytes and glial cells
also present) are so predominant as to obscure any response from
the pinealocytes. If 90% of the cells were nonpinealocytes, for
example, then a photoinduced 50% reduction of p-ERK levels
restricted to the pinealocytes would not have been visible. Alternatively, if 75% of the cells were pinealocytes, then a rhythm with
an amplitude of 20% would not have been visible. We could not
determine the precise ratio of pinealocytes to nonpinealocytes in
mature cultures (day 6). There, the putative pinealocytes sit on
confluent fibroblasts in large clumps containing thousands of
cells that are macroscopically visible, often 1 mm in diameter
(Zatz et al., 1988). Such clumps interfere with antibody access
and immunocytochemical procedures, and make it difficult to
disperse all the cells in a well and recover them intact, undisturbed, and in the original proportions. Consequently, we examined younger cultures, ⬃45 hr after plating (day 3), when the
fibroblasts had not yet achieved full confluence and clumping of
pinealocytes had only begun. There were still many single pinealocytes, or clumps with small numbers of pinealocytes, visible,
often sitting on fibroblasts (Fig. 8a). The proportion of pinealocytes to nonpinealocytes in these cultures is much smaller than in
mature cultures, because the cells are still multiplying, and the
number of pinealocytes in the small clumps is only a small fraction of the number that are present later in the very large clumps.
Pinealocytes, by definition, make melatonin and contain the
organotypic enzyme HIOMT. They can be identified (Voisin et
al., 1988) by their specific immunoreactivity to anti-HIOMT antibody (Fig. 8b). By visual estimates, more than half the cells were
positive for HIOMT on day 3. All of the cells, however, were
positive for ERK (Fig. 8c). All of HIOMT-containing cells also
contained ERK (Fig. 8d). Control experiments omitting either of
the primary or secondary antibodies showed no significant back-
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ground staining. The thousands of cells per clump, and the many
clumps, in the mature cultures (day 6), however, are likely to
result in the pinealocytes being the predominant cell type there.

Discussion
We first sought a correlation between the ability of PD 98059 and
U0126, two well known inhibitors of MAPK/ERK activation
(Alessi et al., 1995; Favata et al., 1998; Davies et al., 2000), to
reduce p-ERK levels and induce phase shifts in the melatonin
rhythm. Both drugs markedly reduced levels of p-ERK (Figs. 1 A,
2 A). The less potent drug, PD 98059 (Alessi et al., 1995; Dudley et
al., 1995; Favata et al., 1998), did induce light-like phase shifts at
reasonable concentrations (⬃10⫻ reported IC50) (Figs. 1C,D),
supporting (indeed, generating) the hypothesis that a reduction
in ERK activity is sufficient for photoentrainment. The more
potent drug, U0126 (Favata et al., 1998), was expected to confirm
the result and strengthen the hypothesis. Instead, U0126 markedly reduced p-ERK levels with no induction of phase shifts (Fig.
2 B) even at ⬃100⫻ reported IC50, thereby putting the hypothesis
into question.
The p-p38 inhibitor, SB203580 (Cuenda et al., 1995), should
have had no effect on the phase of the melatonin rhythm or on
p-ERK levels. Instead, it induced dark-like phase shifts at concentrations (⬃20⫻ reported IC50) that would be expected to markedly inhibit p-p38 activity without much effect on p-ERK levels
(Fig. 3A). Xenopus retina apparently shows similar effects (Hasegawa et al., 1999). At still higher concentrations of SB203580
(⬃200⫻ reported IC50), where specificity is likely to be lost, the
drug induced very strong dark-like phase shifts and markedly
reduced p-ERK levels (Figs. 3 B, C). This reduction in p-ERK levels, comparable to those seen with PD 98059 and U0126, was not
sufficient, however, to induce light-like phase shifts or reduce the
magnitude of the dark-like phase shifts induced by the drug.
Thus, results with the p-p38 inhibitor, SB203580, further undermine the hypothesis that reductions in ERK activation induce
light-like phase shifts. The ability of SB203580 to induce dark-like
phase shifts might encourage the alternate hypothesis that
changes in p-p38 activity are involved in photoentrainment, as
has been suggested (Hayashi et al., 2003). However, the likely loss
of specificity (Hasegawa and Cahill, 2000) at the high concentrations that gave the strongest effects, and our experiences here
with agents that change p-ERK levels, indicate that this hypothesis too should be approached with caution.
The hypothesis tested requires that perturbations that markedly reduce p-ERK levels induce light-like phase shifts. We found
five perturbations that reduced p-ERK levels. Of these, two induced light-like phase shifts (PD 98059 and caffeine), one induced dark-like phase shifts (SB203580), and two did not induce
phase shifts at all (U0126 and omitting the medium exchange). In
the other direction, perturbations that increase p-ERK levels
should induce dark-like phase shifts. Despite the clear increases
in p-ERK levels after addition of high concentrations of serum,
dark-like phase shifts, indeed, phase shifts of any kind, did not
occur (Fig. 4). Taken together, these results argue strongly against
the hypothesis that reduction (or increases) in p-ERK levels are
necessary or sufficient for phase shifts. It should be noted that
these are not negative results or “failures to find.” Instead, combinations of positive results were found that, taken together, belie
the requirements and predictions of the hypothesis tested (Zatz,
2002).
We found no significant changes in p-ERK levels in response
to light pulses that are effective in inducing phase shifts (Fig. 6).
Neither did we find a diurnal rhythm in p-ERK levels (Fig. 7).
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Our results and interpretations differ from those of two other
groups. In mice, light pulses in vivo were reported to increase
levels of p-ERK in the suprachiasmatic nucleus (Obrietan et al.,
1998), and pretreatment with U0126 reduced the magnitude of
light-induced phase shifts of the rhythm in locomotor activity
(Butcher et al., 2002). It is difficult to assess the relevance of these
results, however, because the complexity of the circuitry and interactions of the neurons in the suprachiasmatic nucleus make its
clock far more promiscuously responsive to stimulation by various neurotransmitters, peptides, and transduction pathways
(Gillette and Mitchell, 2002) than is the chick pineal. Of greater
relevance are the results and interpretations from another group
(Sanada et al., 2000; Hayashi et al., 2001) who reported a rapid
and transient decrease in activated MAPK/ERK in chick pineal
glands in response to light. These changes are in the opposite
direction from those reported in mouse brain. The authors suggested that such decreases mediate photoentrainment, essentially
the hypothesis tested here.
We do not know the basis for the differences in our results and
those of Sanada et al. (2000) and Hayashi et al. (2001). There
were, however, a number of differences in experimental design
and methodology. We used dispersed cultured cells exclusively.
They used whole glands, either ex vivo or in culture. Consequently, harvest procedures differed. We stopped ongoing processes almost instantaneously by adding Laemmli buffer, whereas
they had first to dissect out glands in dim red light or in white
light before pooling and homogenizing them. We do not know
whether the rapid changes in p-ERK levels that we observed in
response to mechanical agitation (Fig. 5A) are relevant to the
differences in results. Sanada et al. (2000) immunoprecipitated
pineal homogenates with an antibody that recognizes t-ERK and
then ran the samples on gels and probed using an antiphosphotyrosine antibody, whereas Hayashi et al. (2001) immunoblotted pineal homogenates directly and used a primary antibody against p-ERK. We always treated cells directly with
Laemmli buffer, ran the samples, and detected p-ERK by immunoblot using primary antibody against p-ERK.
It is notable that the reductions in activated MAPK/ERK reported by Sanada et al. (2000) and Hayashi et al. (2001) were
transient: maximal in ⬃0.5 hr and essentially gone in 1 hr. Our
experiments demonstrated that the size of the phase shift induced
by light increases linearly as the duration of the light pulse increases from 1 to 2 to 3 hr (Fig. 6 B). Consequently, the level of an
activated transducer would not be expected to return to baseline
in 1 hr, yet somehow mediate a continuing, linear increase in the
magnitude of the downstream effect for an additional 2 hr. A time
course more like that for the response of p-ERK levels to PD
98059 would be expected. At concentrations that induced phase
shifts smaller than, or comparable with, those induced by light
pulses, PD 98059 caused a marked, rapid, and sustained reduction in p-ERK levels. Only one of our perturbations, in effect,
reduced p-ERK levels transiently: omitting the usual replacement
of spent with fresh medium. This perturbation did not induce
phase shifts in the melatonin rhythm (Fig. 5B). Thus, a transient
reduction in levels of activated MAPK/ERK similar to that reported, but achieved in a different way, was not able to phase shift
the circadian clock. Moreover, effects of mere medium change
emphasize the importance of comprehensive controls for, and
cautious interpretation of, changes in MAPK/ERK.
Our exclusive use of dispersed cell cultures might provide an
explanation for the absence of a light effect on levels of activated
MAPK/ERK in our experiments, as compared with those of
Sanada et al. (2000) and Hayashi et al. (2001). It could be postu-
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lated that, in contrast to whole glands, the population of cells in
our wells consists predominantly of fibroblasts or other nonpinealocytes or nonphotosensitive cells. Because these cells would
then provide the bulk of the p-ERK in the wells and would not be
expected to respond to light, p-ERK levels in the well as a whole
might not change much despite their significantly reduced levels
in the photosensitive pinealocytes. This explanation is belied,
however, by our results from immunocytochemistry (Fig. 8),
taken together with the known changes in organization and cell
ratios with time in culture (Zatz et al., 1988). These results indicate that the proportion of pinealocytes was sufficiently high to
provide a reliably measurable effect on the p-ERK levels of the
wells if their p-ERK levels had changed significantly. The same is
true for detection of a sizable diurnal rhythm. That a lightinduced change in p-ERK levels was present in pinealocytes but
obscured by the high levels of p-ERK in nonpinealocytes seems
unlikely.
Furthermore, in addition to the postulate of obscured signal
in response to light, it would be necessary, to maintain the hypothesis that changes in p-ERK levels are necessary and sufficient
for photoentrainment, to postulate additional properties of the
system: that both nonpinealocytes and pinealocytes are sensitive
to PD 98059, but that pinealocytes are selectively refractory to the
effects of U0126 on p-ERK and the melatonin rhythm; that, despite this refractoriness, there is still no detectable p-ERK signal
from pinealocytes when U0126 reduces p-ERK levels from the
other cell types in the well to undetectable levels; that the pinealocytes are sensitive to the effects of SB203580 on p-p38, but that
only the nonpinealocytes carry the effect on p-ERK; that the transient effects of medium change are selectively expressed by nonpinealocytes but would induce phase shifts if they were expressed
by pinealocytes; and that the increases in p-ERK levels induced by
serum are selectively expressed by nonpinealocytes but would
induce phase shifts if they were expressed by pinealocytes. That all
these post hoc properties of the system would hold seems far
fetched.
In conclusion, we have tested the requirements and predictions of the hypothesis that decreases (or increases) in levels of
activated MAPK/ERK are necessary and/or sufficient for entrainment of chick pineal cells in culture. The weight of the evidence
strongly favors the conclusion that they are not. However, we
have not addressed or ruled out other hypotheses, even related
hypotheses, especially in other systems. In addition to the possibility of a role for MAPK/ERK or related pathways in entrainment of the circadian clocks in the suprachiasmatic nucleus, there
is evidence suggesting roles for MAPK/ERK in clock-controlled
output pathways in chick retinal cones (Ko et al., 2001) and fly
brains (Williams et al., 2001). The ubiquity, the many variants,
the complexity, and the ready responsiveness of MAPK/ERK and
related systems, however, make it advisable to use caution in the
attribution of specific physiologic roles to one of these pathways.
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