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Light Stimulates MSK1 Activation in the
Suprachiasmatic Nucleus via a PACAP-ERK/MAP

Kinase-Dependent Mechanism

Greg Q. Butcher, Boyoung Lee, Hai-Ying M. Cheng, and Karl Obrietan
Department of Neuroscience, Ohio State University, Columbus, Ohio 43210

Signaling via the p42/44 mitogen-activated protein kinase (MAPK) pathway has been shown to be a key intracellular signaling event that
couples light to entrainment of the mammalian circadian clock located in the suprachiasmatic nucleus (SCN). Because many of the
physiological effects of the MAPK pathway are mediated by extracellular signal-regulated kinase (ERK)-regulated kinases, it was of
interest to identify kinase targets of ERK in the SCN. In this study, we examined whether mitogen- and stress-activated protein kinase 1
(MSK1) is a downstream target of ERK in the SCN and whether it couples to clock gene expression. Here we show that photic stimulation
during the subjective night stimulates MSK1 phosphorylation at serine 360, an event required for robust kinase activation. Activated ERK
and MSK1 were colocalized in SCN cell nuclei after photic stimulation. The in vivo administration of the MAP kinase kinase 1/2 inhibitor
U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto) butadiene] attenuated MSK1 phosphorylation. MSK1 phosphoryla-
tion was more responsive to late-night than early-night photic stimulation, indicating that MSK1 may differentially contribute to light-
induced phase advancing and phase delaying of the clock. The potential connection between pituitary adenylate cyclase-activating
polypeptide (PACAP) (a regulator of clock entrainment) and MSK1 phosphorylation was examined. PACAP infusion stimulated MSK1
phosphorylation, whereas PACAP receptor antagonist infusion attenuated light-induced MSK1 phosphorylation in the SCN. In reporter
gene assays, MSK1 was shown to couple to mPeriodl via a cAMP response element-binding protein-dependent mechanism. Together,
these data identify MSK1 as both a downstream target of the MAPK cascade within the SCN and a regulator of clock gene expression.
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Introduction

In mammals, the dominant circadian pacemaker is located in the
suprachiasmatic nucleus (SCN) of the hypothalamus. Its inher-
ent timekeeping ability is derived from a discrete set of genes
whose protein products form positive and negative limbs of a
rhythmic transcriptional/translational feedback loop (for review,
see Reppert and Weaver, 2001; Albrecht, 2002). Light is thought
to entrain the clock by altering the expression of clock genes and,
in turn, resetting the clock feedback loop (for review, see Meijer
and Schwartz, 2003). For example, photic stimulation during the
night triggers the expression of the core clock genes mPerl and
mPer2 (Albrecht et al., 1997; Shigeyoshi et al., 1997), and the
disruption of Per expression blocks the phase-shifting effects of
light (Akiyama et al., 1999; Albrecht et al., 2001).

Photic information is relayed from the retina to the SCN via
the retinohypothalamic tract (RHT), a branch of the optic nerve.
The melanopsin expressing retinal ganglion cells that form the
RHT secrete both glutamate and pituitary adenylate cyclase-
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activating polypeptide (PACAP) onto SCN cells (Hannibal et al.,
2000, 2002; Gooley et al., 2001). The necessary role of glutamate
as a signaling intermediate coupling light to clock entrainment
has been well documented. For example, ionotropic glutamate
receptor antagonist infusion into the SCN blocks light-induced
phase shifts (Colwell et al., 1991). PACAP has been shown to be a
potent and complex regulator of circadian clock entrainment
(Hannibal et al., 1997; Harrington et al., 1999; Kawaguchi et al.,
2003; Colwell et al., 2004). Interestingly, PACAP appears to func-
tion as an effector of multiple signaling pathways and augments
the excitatory effects of glutamate on SCN cells (Chen et al., 1999;
Harrington et al., 1999; Kopp et al., 2001; Dziema and Obrietan,
2002).

Although the precise set of cellular signaling events that cou-
ple glutamate and PACAP to clock entrainment has not been
determined, both transmitters have been shown to stimulate ac-
tivation of the p42/44 mitogen-activated protein kinase (MAPK)
pathway (Barrie et al., 1997; Dziema and Obrietan, 2002). The
MAPK pathway consists of three kinases: Raf, MAP kinase kinase
(MEK), and extracellular signal-regulated kinase (ERK). During
activation, ERK phosphorylates a number of cytosolic substrates
and, depending on the strength of the stimulus, translocates to
the nucleus and facilitates transcription activation (for review,
see Cobb, 1999; Pearson et al., 2001; Roux and Blenis, 2004). In
the SCN, light stimulates robust, phase-dependent, MAPK path-
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way activation (Obrietan et al., 1998; Butcher et al., 2003), and
the disruption of light-induced MAPK activation blocks clock
entrainment (Butcher et al., 2002).

The mechanism by which the MAPK cascade elicits
transcription-dependent clock entrainment likely involves stim-
ulation of a number of ERK-regulated kinases. Along these lines,
we reported recently that light triggers activation of the ribosomal
S6 family of kinases (RSKs) in the SCN (Butcher et al., 2004).
RSKs function as central effectors of the MAPK cascade, stimu-
lating transcription factor activation and altering chromatin
structure. Additionally, another family of kinases, the mitogen-
and stress-activated protein kinases (MSKs), function as inter-
mediates that couple the MAPK pathway to transcription activa-
tion (Deak et al., 1998; Arthur and Cohen, 2000; Wiggin et al.,
2002; Arthur et al., 2004). MSKs have been shown to regulate
gene transactivation via both transcription factor activation and
histone phosphorylation (Wiggin et al., 2002; Soloaga et al.,
2003). These observations raise the possibility that MSKs may
couple the MAPK pathway to resetting of the circadian clock.
Here we identify for the first time MSK1 as a light-responsive
kinase that stimulates expression of the clock gene mPeriod]I.

Materials and Methods

Light treatment. Initially, adult (6- to 14-week-old) C57BL/6 mice were
entrained to a 12 h light/dark (LD) cycle for at least 2 weeks and then
transferred to total darkness for two 24 h cycles. After dark adaptation,
animals received a single light exposure (15 min, 100 lux) at one of three
times: the middle of the subjective day [circadian time 6 (CT 6)], early
night (CT 15), or late night (CT 22). CTs were approximated, based on
Zeitgeber time (ZT), with ZT 0 denoting light on and ZT 12 denoting
light off. Immediately after light treatment, animals were killed via cer-
vical dislocation, and brains were removed under red light (Kodak series
2 filter <10 lux at cage level; Eastman Kodak, Rochester, NY). Brains
were then placed in chilled, oxygenated physiological saline, cut into 500
pum coronal sections with an oscillating tissue slicer (OTS 2000; Electron
Microscopy Sciences, Fort Washington, PA), and placed in 4% parafor-
maldehyde (w/vin PBS) at room temperature for 4 h. In total, it took ~5
min from decapitation to tissue fixation. In control experiments, we
found that other, more time-consuming tissue-processing techniques,
such as transcardial perfusion, resulted in a markedly attenuated kinase
phosphorylation signal. This likely resulted from the transient nature of
kinase phosphorylation. Tissue was then cryoprotected in 30% sucrose
(w/v) containing 2 mm Na azide and 3 mm NaF overnight at 4°C. All
procedures were in accordance with Ohio State University animal wel-
fare guidelines.

Cannulation and infusion. Mice were cannulated in the lateral or third
ventricles as described by Butcher et al. (2002) and allowed to recover for
at least 10 d after cannulation. For the infusion, animals were restrained
by hand under red light, and the infusate was delivered at a rate of 0.4
ul/min. To disrupt MAPKs, 3 ul of 1,4-diamino-2,3-dicyano-1,4-
bis(o-aminophenylmercapto) butadiene (U0126) (10 mwm), 4-[5-(4-
fluorophenyl)-2-[4-(methylsulfonyl) phenyl]-1H-imidazol-4-yl] pyridine
(SB203508) (10 mm), or a combination of the compounds was infused 45
min before photic stimulation. Control animals were infused with an equiv-
alent volume of vehicle (DMSO). To disrupt PACI receptor activation, 5 ul
of PACAP 6-38 (0.5 mm) diluted in physiological saline was infused 15 min
before photic stimulation. This concentration of PACAP 6-38 has been
shown to significantly attenuate light-induced phase advances (Bergstrom et
al.,, 2003). Two microliters of PACAP (200 um) were infused at CT 22; ani-
mals were killed 45 min later.

Immunohistochemistry. Brain sections (500 wm) were thin cut (40 wm)
using a freezing microtome and placed in PBST (PBS with Triton X-100)
with 2 mmM Na azide and 3 mm NaF. Endogenous peroxidases were
quenched with 0.3% H,O, in PBST (15 min). Tissue was then blocked (1
h) in 5% goat serum/PBST and incubated (overnight, 4°C) in rabbit
anti-phospho-MSK1 (1:500 final dilution; Cell Signaling Technology,
Beverly, MA), rabbit anti-phospho-ERK (1:2000; Cell Signaling Tech-
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nology), or rabbit anti-phospho-p38/MAPK (1:1000; Cell Signaling
Technology). Next, sections were incubated (2 h) at room temperature in
biotinylated anti-rabbit IgG (1:300; Vector Laboratories, Burlingame,
CA) and then placed in an avidin/biotin HRP complex for 1 h (prepared
according to instructions of the manufacturer; Vector Laboratories). The
signal was visualized by the addition of DAB—nickel-intensified substrate
(Vector Laboratories) and mounted on gelatin-coated slides with Per-
mount media (Fisher Scientific, Houston, TX).

Tissue used for fluorescent labeling was thin cut and blocked as de-
scribed above and then incubated (overnight, 4°C) in one or a combina-
tion of the following antibodies: rabbit polyclonal anti-phosphorylated
ERK (1:1000; Cell Signaling Technology), mouse monoclonal neuronal
nuclear-specific marker (NeuN) (1:1000; Chemicon, Temecula, CA),
mouse monoclonal anti-phosphorylated ERK (1:5000; Sigma, St. Louis,
MO), and rabbit polyclonal anti-phospho-MSK1 (1:250; Cell Signaling
Technology). The following day, sections were incubated (3 h, room
temperature) in Alexa Fluor-594-conjugated goat anti-rabbit IgG anti-
body (1:500; Molecular Probes, Eugene, OR) and/or Alexa Fluor-488-
conjugated goat anti-mouse IgG antibody (1:500; Molecular Probes).
Sections were mounted on slides with Gelmount media (Biomedia, Fos-
ter City, CA). Brain sections were washed (five times, 5 min per wash)
between each labeling step. Bright-field photomicrographs were cap-
tured using a 16 bit digital camera (Micromax YHS 1300; Princeton
Instruments, Trenton, NJ) mounted on an inverted microscope (DM
IRB; Leica, Nussloch, Germany). Fluorescent images were captured us-
ing a Zeiss (Oberkochen, Germany) 510 Meta confocal microscope (2-
um-thick optical section).

Reverse transcriptase-PCR. Animals were killed at CT 2, CT 8, CT 14,
and CT 20, and brains were removed and cut into 500 wm coronal
sections as described above. Tissue was then frozen on slides with dry ice,
and the SCNs were manually dissected and pooled from four animals for
each time point. RNA was then isolated (RNA-Bee; Tel-Test, Friends-
wood, TX) and reverse transcribed using standard techniques. PCR was
performed with primer sets against murine MSK1 (5'-cagttccata-
tgggagttgaccgt-3' and 5'-cttcatcattgcactcctggeaac-3') and cyclophilin
[CYCa (Uz and Manev, 1998)]. Reaction products were run on a 1%
agarose gel containing ethidium bromide. Digital images were captured
using an Eastman Kodak Image Station, and densitometric comparisons
were performed to determine the ratio of CYCa to MSK1 for each time
point.

Cell culture and stimulation. Cortical tissue was collected from embry-
onic (day 18) Sprague Dawley rat pups, washed in dissociation media
(DM) [90 mMm Na,SO,, 30 mm K,SO,,16 mm MgCl,, 0.25 mm CaCl,, 32
mM HEPES, and 0.01% phenol red (Sigma), pH 7.7], and then incubated
in digestion solution [100 U/ml papain latex (Worthington, Freehold,
NJ) and 4.5 mg cysteine (Sigma) in DM] for 30 min at 37°C. Tissue was
then transferred to standard culture medium (Minimal Essential Me-
dium; Invitrogen, Gaithersburg, MD) containing 1% fetal bovine serum
(Invitrogen), 2% B27 (Invitrogen), and 100 U/ml penicillin/streptomy-
cin (Invitrogen) and triturated into a single cell suspension. Cells were
then plated onto poly-p-lysine-coated 9 mm? glass coverslips at a density
0f 50,000 cells/cm >. Media were changed 1 h after plating, and cells were
maintained in a Napco (Winchester, VA) 6100 incubator (37°C, 5.5%
CO,) for 10 d. Media was replenished every third day.

Thirty minutes before experimental stimulation, tissue culture media
were replaced with HEPES buffer (in mm: 137 NaCl, 25 glucose, 10
HEPES, 5 KCl, 1 MgCl,, and 3 CaCl,, pH 7.4) containing tetrodotoxin (1
uM). Cells were then treated (10 min) with PACAP (200 nm) or glutamate
(10 p™m) and fixed (15 min) with paraformaldehyde (4% w/v). Phosphor-
ylated MSK1 (pMSK1) immunofluorescent labeling was performed as
described above. To identify neurons, cells were also labeled with a
microtubule-associated protein-2 (MAP2) monoclonal antibody
(1:5000; Sigma). Cells were processed with Alexa Fluor-conjugated sec-
ondary antibodies, and digital images were captured as described above.

Transfection and luciferase assay. Initially, human embryonic kidney
293 (HEK 293) cells were seeded onto 24-well plates, grown to 90%
confluency in DMEM containing 10% fetal bovine serum and 1% peni-
cillin, and then transfected using Lipofectamine 2000 (Invitrogen). A
total volume of 1.0 pg of DNA was transfected per well. The following
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plasmids were used: constitutively active MSK1 [CA-MSK1 (Frodin et
al., 2000)], dominant-negative MSK1 [DN-MSK1 (Arthur et al., 2004)],
dominant-negative cAMP response element-binding protein (CREB)
[A-CREB (Ahn et al., 1998)], and a murine period]l (mPerl) reporter
construct. The mPer1 construct consisted of a 2.2 kb fragment of the 5’
regulatory region of the second of the two mPerl promoters [exon 1B
promoter (Yamaguchi et al., 2000)] cloned into the pGL3-enhancer vec-
tor (Promega, Madison, WI). This reporter construct is analogous to the
reporter used by Gekakis et al. (1998). Cells were serum starved 16 h
before stimulation (8 h) with 12-O-tetradecanoylphorbol-13-acetate
(TPA; 200 ng/ml). Cells were lysed 48 h after transfection, and luciferase
reporter expression was determined using the method described by Ford
and Leach (1998). To verify the efficacy of our transfection approach,
HEK 293 cells were grown to confluency on 9 mm? coverslips and co-
transfected with a cytomegalovirus—green fluorescent protein (GFP)
reporter construct and FLAG-tagged DN-MSK1. Forty-eight hours later,
cells were fixed and blocked as described above and labeled using a poly-
clonal antibody directed against GFP (1:1000; Molecular Probes) and
a monoclonal anti-FLAG antibody (1:2500; Sigma) at 4°C overnight.
Alexa-conjugated secondary antibodies were used (as described above)
to visualize the signal. Cells were also labeled with Hoechst 33258 (1
png/ml; Molecular Probes) and then mounted with Gelmount.

Data analysis. All data were quantified using MetaMorph software
(Universal Imaging Corporation, West Chester, PA). For cell counts
from DAB-labeled tissue, an intensity threshold filter was initially ap-
plied to the image. The filter eliminated nonspecific background labeling
from analysis. Digital circles were then overlaid on regions with a detect-
able signal above threshold, now defined as positive cells, and counted.
Cell counts were averaged over three consecutive central SCN sections
for each experimental animal. For quantitation of pMSK1 expression in
cultured neurons, digital ovals were placed over nuclei delineated by
MAP?2 labeling, and signal intensity values were collected from each of
these regions. Cells were counted as pMSK1 positive if the average inten-
sity level within a given nuclear region was =75% of the mean maximal
signal found across all conditions. The fluorescent images from a mini-
mum of four coverslips (four regions per coverslip) were captured. Sig-
nificance was determined using the two-tailed Student’s ¢ test and was
defined as p < 0.05. All data are expressed as the mean = SEM.

Materials. PACAP and PACAP 6-38 were obtained from Bachem
(Bubendorf, Switzerland). U0126 and SB203580 were purchased from
Calbiochem (La Jolla, CA). Luciferin potassium salt was acquired from
Promega. All other reagents were obtained from Sigma unless otherwise
indicated.

Results

Light-induced MSK1 activation

As an initial step in our examination of MSKI in the SCN,
C57BL/6 mice were entrained to a 12 h LD cycle and then dark
adapted for 2 d. At the end of this period, mice were exposed to
light (15 min, 100 lux) during either subjective day (CT 6) or
subject night (CT 15 and CT 22) time points. Immediately after
photic stimulation, animals were killed, and SCN-containing
brain sections were immunohistochemically processed for the
serine 360 phosphorylated form of MSK1. We chose to use an
antibody that detects the phosphorylation state of serine 360 for
two reasons. First, because serine 360 is flanked by prolines in the
—2 and +1 positions, it is a likely target for both ERK and p38/
MAPK (for review, see Roux and Blenis, 2004; Smith et al., 2004).
Second, serine 360 phosphorylation is required to stimulate full
MSK1 activity (McCoy et al., 2005). Thus, by monitoring phos-
phorylation at serine 360, it is possible to infer the activation state
of the kinase. Photic stimulation during both the early (CT 15)
and late (CT 22) subjective night produced a significant increase
in the number of cells expressing pMSK1 (Fig. 1 A, B). In contrast,
photic stimulation during the middle of the subjective day (CT 6)
failed to activate MSK1. Light-induced MSK1 phosphorylation
was highest in the ventral SCN, corresponding to the region that
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Figure 1.  Light induces MSK1 phosphorylation. A, Mice were exposed to light during the
subjective day (CT 6) or subjective night (CT 15 and (T 22). Representative images of SCN-
containing coronal brain sectionsimmunohistochemically labeled for pMSK1 are shown. Boxed
regions are enlarged below each respective image. Box, 100 .m?. 3V, Third ventricle; OC, optic
chiasm. B, Mean number of pMSK1-positive cells per SCN section. Light exposure during the
subjective day (CT6) did not elicit pMSK1 ( p > 0.1). Photic treatment at either night time point
(CT150r (T 22) produced asignificantincrease in the number of cells containing pMSK1 relative
to control animals killed at the same time points. Light treatment at CT 22 was also found to
produce a significant increase in the number of pMSK1-positive cells compared with light ex-
posure at (T 15. *p << 0.05. Numbers below each bar represent the number of animals used for
each condition. €, RT-PCR analysis of MSK1 and CYCce mRNA expression in the SCN. D, Densito-
metric analysis of data presented in C revealed no significant variation in total MSK1T mRNA
expression as a function of circadian time. Results are presented as the ratio of the MSK1 to
cyclophilin. Data were averaged from triplicate determinations for each time point.

CT2 CTs8 CT14 CT20

receives the greatest degree of innervation from the RHT (for
review, see Moore, 1996; Moore and Silver, 1998). Interestingly,
pMSK1 induction was more responsive (twofold to threefold) to
late-night than to early-night light pulses. For example, light ex-
posure at CT 22 stimulated pMSKI1 expression in 117.0 = 22.6
cells per SCN section, whereas at CT 15 light stimulated pMSK1
expression in 35.6 * 8.3 cells per SCN section (Fig. 1B). In the
absence of photic stimulation, we did not observe significant
variations in pMSK1 expression over the three time points exam-
ined, suggesting that pMSK1 is not regulated by the clock timing
mechanism. Reverse-transcriptase (RT)-PCR was used to exam-
ine MSK1 mRNA expression as a function of circadian time (Fig.
1C). SCN tissue was collected at CT 2, CT 8, CT 14, and CT 20,
and the ratio of MSK1 mRNA levels to cyclophilin [a nonrhyth-
mically expressed gene (Uz and Manev, 1998)] mRNA levels was
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Figure 2.  Light triggers the colocalized expression of pMSK1 and pERK in neuronal nuclei.
Compared with controls (No Light, A), photic stimulation (Light, B) elicited an increase in the
number of pMSK1-positive and pERK-positive cells. Merging of the pERK and pMSK1 signals
revealed that the expression of the activated forms of the two kinases was colocalized. Scale bar,
100 wm. The boxed region is magpnified in the inset. C, A representative image of ventral SCN
tissue from a light-treated animal labeled with antibodies directed against pMSK1 (red) and
NeuN (green). The colocalized expression of pMSK1 and NeuN indicates that activated MSKT is
expressed in neuronal nuclei. Scale bar, 15 um.

determined (Fig. 1D). Relative levels of MSK1 mRNA did not
significantly vary over the four time points examined, indicating
that MSK1 is not rhythmically regulated. Collectively, these data
reveal that light-induced MSK1 phosphorylation is phase re-
stricted to the night and that phase-advancing and phase-
delaying light pulses differentially regulate its activation.

Given that MSK1 is a potential target of ERK and that light
stimulates ERK activation in the SCN, we examined whether light
triggers the colocalized expression of phosphorylated forms of
the two kinases. To this end, coronal tissue sections from animals
exposed to light (CT 22, 15 min, 100 lux) and control (no light)
animals were double immunolabeled for pMSK1 and the acti-
vated (Thr 202/Tyr 204 phosphorylated) forms of ERK-1 and
ERK-2 (pERK). Compared with controls, light stimulated robust
pERK and pMSK1 expression in the ventrolateral SCN (Fig.
2A,B). Merging of the images revealed that the majority of
pPMSKI1-positive cells also express activated ERK (indicated by
the yellow hue). pERK is expressed in both the cytoplasm and
nucleus, whereas MSK1 is exclusively nuclear (Deak et al., 1998).
The magnification insets in Figure 2 B revealed this general stain-
ing pattern for the two kinases. High-magnification microscopy
of SCN tissue (light exposure, CT 22) for pMSKI1 and the
neuronal-specific nuclear marker NeuN confirmed the nuclear
localization of pMSK1 (Fig. 2C).

Kinase coupling to MSK1

Both ERK and p38/MAPK are expressed in the SCN (Obrietan et
al., 1998; Pizzio et al., 2003) and capable of phosphorylating
MSK1 at serine 360. To determine which of these pathways cou-
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ples light to serine 360 phosphorylation, we used a ventricular
infusion approach to block MEK (and thus ERK) and p38/MAPK
enzymatic activity. To this end, animals were infused with drug
vehicle (DMSO), the MEK1/2-specific inhibitor U0126 (10 mMm),
the p38/MAPK-specific inhibitor SB203508 (10 mm), or a com-
bination of the two inhibitors. Compared with vehicle-infused,
light-stimulated animals, U0126 significantly reduced the num-
ber of pMSK1-expressing cells (Fig. 3A, B, *p < 0.001), indicating
that the MAPK pathway couples light to MSK1 phosphorylation.
Infusion of SB203508 also attenuated MSK1 activation; however,
the level of inhibition failed to reach significance relative to the
DMSO-infused light-treatment condition ( p > 0.06). It should
be noted that DMSO elicited a modest, nonsignificant ( p > 0.25)
reduction in the number of pMSK1-positive cells (compare Figs.
1B, 3B). The infusion of both U0126 and SB203508 reduced
light-induced MSK1 phosphorylation to the level of control ani-
mals. These data indicate that the MAPK cascade is the dominant
regulator of MSK1 activation in the SCN. The inhibitory effects of
SB203508 also suggest a role for the p38/MAPK pathway in cou-
pling light to MSK1 activation. However, a cautionary note was
raised when we were not able to detect significant light-induced
Pp38/MAPK activation in the SCN (data not shown).

PACAP-dependent MSK1 activation

The observation that MSK1 was differentially regulated by early-
and late-night light pulses suggests that different upstream regu-
latory events are actuated by light at these two time points.
Within this context, it is of interest to note that PACAP has been
shown to have complex early-night- and late-night-specific ef-
fects on clock entrainment (Chen et al., 1999; Hannibal et al.,
2001; Kawaguchi et al., 2003) and can stimulate clock gene ex-
pression (Nielsen et al., 2001; Minami et al., 2002). The phase-
specific effects of both PACAP and MSK1 raised the possibility
that PACAP and MSK1 form a signaling cassette. To begin to
address this issue, we examined whether PACAP stimulates
MSK1 phosphorylation. To this end, mice were infused with
PACAP (200 M) at CT 22. Forty-five minutes later, animals were
killed and the tissue was processed for pMSK1 expression. Rela-
tive to vehicle-infused animals, PACAP elicited a marked in-
crease in pMSK1 expression within the SCN (Fig. 4 A). Consistent
with the expression pattern of PACAP receptors (Kalamatianos et
al., 2004), PACAP was also found to elicit pMSK1 expression in
periventricular regions dorsal to the SCN. Discernable PACAP-
induced pMSK1 expression was observed in 75% of the animals
(n = 8). Vehicle infusion did not alter MSK1 expression (1 = 5)
relative to control, no light conditions (Fig. 1A). As expected,
PACAP infusion also stimulated ERK phosphorylation in the
SCN (Fig. 4B). To quantitate MSK activation, rat primary neu-
ronal cultures were stimulated with PACAP (200 nMm) or gluta-
mate (10 uM) and then immunolabeled for pMSK1. Relative to
control conditions (mock stimulation), both PACAP and gluta-
mate elicited a significant increase in the number of neurons
expressing pMSK1 (Fig. 4C,D, *p < 0.05). Interestingly, PACAP
was a much more effective regulator of pMSK1 than glutamate;
PACAP triggered pMSK1 expression in approximately twice as
many neurons as glutamate. Similar results were observed using
mouse neuronal cultures (data not shown).

To assess whether PACAP receptor activation regulates light-
induced pMSK1 in the SCN, mice were infused with PACAP
6-38. This truncated form of PACAP functions as a potent antag-
onist of the PACI receptor (Robberecht et al., 1992) and thus
should block the physiological effects of PACAP release from the
RHT. Initially, mice were infused with either vehicle (saline) or
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or CA-MSK1 (Frodin et al., 2000). TPA
(200 ng/ml) induced a marked increase in
mPerl expression that was blocked by co-
transfection with DN-MSK1 (Fig. 6A,B).
Pretreatment with U0126 (10 um) also
blocked TPA-induced mPerl expression,
indicating that TPA couples to mPerl1 viaa
MAPK/MSK1-dependent mechanism. To
further examine the role of MSK1 as a reg-
ulator of mPer1 expression, cells were co-
transfected with mPerl-luciferase and
CA-MSK. Compared with an mPer1-luc/
empty vector (pcDNA3.1) transfection,
CA-MSKI triggered a significant sixfold
increase in mPerl-dependent transcrip-
tion (Fig. 6A). Finally, to determine
whether MSK1 couples to mPerl via a
CREB-dependent mechanism, cells were
also transfected with A-CREB, a
dominant-negative regulator of CREB-
mediated transcription (Ahn et al., 1998).

U0126 +
- SB203508

B 80- I * i A-CREB attenuated the capacity of MSK
—_— to stimulate mPer1-dependent transcrip-
T B No Light tion (Fig. 6A). Together, these data sug-
2 60+ l gest that a PACAP/MAPK/MSK1/CREB
8 (] Light signaling cassette couples photic informa-
g tion to period 1 expression.
g 40 T o
a I Discussion
(% The goal of this study was to begin a sys-
= 204 tematic characterization of the ERK-
= regulated kinase MSK1 in the SCN. Here
|—I_| we report that photic stimulation trig-
0 7 5 ' 77 ' 5 5 5 4 gered the phase-dependent phosphoryla-
DMSO U0126 SB203508 U0126+ tion of MSK1 at serine 360. Stimulation
SB209506 was maximal during the late subjective
Figure3. The MAPKand p38/MAPK pathways couple light to MSK1 activation. Cannulated animals were infused with 3 ! of night, and signaling via the PACI receptor

DMSO (vehicle), U0126, SB203508, or a combination of U0126 and SB203508 45 min before light exposure (15 min, 100 lux) at CT
22. A, Representative coronal tissue sections immunolabeled for phosphorylated MSK1. Boxed regions are magnified below each
image. B, Average number of pMSK1-positive cells per SCN. Disruption of the MAPK pathway significantly reduced the number of
positive cells relative to DMSO infusion. SB203508 attenuated light-induced MSK1 activation; however, this effect failed to reach
significance relative to DMSO infused, light-treated animals ( p > 0.06). The combined administration of U0126 and SB203508
blocked MSK1 phosphorylation. *p << 0.001, relative to the DMSO-infused light-treated condition. Numbers below each bar

represent the number of animals used for each condition.

PACAP 6-38 15 min before photic stimulation at CT 15 or CT 22.
Relative to control conditions (vehicle infusion with photic stim-
ulation), the infusion of PACAP 6-38 significantly (*p < 0.001)
attenuated the capacity of light to stimulate pMSK1 expression
(Fig. 5A,B). In the absence of light, PACAP 6-38 did not alter the
number of pMSK1-positive cells. These data suggest that PACAP
signaling through the PAC1 receptor couples light to MSK1
activation.

MSKI1 stimulates mPer1
As noted in Introduction, much of the transcriptional potential
of the MAPK cascade is exerted by ERK-regulated kinases. As a
potent regulator of CREB phosphorylation and histone modifi-
cation, MSK1 is well positioned to couple light to immediate early
clock gene expression.

To examine the role of MSK1 as a regulator of clock gene
expression, HEK 293 cells were transfected with an mPerl-
luciferase reporter construct and DN-MSK1 (Arthur et al., 2004)

appeared to be central to MSK1 activation.
As a regulator of period 1 expression,
MSK1 may be a key intermediate in the set
of signaling events that couples light to
clock entrainment.

Light entrainment of the circadian
clock appears to be a transcriptionally de-
pendent process. Correlative support for
this concept has been gathered from stud-
ies showing that light-induced gene expression precedes clock
entrainment (Kornhauser et al., 1990; Rusak et al., 1990; Albrecht
et al., 1997; Shigeyoshi et al., 1997; Best et al., 1999; Bae and
Weaver, 2003). Causal evidence comes from studies showing that
the disruption of clock gene expression disrupts the phase-
shifting effects of light and glutamate (Akiyama et al., 1999; Al-
brechtetal., 2001; Wakamatsu et al., 2001; Trischkau et al., 2003).

One cellular signaling pathway that has been shown to couple
photic information to clock entrainment is the MAPK pathway.
We and several other groups have demonstrated that light-
induced MAPK pathway activation is phase restricted to the
nighttime portion of the 24 h cycle (Obrietan et al., 1998; Butcher
etal., 2003; Coogan and Piggins, 2003). Furthermore, disruption
of signaling via the MAPK cascade blocks both light-induced
gene expression (Dziema et al., 2003) and light entrainment of
the circadian clock (Butcher et al., 2002; Coogan and Piggins,
2003; Cheng et al., 2004). Interestingly, dysfunctional SCN pace-
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restricted responsiveness of the MAPK :
pathway to light (Hughes et al., 2004). To-
gether, these data indicate that the MAPK
pathway is a key signaling intermediate in
light entrainment of the clock and that the
clock imposes phase dependency over
light responsiveness of the MAPK
pathway.

Within the context of gene regulation,
two families of kinases, RSKs and MSKs,
appear to be central effectors of the MAPK
cascade. In a previous study, we found that
both light and the endogenous clock tim-
ing mechanism regulate the activation
state of RSK1 (Butcher et al., 2004). MSK1
is related to the RSK family of kinases B
(Deak et al., 1998). It is a serine/threonine o
kinase that is composed of two distinct do-
mains: an N-terminal kinase that phos-
phorylates MSK1 substrates, and a
C-terminal kinase that functions in an au-
toregulatory role (Deak et al., 1998; Smith
et al., 2004; McCoy et al., 2005). MSK1
activation is mediated in part by a series of
phosphorylation steps within an approxi-
mate 50 amino acid residue linker region
that connects the C- and N-terminal ki-
nases. Although these steps are analogous
to those that drive RSK activation, there
are distinct differences between the two
kinases. Principal among them is that
MSK1 activation is not dependent on
PDK1 (phosphoinositide-dependent pro-
tein kinase-1) phosphorylation within the
N terminus (Williams et al., 2000). Fur-
thermore, unlike RSKs, MSK1 is exclu-
sively localized to the nucleus, and its ac-
tivation is regulated by both the MAPK
pathway and the p38/MAPK pathway
(Deak et al., 1998; Pierrat et al., 1998). In-
terestingly, MSK1 has been shown to be a
much more effective CREB kinase than
RSK2 (Deak et al., 1998; Pierrat et al.,
1998; Arthur and Cohen, 2000).

Initially, we found that light exposure
during the night triggered a marked in-
crease in the number of cells expressing
the serine 360 phosphorylated form of MSK1 in the SCN. Under
control (no light) conditions, there was a near total absence of
PMSKI1 expression in the SCN. Furthermore, pMSK1 expression
was not detectable within the surrounding hypothalamic and
thalamic brain regions or within the forebrain (data not shown).
This absence of pMSK1 expression is surprising given that acti-
vated ERK is found in a variety of brain regions under control
conditions (Obrietan et al., 1998). The lack of pMSK1 expression
may reflect the limited sensitivity of the staining technique used.
Conversely, the robust light-specific activation of pMSK1 in the
SCN may indicate that MSK1 is primed to convey photic infor-
mation. It should also be noted that the lack of basal pMSK1
expression in the SCN is in contrast to data showing that pRSK1
and pERK expression are rhythmically regulated (Obrietan etal.,
1998; Butcher et al., 2004). This divergence in ERK/RSK1 and
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PACAP stimulates MSK1 phosphorylation. 4, Representative pMSK1 immunostaining from saline (vehicle)- and
PACAP (200 pum)-infused mice. Mice were infused via the lateral ventricle at T 22 and killed 45 min later. Relative to vehicle
infusion, PACAP elicited a marked increase in pMSK1 expression in the periventricular regions, including the SCN. B, PACAP also
elicited ERK activation. Representative sections immunolabeled for pERK are from the same animals as in A. C, Primary neuronal
cultures were stimulated (10 min) with PACAP (200 nw) or glutamate (10 ). Confocal images of cells double immunolabeled for
phosphorylated MSK1 (red) and for the neuronal-specific structural protein MAP2 (green) are shown. Arrows indicate the locations
of neuronal nuclei expressing activated MSK1. D, Quantified cells counts. Relative to mock-stimulated neurons (control), both
glutamate and PACAP elicited a significantincrease in the number of pMSK1-positive cells (*p << 0.001). Data are expressed as fold
stimulation relative to control levels of pMSK, which were normalized to a value of 1. Numbers below bars indicate the number of
cells examined for each condition.

MSK1 activity would likely contribute to the distinct gene expres-
sion patterns occurring under control conditions and after photic
stimulation.

In this study, we used several approaches to determine
whether the MAPK pathway regulates pMSK1 expression. Ini-
tially, immunofluorescence-based double labeling was used to
examine the expression pattern of the activated forms of the ki-
nases after light exposure. In the majority of SCN cells, we ob-
served a spatial and temporal colocalization of the two kinases
within cellular nuclei. Given that the inactive form of ERK is
anchored to MEK within the cytoplasm (Fukada et al., 1997),
these data indicate that light triggers the translocation of ERK.
Indeed, we have shown previously that photic stimulation trig-
gers the nuclear accumulation of activated ERK (Butcher et al.,
2003). To directly test whether ERK stimulates MSK1 phosphor-
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Figure5. Inhibition of the PACT receptor significantly attenuates light-induced MSK1 phos-

phorylation. Animals were infused with the PAC1-specific antagonist PACAP 6-38 or saline
(vehicle) 15 min before alight treatment (15 min, 100 lux) at CT 15 and T 22. 4, Representative
pMSK1 immunolabeled sections from each of the four treatment groups at (T 22. B, Compared
with saline infusion, the infusion of PACAP 6-38 significantly reduced the capacity of light to
elicit pMSK1 expression (*p << 0.001). Although PACAP 6-38 attenuated the number of pMSK-
expressing cells, a modest but significant residual pMSK1 signal was observed compared with
controls (**p < 0.05). Numbers below bars denote the number of animals used for that con-
dition. C, Histological examination of cannula placement within the dorsal third ventricle (3V).
Black arrow denotes the location of the cannula tip.

ylation at serine 360, we infused the MEK1/2 inhibitor U0126
into the third ventricle. This technique relies on the diffusion of
U0126 into the periventricular region containing the SCN. In
control experiments, we have shown that U0126 diffuses into the
SCN and effectively blocks ERK activation (Butcher et al., 2002,
2004; Dziema et al., 2003). The data presented here reveal that the
disruption of MAPK signaling significantly attenuates light-
induced MSK1 phosphorylation, thus identifying MSK1 as an
ERK-regulated kinase in the SCN.

As noted above, MSK1 can also be activated by the p38/MAPK
pathway. Because infusion of U0126 did not totally suppress
MSK1 phosphorylation, we tested the potential contribution of
the p38/MAPK pathway. Infusion of the p38/MAPK inhibitor
SB203508 elicited a modest reduction in the number of pMSK1-
positive cells after a light pulse. Given the relative specificity of
SB203508 (Davies et al., 2000) for neuronally enriched p38/
MAPK isoforms (Wang et al., 1997; Jiang et al., 1998), these re-
sults suggest that p38/MAPK may play an ancillary role in MSK1
phosphorylation. Interestingly, the combined infusion of U0126
and SB203508 totally blocked light-induced pMSK1 expression.
This result lends additional support to the idea that both kinase
pathways contribute to light-induced MSK1 phosphorylation in
the SCN. As noted in Results, we were not able to conclusively
show that p38/MAPK was activated by light in the SCN. This is in
contrast to work by Pizzio et al. (2003) who reported that p38/
MAPK is light responsive. This discrepancy is the likely result of
different methodological approaches used by the two groups.
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Figure 6.  MSK1 stimulates mPer1-dependent transcription. A, HEK 293 cells were trans-
fected with an mPer1-luciferase reporter construct (200 ng/well) and one or a combination of
the following constructs: DN-MSK1 (800 ng/well), CA-MSK1 (200 ng/well), or A-CREB (800
ng/well). pcDNA3.T (empty vector) was cotransfected as needed to bring the total to T wg/well.
Relative to mock-stimulated cells, TPA (200 ng/ml) elicited a marked increase in mPer1-
luciferase expression. In contrast, TPA-induced mPer1 expression was attenuated by cotrans-
fection with DN-MSK1 and by pretreatment (30 min) with U0126 (10 wum). CA-MSK1 (black
bars) stimulated robust mPer1-luciferase expression. Cotransfection with A-CREB significantly
attenuated the effects of CA-MSK1, indicating that MSK couples to mPer1-dependent transcrip-
tion via a CREB-dependent mechanism. Data are expressed as absolute intensity units. Experi-
ments were performed four times, and representative data were averaged from quadruplicate
determinations. *p << 0.001. B, HEK 293 cells were immunolabeled for FLAG-tagged DN-MSK1
(red) and the cotransfection marker protein GFP (green) and stained with Hoechst 33258 (blue).
Note the nuclear-specific expression of DN-MSK1. Scale bar, 25 pum.

One striking finding of this study was that MSK1 was much
more responsive to late-night than early-night photic stimula-
tion. Light exposure during the late night triggered MSK1 activa-
tion in two to three times as many SCN cells as light exposure
during the early night. This difference does not appear to be the
result of circadian variations in MSK1 expression; levels of the
kinase transcript were approximately equivalent across a 24 h
period. One potential explanation for this disparate sensitivity is
that different upstream cellular signaling events are stimulated by
light during the early and late night. Interestingly, several studies
have shown that the phase-advancing effects of light are more
severely disrupted than the phase-delaying effects of light in
PACAP- and PACI-deficient mice (Hannibal et al., 2001;
Kawaguchi et al., 2003). The parallels in the late-night effects of
PACAP and the late-night responsiveness of MSK1, coupled with
the finding that PACAP is a potent activator of the MAPK path-
way in SCN neurons (Dziema and Obrietan, 2002), raised the
possibility that PACAP couples photic information to MSK1.

To address whether PACAP and MSK1 form a functional sig-
naling cassette in vivo, we infused the PACI1 receptor antagonist
PACAP 6-38 into the third ventricle. Infusion of this peptide has
been shown to attenuate the phase-shifting effects of light (Berg-
strom et al., 2003). Pretreatment with PACAP 6-38 significantly
reduced the number of pMSK1-positive cells after light treat-
ment, indicating that PACAP potently regulates MSK activation
in the SCN. In addition, infusion of PACAP stimulated MSK1
phosphorylation. Together, these data raise the possibility that a
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late-night signaling cassette formed between PACAP and MSK1
contributes to the phase-advancing effects of light.

The simplest route by which MSK1 could regulate clock phase
would be through activation of clock gene expression. Interest-
ingly, MSK has been shown to regulate CREB phosphorylation at
serine 133 (Deak et al., 1998; Pierrat et al., 1998; Arthur and
Cohen, 2000; Arthur et al., 2004), an event necessary for CRE-
mediated gene expression (Gonzalez and Montminy, 1989). Fur-
thermore, the 5" regulatory region of murine period] has multiple
CRE sites that have been proposed to play a central role in its
activity-dependent expression (Yamaguchi et al., 2000;
Travnickova-Bendova et al., 2002; Trischkau et al., 2003). In our
reporter gene studies, we found that MSK1 coupled the MAPK
cascade to mPer1 via a CREB-dependent mechanism. These data
fit nicely with previous studies showing that both MAPK signal-
ing and CREB facilitate periodl expression (Cermakian et al.,
2002; Travnickova-Bendova et al., 2002). Collectively, these stud-
ies identify a light-activated signaling pathway that may directly
impinge on the core clock timing mechanism.
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