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Abstract
Here we analyzed the light responsiveness of the mammalian target of rapamycin (mTOR) cascade,
a key regulator of inducible translation, in the suprachiasmatic nuclei (SCN), the locus of the master
circadian clock. Brief light exposure during the subjective night, but not during the subjective day,
triggered rapid phosphorylation (a marker of catalytic activity) of the mTOR translation effectors
p70 S6K, ribosomal S6 protein (S6) and 4E-BP1. In the absence of photic stimulation, marked S6
and 4E-BP1 phosphorylation was detected, indicating tonic mTOR activity in the SCN. Light
stimulated the colocalized activation of p70 S6K and extracellular signal-regulated protein kinase
(ERK), and pharmacological disruption of ERK signaling abolished light-induced mTOR activity,
revealing that the MAPK cascade is an essential intermediate that couples light to mTOR. Together
these data identify a light-responsive mTOR cascade in the SCN, and thus, raise the possibility that
inducible translation contributes to the clock entrainment process.

Introduction
The inherent pacemaker activity of the mammalian circadian clock located in the
suprachiasmatic nuclei (SCN) drives a vast array of biochemical, physiological and behavioral
processes with 24 hr periodicity (Reppert and Weaver, 2002; Lowrey and Takahashi, 2000).
As an adaptation to the ever-changing external environment, the circadian clock can be reset
by multiple entrainment cues such as light (Cermakian and Sassone-Corsi, 2002; Challet et al.,
2003; Hirota and Fukada, 2004). Photic input is relayed from the retina to the SCN via the
retinohypothalamic tract (RHT). In response to a light stimulus, RHT axon terminals release
the excitatory neurotransmitter glutamate and the neurohormone pituitary adenylate cyclase-
activating peptide (PACAP) (Hannibal, 2002), which in turn bind to postsynaptic receptors on
SCN neurons and evoke a series of intracellular signal transduction events that trigger clock
resetting.

Transcriptional activation appears to be a key event in the entrainment process. Disruption of
photically induced clock gene expression has been shown to abrogate clock entrainment
(Akiyama et al., 1999; Albrecht et al., 2001). In addition, mRNA translation is also a critical
event for light entrainment of the clock. Along these lines, work performed in a wide range of
clock model systems has shown that the application of translation inhibitors suppresses light
entrainment (Johnson and Nakashima, 1990; Raju et al., 1990; Murakami et al., 1995; Zhang
et al., 1996). Several timing- and entrainment-relevant mRNA translation mechanisms have
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been reported. For example, in pinealocytes, heterogeneous nuclear ribonucleoprotein Q
(hnRNP Q) mediates rhythmic translational regulation of arylalkylamine N-acetyltransferase
(AANAT: Kim et al., 2007). In addition, nocturnin, which regulates mRNA stability through
the deadenylation of the mRNA polyA tail, is rhythmically expressed in retinal photoreceptor
cells and can be upregulated in response to mitogenic signals (Baggs and Green, 2003;
Garbarino-Pico et al., 2007). Furthermore, our lab has recently shown that both light and the
circadian clock regulate microRNA expression in the SCN (Cheng et al., 2007). microRNAs
are potent negative regulators of mRNA translation, and as such may play a pivotal role in
sculpting the light- and clock-regulated gene expression profile.

Given these findings, additional efforts to identify translation regulatory processes may be key
to our understanding of the entrainment process. Within this context, one potential route by
which mRNA translation may be regulated is the mammalian target of rapamycin (mTOR)
signaling pathway (Sarbassov et al., 2005; Wullschleger et al., 2006; Proud, 2007). mTOR is
a Ser/Thr kinase which is at the core of two distinct multiprotein complexes, the rapamycin-
sensitive mTOR complex 1 (mTORC1) and rapamycin-insensitive mTORC2. In response to
increased nutrient levels and mitogens mTORC1 activates the downstream targets p70 S6
kinase (p70 S6K) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), which in turn
lead to actuation of mRNA translation machinery (Hay and Sonenberg, 2004; Tee and Blenis,
2005). Interestingly, recent work has shown that neuronal activity triggers rapid mRNA
translation via an mTOR-dependent mechanism (Gong et al., 2006; Gelinas et al., 2007; Tsokas
et al., 2007; Di Nardo et al.,2007) and that disruption of mTORC1 inhibits late phase long-
term potentiation (LTP) in the hippocampus (Tang et al., 2002; Cammalleri et al., 2003).
Furthermore, in the hypothalamus, mTOR activity has been shown to play a central role in
food intake and energy balance (Cota et al., 2006). Together, these data raise the prospect that
TOR signaling plays a key role in shaping activity-dependent neuronal physiology.

Here we examined the regulation of mTOR-dependent signaling in the SCN clock. The data
reveal that photic stimulation triggers a phase-dependent increase in the activation state of p70
S6K and 4E-BP1. Moreover, the data reveal that mTOR is a downstream target of the p42/44
Mitogen-Activated Protein Kinase (MAPK) signaling pathway, and that light triggers
coordinate cyclic AMP-response element binding protein (CREB) and mTOR activation in
SCN neurons. Together these data identify mTOR as a light-activated signaling pathway.

Results
Light induces p70 S6K phosphorylation in the SCN in a phase-restricted manner

To begin to characterize the mTOR/p70 S6K pathway in the SCN, mice were entrained to a
12 h light/dark (LD) cycle, dark-adapted for 48 hrs, and then exposed to light (400 lux; 15 min)
during either the subjective day or the subjective night. Animals were killed immediately after
cessation of the light stimulus and the SCN-containing tissue was processed for the Thr-389
phosphorylated form of p70 S6K (p-p70 S6K). Phosphorylation at Thr-389 is associated with
mTOR-dependent activation of p70 S6K, and thus can be used to monitor the relative level of
pathway activity (Pearson et al., 1995; Jefferies et al., 1997; Weng Q, 1998; Burnett et al.,
1998). Photic stimulation during either the early [(circadian time (CT) 15)] or late (CT 22)
subjective night triggered robust p70 S6K phosphorylation in the SCN (Fig. 1A and 1B). p-
p70 S6K expression was highest in the central SCN, with limited expression in the rostral and
caudal regions of the SCN (Fig. 1D). In contrast to the nighttime, p70 S6K activity was not
stimulated by light exposure during the middle of the subjective daytime (CT 6: Fig. 1A and
1B). The phase-restricted induction of p70 S6K activity parallels the phase-restricted light-
dependent activation pattern of a number of kinases and immediate early genes as well as the
phase-restricted capacity of light to entrain the clock (Meijer and Schwartz, 2003). In the
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absence of photic input, significant expression of the activated form of p70 S6K was not
detected in the SCN at any of the three circadian time points examined (Fig 1A and 1B).

To complement the immunohistochemical analysis of p70 S6K activity, SCN tissue from
control and light-treated (400 lux, 15 min, CT 15) animals was probed for p-p70 S6K expression
using Western analysis. Photic stimulation triggerd a modest increase in the antigenicity of an
approximate 70-kDa band (Fig. 1C). This small increase in band intensity, relative to robust
increase detected using immunohistochemical labeling is the likely result of the different
experimental methods. Hence, Western blotting combines responsive and none-responsive
cells, thus generating an averaged response, whereas immunolabeling allows for identification
of limited numbers of highly antigenic cells. Importantly, the size of the main band corresponds
with the size of p70 S6K, thus supporting the results obtained using immunohistochemical
detection procedures. Of note, the antibody also detected a weak band at 85-kDa. This band is
likely to be p85 S6 Kinase(p85 S6K), an isoform of p70 S6K. According to the manufacturer,
this antibody detects p85 S6K when phosphorylated at Thr-412, a site analogous to Thr-389
in p70 S6K. For the sake of clarity, we will only refer to p70 S6K when describing results
collected with this antibody. As a protein loading control, the blot was stripped and probed for
total ERK expression. Together, these data support the observation that p70 S6K is tightly
regulated by photic input to the SCN.

Light-induced p70 S6K phosphorylation is mTOR-dependent
To determine whether light-induced p70 S6K phosphorylation in the SCN is mediated by
mTOR signaling, we initially examined the expression of mTOR and activated p70 S6K.
Immunofluorescent labeling revealed marked cytoplasm expression of mTOR in the SCN (Fig.
2A). As expected, relative to control animals (Fig. 2A top), a 15-minute light treatment (400
lux) at CT15 elicited p70 S6K activation (Fig.2A bottom). Merging the mTOR and p-p70 S6K
signals revealed cellular but not spatial colocalization of the two kinases (Fig. 2A) in the SCN.
Along these lines, p-p70 S6K appeared to be largely nuclear, whereas mTOR expression was
largely cytoplasmic.

To test whether mTOR activity stimulated light-induced p70 S6K phosphorylation, mice were
infused in the lateral ventricle with the mTORC1 inhibitor rapamycin (100 µM, 2 µl) 30 min
prior to light exposure (400 lux, 15 min) at CT 15. Relative to the robust light-induced p70
S6K phosphorylation observed in vehicle- (Dimethyl sulfoxide, DMSO) infused mice, infusion
of rapamycin totally blocked light-activated p-p70 S6K expression (Fig. 2C and 5C). Together
these data reveal that photic stimulation drives activation of the canonical mTOR/70 S6K
signaling cassette in the SCN.

The MAPK pathway couples light to mTOR/p70 S6K activation
Recent reports indicate that the p42/44 MAPK pathway can function as an upstream regulator
of the mTOR/p70 S6K pathway (Ma et al., 2005; Roux et al., 2004; Tsokas et al., 2007; Gelinas
et al., 2007). These findings and the prominent role that MAPK signaling plays in light-
entrainment of the circadian clock (Butcher et al., 2002; Coogan and Piggins, 2003), led us to
examine a possible connection between MAPK signaling and the mTOR/p70 S6K pathway in
the SCN. To begin to address this question, we tested whether light stimulates coordinate p70
S6K and MAPK activation. SCN tissue from control (no light) and light-treated (400 lux, 15
min, CT 15) mice was processed using immunofluorescent labeling for the phosphorylated
form of p70 S6K and the dual phosphorylated (Thr-202/Tyr-204) forms of extracellular signal-
regulated kinase 1 (erk 1) and erk 2 (collectively referred to as ERK). This dual phosphorylation
event is required for ERK enzymatic activity and thus can be used to monitor MAPK pathway
activation. Under control conditions, low levels of activated ERK and p-p70 S6K were
observed (Fig. 3A). However, photic stimulation led to an increase in the phosphorylated forms
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of both kinases and merging the two images revealed colocalized expression of activated ERK
and p70 S6K in a subset of SCN cells (Fig. 3A and 3B). Together these results identify a light-
induced spatial and temporal colocalization of activated ERK and p70 S6K in the SCN.

To test the causal connection between light-induced MAPK activation and p70 S6K
phosphorylation, we employed the ventricular infusion technique to disrupt MAPK signaling
in the SCN. To this end, mice were infused with the specific MEK 1/2 inhibitor U0126 (10
mM, 2 µl) 30 min before photic stimulation (400 lux, 15 min) at CT 15 and tissue was
immunolabed for ERK and p70 S6K activation. Consistent with our prior work (Butcher et al.,
2002; Dziema et al., 2003), infusion of U0126 completely blocked light-induced ERK
activation (Fig. 3C). Importantly, disruption of MAPK activation effectively suppressed light-
induced p70 S6K activation (Fig. 3C). Representative data for activated ERK (pERK) and p70
S6K are from the same mouse and quantitative data are presented in figure 5C. In conclusion,
these results reveal the presence of a light-responsive MAPK-mTOR/p70 S6K signaling
cassette in the SCN.

Light-induced 4E-BP1 phosphorylation
In addition to p70 S6K, 4E-BP1 is another direct downstream effector of mTOR that has been
shown to regulate mRNA translation (Sarbassov et al., 2005; Wullschleger et al., 2006; Proud,
2007). In the absence of stimulation, 4E-BP1 binds to eIF4E, thereby blocking its ability to
stimulate cap-dependent mRNA translation initiation (Gingras et al., 1999; Haghighat et al.,
1995; Lin et al., 1995). A number of studies have shown that this association can be disrupted
by mTOR-dependent phosphorylation of 4E-BP1 (Lin et al., 1994; Pause et al., 1994). To gain
insight into the functional status of 4E-BP1, SCN tissue was probed with an antibody against
4E-BP1 phosphorylated at Thr-37 and Thr-46, two sites that regulate 4E-BP1 binding to eIF4E
(Burnett et al., 1998; Gingras et al.,1999; Mothe-Satney et al., 2000). Interestingly, under
control conditions (CT 15-no light) marked 4E-BP1 phosphorylation was detected throughout
the SCN (Fig. 4A), whereas little immunoreactivity was detected outside of the SCN. To test
whether 4E-BP1 phosphorylation was dependent on mTOR, mice were sacrificed 30 min after
rapamycin (100 µM, 2 µl) infusion. Disruption of mTOR signaling led to a dramatic decrease
in 4E-BP1 phosphorylation, indicating that tonic mTOR activity drives a relatively high basal
level of 4E-BP1 phosphorylation in the SCN. To test whether 4E-BP1 is stimulated by photic
input, mice were exposed to light (400 lux, 15 min) at CT 15, and SCN tissue was processed
for 4E-BP1 phosphorylation. Representative data and quantitative analysis revealed that photic
stimulation led to a modest, but significant, increase in 4E-BP1 phosphorylation (Fig. 4A and
4B).

p-p70 S6K phosphorylates ribosomal S6 protein in the SCN
Next, we turned to potential downstream targets of p70 S6K in the SCN. To this end, we
examined the regulation of the ribosomal S6 protein (S6). S6 is a downstream target of p70
S6K and has been suggested to play a role in regulation of TOP-dependent translation
(Meyuhas, 2000). To monitor the activation state of S6, tissue was immunolabeled for
phosphorylation of S6 (pS6) at Ser-240 and Ser-244. Importantly, p70 S6K targets these sites,
and thus, changes in its phosphoryalation state can be used to infer levels of both S6 and p70
S6K activity. At CT 15, low levels of S6 phosphorylation were detected in the SCN (Fig. 5A).
However, photic stimulation (400 lux, 15 min) triggered a robust increase of S6
phosphorylation (Fig.5A) and double labeling revealed colocalized expression of activated p70
S6K and S6 (Fig. 5A). To confirm that light-induced S6 phosphorylation was dependent on
the mTOR/p70 S6K pathway, mice were infused with rapamycin (100 µM, 2 µl) 30 min prior
to photic stimulation. Light-induced S6 phosphorylation was markedly attenuated by
rapamycin (Fig. 5B and 5D). Interestingly, the low magnification images shown in figure 4B
reveal that rapamycin infusion decreased S6 phosphorylation throughout the periventricular
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hypothalamic region, which includes the SCN. As expected, the infusion of U0126 also led to
a significant decrease in light-induced S6 phosphorylation within the SCN (Fig. 5B and 5D).
Together, these data indicate that light triggers p70 S6K enzymatic activity (as assessed by S6
phosphorylation).

Light-induced p-p70 S6K and pCREB colocalize in the SCN
Finally, to gain insight into whether mTOR/p70 S6K activity occurs in neurons in which rapid
transcriptional activation occurs, we examined the spatial and temporal correlation between p-
p70 S6K expression and expression of the Ser-133 phosphorylated form of CREB (pCREB).
Ser-133 phosphorylation is necessary for CREB to stimulate transcription activation (Gonzalez
and Montminy, 1989). CREB activity was the focus of this examination, since a large number
of studies have shown that CREB is a light-responsive transcription factor (Obrietan et al.,
1998; Dziema et al., 2003) that stimulates clock gene expression (Travnickova-Bendova et
al., 2002; Butcher et al., 2005). To study the relationship between p70 S6K and CREB
activation, SCN tissue from control (no light) and light-treated (400 Lux, 15 min, CT 15) mice
was double-labeled for p-p70 S6K and pCREB. Representative confocal images show a spatial
and temporal correlation between light-induced p-p70 S6K and pCREB (Fig. 6). Along these
lines, nearly all pCREB immunoreactive SCN cells within the central SCN were also
immunopositive for p-p70 S6K. These data raise the possibility that light stimulates inducible
transcription (as assessed by pCREB immunolabeling) and translation (as assessed by p-p70
S6K immunolabeling) in the same light responsive SCN cells.

Discussion
The goal of this line of inquiry was to begin to identify inducible translation control pathways
in the SCN. To this end, we focused on the mTOR signaling cassette. We report that light
evokes phase-dependent activation of the mTOR pathway and that mTOR is a downstream
target of the MAPK cascade. Together, these data reveal a new light-actuated signaling cassette
in the SCN.

mTOR signaling is a key regulator of inducible gene transcription, ribosome biogenesis, and
mRNA translation (Sarbassov et al., 2005; Wullschleger et al., 2006; Proud, 2007). In one of
the best-characterized routes to its activation, growth factors, including insulin, signal to mTOR
through a phosphatidylinositol-3-kinase (PI3K)/AKT -dependent process. AKT activation
leads to phosphorylation of tuberous sclerosis protein2 (TSC2), which, in turn, blocks its
GTPase-activating protein (GAP) activity for the small G protein Rheb, thus allowing the GTP-
loaded form of Rheb to activate mTOR (as part of the mTORC1 complex) (Gao et al., 2002;
Inoki et al., 2002; Long et al., 2005; Li et al., 2004). In this study, we examined two principal
downstream effectors of mTORC1 which have been implicated in inducible translation control:
p70 S6K and 4E-BP1.

The activation of p70 S6K is coordinately regulated by a complex series of phosphorylation
steps. A key step in this process is mTOR-mediated phosphorylation of Thr-389 (Weng et al.,
1998). In turn, this event creates a docking site for phosphoinositide-dependent kinase 1
(PDK1), which then phosphorylates p70 S6K within the catalytic domain at Thr-229 (Pullen
et al., 1998; Frödin et al., 2002), thus leading to enzymatic activation of p70 S6K (Pullen and
Thomas, 1997). In our study, we found that a brief photic stimulus triggered p70 S6K
phosphorylation at Thr-389. Interestingly, in the absence of photic stimulation,
immunohistochemical labeling was not able to detect the Thr-389 phosphorylated form of p70
S6K in the SCN. This lack of a signal raised the possibility that the SCN exhibits low basal
levels of mTOR activity. However, Western analysis was able to detect phosphorylated p70
S6K under control conditions, thus suggesting that our immunohistochemical staining
approach lacked the necessary sensitivity to detect a baseline level of phosphorylation.
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Furthermore, data from S6 and 4E-BP1 (discussed below) supports the idea that the SCN
exhibits a relatively high level of mTOR activity.

Although most SCN neurons express mTOR1, light-induced p-p70 S6K expression was only
detected in a subset of cells. There are a number of potential explanations for this. Along these
lines, limited p-p70 S6K expression may be due to the low sensitivity of the antibody (noted
above). Another possibility is that we may be identifying only a subset of the “activated cells’;
hence activation may be rapid and transient in some cells whereas others cells may show
delayed activation and rapid inactivation. Thus, data collected from a single time point may
only capture a subset of the responsive cells. Finally, at a cellular level, the degree of RHT
innervation may also likely contribute to the efficiency of activation.

To test whether light-induced phosphorylation of p70 S6K and 4E-BP1 were dependent on
mTOR, we employed an intraventricular infusion method to deliver the mTORC1 inhibitor
rapamycin to the ventricular system. Similar rapamycin infusion approaches have been used
by other groups to study the effects of mTOR in the brain (Tischmeyer et al., 2003; Narita et
al., 2005). The infusion of rapamycin led to a complete inhibition of p70 S6K activity, its
downstream target, S6, as well as 4E-BP1. Together, these data strongly support the idea that
light triggers activation of mTOR-dependent signaling. It should be noted that rapamycin does
not affect mTOR as part of the mTORC2 complex (Wullschleger et al., 2006). Interestingly,
mTORC2 is regulated by the same uspstream TSC2/Rheb2 signaling cassette, but actuates a
distinct set of signaling events from mTORC1, such as actin polymerization (Jacinto et al.,
2004). Additional work will be required to assess inducible activation and function of mTORC2
in the SCN.

Interestingly, in contrast to p70 S6K, we detected relatively high levels of 4E-BP1
phosphorylation under control conditions and light treatment led to a relatively modest increase
in 4E-BP1 phosphorylation. The activation of 4E-BP1 is mediated by a sequential set of
phosphorylation events. Activation appears to be initiated by the phosphorylation of Thr-37
and Thr-46 (the two sites examined in this study). This dual phosphorylation is a priming event
that allows for phosphorylation at Ser-65 and Thr-70 to occur (Gingras et al., 1999; Gingras
et al., 2001). Ser-65 and Thr-70 phosphorylation are thought to be the trigger that initiates
dissociation of 4E-BP1 from eIF4E, thereby allowing cap-dependent mRNA translation to
occur (Lin et al., 1994; Pause et al., 1994). A number of studies have shown that the
phosphorylation of Thr-37 and Thr-46 is mediated by mTOR, whereas Ser-65 and Thr-70
phosphorylation is regulated by both mTOR-dependent and -independent signaling (Gingras
et al., 1999; Nojima et al., 2003). Of note, the finding that rapamycin infusion triggered a
decrease in 4E-BP1 phosphorylation supports the idea that the SCN exhibits a relatively high
tonic level of mTOR activity, thus raising the possibility that the mTOR pathway plays a
broader role in the SCN than simply conveying photic information.

Next, our attention turned to potential effectors of p70 S6K in the SCN. To this end, we focused
on S6. The rationale for examining S6 was two-fold: first, its phosphorylation can be used as
a functional read-out for p70 S6K activity, and second, several studies have shown that it
regulates the translation of a subset of mRNAs which contain a 5' tract of oligopyrimidine
(TOP) (Jefferies et al.,1994; Terada et al.,1994; Jefferies et al.,1997; Kawasome et al., 1998;
Schwab et al., 1999). Interestingly, a number of 5'TOP mRNAs are components of the
translation machinery and thus may influence the overall translational potential of the cell.
However, the precise role of S6 in this process is not clear, and several studies have reported
that S6 does not directly regulate translation of 5'TOP mRNAs (Tang et al., 2001; Ruvinsky
et al., 2005). Our results show that light induced a marked increase in S6 phosphorylation at
Ser-240 and Ser-244 and that rapamycin potently blocked this process. Interestingly, pS6 was
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detected in the absence of photic input, further supporting the idea that the SCN exhibits tonic
mTOR activity.

The phase-restricted capacity of light to activate mTOR-dependent signaling is consistent with
a large body of work showing that photic stimulation exerts a dominant effect during the night
time domain. Along these lines, phase-restricted light responses have been characterized at
both a behavioral and molecular level. For example, light exposure during the early night causes
a phase delay in clock timing, whereas light exposure during the late night causes a phase
advance in clock timing (Daan and Pittendrigh, 1976). At the molecular level, the capacity of
light to trigger the expression of the immediate early genes such as Fos, JunB and early growth
response factor 1 (EGR-1) and core clock timing genes period 1-and period-2 is restricted to
the night (Aronin et al., 1990; Kornhauser et al., 1990, 1992; Rusak et al., 1990, Albrecht et
al., 1997; Zylka et al., 1998; Mendoza et al., 2007). Likewise, light activation of the CREB/
CRE transcription pathaway and kinases such as protein kinase C and the MAPK cascade is
phase-restricted to the night time domain (Ginty et al., 1993; Obrietan et al., 1998, 1999; Lee
et al., 2007). The data reported here add the mTOR signaling pathway to this phase-restricted
photic response network.

One key question for this study relates to the upstream signaling cascade that couples light to
rapid activation of mTOR. To this end, we examined the MAPK cascade, a key signaling
intermediate in light-mediated SCN entrainment (Obrietan et al., 1998; Butcher et al., 2002;
Coogan and Piggins, 2003). As an initial assessment of the potential role of MAPK signaling
in light-induced mTOR activity, SCN sections were double labeled for activated ERK and p70
S6K. These assays detected a light-induced temporal and cellular correlation between MAPK
pathway activity and p70 S6K phosphorylation. Furthermore, infusion of the MEK1/2 inhibitor
U0126 potently repressed p70 S6K activity, thus indicating that light-induced MAPK signaling
is an upstream activator of mTOR in the SCN.

There are several potential mechanisms by which the MAPK pathway could stimulate mTOR
activity. First, recent work has revealed that ERK triggers phosphorylation-dependent
inactivation of TSC2 GAP activity (Ma et al., 2005, 2007). Second, ERK-regulated 90 kDa
ribosomal kinase 1 (RSK1) has been shown to block TSC2 activity (Roux et al., 2004), and
thereby stimulate mTOR1 signaling. Interestingly, we recently reported that RSK1 is activated
by light in the SCN (Butcher et al., 2004). Additional work will be required to delineate the
precise mechanism by which MAPK signaling regulates mTOR activity in the SCN.

In the SCN, MAPK signaling is thought to couple light to the core clock timing mechanism
via a process that elicits transcription factor activation and, in turn, clock gene expression.
Along these lines, the MAPK cascade has been shown to facilitate CRE-dependent
transcription and period1 transcription (Obrietan et al., 1999; Dziema et al., 2003;
Travnickova-Bendova et al., 2002; Butcher et al., 2005). Interestingly, the data presented here
reveal that light triggers coordinate activation of CREB and mTOR-mediated signaling in the
SCN. Given that MAPK signaling regulates both of these processes, these data raise the
possiblity that the MAPK cascade serves coordinate roles as a regulator of gene transcription
and mRNA translation (Fig. 7). Further studies aimed at addressing inducible translation
regulation will shed new light on the key cellular signaling events that shape circadian clock
timing and entrainment.

Experimental Methods
Photic stimulation and tissue processing

Initially, adult (8~10-week-old) C57BL/6 mice were entrained to a 12 h LD cycle for at least
2 weeks and then transferred to total darkness for two consecutive 24 h cycles. After dark
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adaptation, animals received a single light exposure (400 lux, 15 min) at one of three time
points: the middle of the subjective day (CT 6), early subjective night (CT 15), or late subjective
night (CT 22). CTs were calculated based on Zeitgeber time (ZT) and the tau of C57BL/6 mice
(approximately 23 h 45 min) under free running conditions, with ZT 0 denoting light on and
ZT 12 denoting light off. Immediately after light treatment, animals were anesthetized via an
intraperitoneal (ip) injection of ketamine (95.2 mg/kg) and xylazine (30.8 mg/kg) under dim
red light (Kodak series 2 filter <10 lux at cage level; Eastman Kodak, Rochester, NY) and both
eyes were covered with an opaque black tape. The mice were then transcardially perfused with
cold saline followed by perfusion with 4% paraformaldehyde (w/v in 10 mM phosphate-
buffered saline, PBS, pH 7.4). From the end of light exposure, it took 5~8 min to begin
paraformaldehyde perfusion. Next, brains were harvested, cut into 1.5 mm coronal slices with
an oscillating tissue slicer (OTS 2000; Electron Microscopy Sciences, Fort Washington, PA),
post-fixed in 4 % paraformaldehyde for 4~6 hr at room temperature and then transferred into
30% sucrose (w/v, with 2 mM sodium azide and 3 mM NaF) overnight at 4 °C. The “no light”
control animal groups underwent the same handling conditions at the same time points. All
procedures were in accordance with Ohio State University animal welfare guidelines and
approved by the Institutional Animal Care and Use Committee.

Cannulation and infusion paradigms
Mice were anesthetized via an ip injection of ketamine (95.2 mg/kg) and xylazine (30.8 mg/
kg) and placed in a stereotaxic apparatus (Cartesian Research). The coordinates (posterior, 0.34
mm from bregma; lateral, 0.90 mm from the midline; and dorsoventral, −2.15 mm from
bregma) were used to place the tip of a 24-gauge guide cannula into the lateral ventricle.
Cannulae were held in place with dental cement and a 30-gauge stylus was secured in the
cannula to ensure patentcy. After surgery animals were housed individually and allowed to
recover for at least 2 weeks under a standard 12 h LD cycle. For the infusion, animals were
restrained by hand under dim red light, and the infusate was delivered at a rate of 1 µl/min. To
disrupt the MAPK cascade, 2 µl of 1,4-diamino-2,3-dicyano-1,4-bis o-aminophenylmercapto
butadiene (U0126, 10 mM; Calbiochem, La Jolla, CA) was infused 30 min before photic
stimulation. To inhibit the activity of mTOR, 2 µl of rapamycin (100 µM, Cell Signaling
Technology: Kunz et al., 1993; Brown et al., 1994) was infused 30 min before light treatment.
Control animals were infused with an equivalent volume of vehicle (DMSO).

Immunohistochemistry
Coronal brain sections (1.5 mm) containing the SCN were thin cut (40 µm) using a freezing
microtome and placed in PBS containing 2 mM sodium azide and 3 mM NaF, pH 7.4. For the
immunohistochemical staining, sections were first treated with 0.3 % H2O2 and 20 % methanol
in PBS for 10 min to deactivate endogenous peroxidases and permeabilize the tissue and then
blocked for 1 h in 10% goat serum/PBS and incubated (overnight, 4°C) in mouse monoclonal
anti-phospho-p70 S6 kinase (Thr-389) antibody (1:1000 final dilution; Cell Signaling
Technology, Beverly, MA) or rabbit monoclonal anti-phospho-4E-BP1 (Thr-37/46)(236B4)
antibody (1:1000 final dilution; Cell Signaling Technology). Next, tissue was incubated for
1.5 hr at room temperature in biotinylated anti-mouse IgG (1:200;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). Sections were washed in PBS (three
times, 10 min per wash) between each labeling step. The signal was visualized using nickel-
intensified DAB substrate (Vector Laboratories) and sections were mounted on gelatin-coated
slides with Permount media (Fisher Scientific, Houston, TX).

For immunofluorescent labeling, tissue was permeabilized with PBST (PBS with 1 % Triton
X-100) for 30 min, blocked as described above and then incubated (overnight, 4° C) in 5 %
goat serum/PBS with one or more of the following antibodies: mouse monoclonal anti-
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phospho-p70 S6 kinase (Thr-389) (1:300; Cell Signaling Technology), rabbit monoclonal anti-
mTOR (1:300; Cell Signaling Technology), rabbit polyclonal anti-phosphorylated ERK
(Thr-202, Tyr-204) (1:300; Cell Signaling Technology), rabbit polyclonal anti-phospho-S6
ribosomal protein (Ser-240/244) (1:300; Cell Signaling Technology) or rabbit polyclonal
phospho-CREB (Ser-133) (1:300; Cell Signaling Technology). The following day, sections
were incubated (3 h, room temperature) in Alexa Fluor-594-conjugated goat anti-rabbit IgG
antibody (1:500; Molecular Probes, Eugene, OR) and/or Alexa Fluor-488-conjugated goat anti-
mouse IgG antibody (1:500; Molecular Probes). Brain sections were washed in PBS (three
times, 10 min per wash) between each labeling step. Sections were mounted on slides with
Cytoseal 60 (Richard-Allan Scientific, Kalamazoo, MI).

Bright-field or dark-field fluorescent photomicrographs were captured using a 16 bit digital
camera (Micromax YHS 1300; Princeton Instruments, Trenton, NJ) mounted on an inverted
Leica microscope (DM IRB; Nussloch, Germany). Images were acquired with Metamoph
software (Molecular Devices, Sunnyvale CA). Confocal fluorescent images were captured
using a Zeiss 510 Meta confocal microscope (Oberkochen, Germany). All confocal parameters
(pinhole, contrast, brightness, etc.) were held constant for all data sets from the same
experiment.

Western blotting
Light-treated mice were transcardially perfused (as described above) with cold saline for 1~2
min and their brains were removed rapidly. Brains were then immersed in chilled, oxygenated
artificial cerebrospinal fluid (ACSF, in mM: NaCl 117, KCl 4.7, NaH2PO4 1.2, MgCl2 1.2,
CaCl2 2.5, NaHCO3 25, and d-glucose 11: 299 ± 4 mOsm), blocked and cut into 500 µm coronal
sections with the oscillating tissue slicer. The tissue sections were then frozen on dry ice, placed
on a dissecting microscope and SCN were isolated using a razor blade. Tissue was lysed in
100 µl RIPA buffer [50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium dodecyl sulfate, 1% sodium deoxycholate, 1 mM sodium vanadate, 1 mM NaF and 1×
protease inhibitor cocktail (Roche)]. Extracts (24 µl/lane) were electrophoresed into an 8%
SDS-PAGE gel, then transblotted onto polyvinylidene difluoride membranes (Immobilon-P,
Millipore). Membranes were blocked in 10% bovine serum albumin (BSA, Fisher scientific,
Fair Lawn, NJ) and then incubated (overnight, 4 °C) in PBST (with 5 % BSA) with mouse
monoclonal anti-phospho-p70 S6 kinase (Thr-389, Cell Signaling Technology) antibody
(1:1000). Next, membranes were incubated in PBST (with 5 % milk) with a goat anti-mouse
IgG alkaline phosphatase-conjugated antibody (1:4000, PerkinElmer Life Sciences).
Immunoreactivity was developed using the Western-star alkaline phosphatase detection system
(Tropix). As a protein loading control, membranes were probed for total ERK expression using
a goat polyclonal anti-ERK antibody (1:1000 final dilution, Santa Cruz Biotechnology)
followed by a donkey anti-goat IgG antibody conjugated to horseradish peroxidase. The signal
was visualized using Renaissance chemiluminescent horseradish peroxidase substrate
(PerkinElmer Life Sciences). Between each antibody treatment, membranes were washed a
minimum of three times (10 min/wash) in PBST. SCN tissue was pooled from three mice for
each condition and the experiment was repeated three times.

Materials
Unless otherwise indicated, all reagents were obtained from Sigma.

Data analysis
All photomicrographic data sets were statistically analyzed using Adobe Photoshop software
(Adobe Systems Incorporated, San Jose, CA). For cell counting, an intensity threshold filter
was initially applied to eliminate nonspecific background labeling, and then the number of
detectable signals above threshold (now defined as positive cells) were counted for each SCN.
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A mean value for each animal was generated from 3 central SCN sections per animal; this
value was then used to generate the group mean. For the pS6 intensity analysis, SCN were
digitally outlined and the mean pixel values determined. Next, a digital oval (150×200 pixels)
was placed on the adjacent lateral hypothalamus and this mean value was subtracted from the
adjacent SCN signal to provide a normalized SCN intensity value. For the p4E-BP1 intensity
analysis, a digital circle (Φ1000 pixels) was placed in the ventral SCN and the mean labeling
intensity was determined. A digital oval (150×200 pixels) was then placed over the adjacent
lateral hypothalamus and the ratio of the SCN signal to mean lateral hypothalamic signal was
generated and used to normalize SCN intensity values. The lateral hypothalamic 4E-BP1 values
were not altered by light or rapamycin infusion. Mean data from different animals were pooled
into treatment groups and compared by one-way ANOVA followed by SNK post-tests. P <
0.05 was accepted as statistically significant. The values are presented as the mean ± standard
error of mean (SEM). All statistical analysis was performed using SPSS software (SPSS Inc,
Chicago, IL).
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Figure 1. Light-induced p70 S6K phosphorylation in the SCN
Animals were initially dark-adapted for two day and then exposed to light (400 lux, 15 min)
during the mid-subjective day [circadian time (CT) 6], early night (CT 15), or late night (CT
22). A, Representative immunohistochemical images of p-p70 S6K in the SCN. Relative to
control animals (No Light, top row), light exposure (middle and bottom rows) triggered a
marked increase in p-p70 S6K expression at the two night time points. The highest level of
antigenicity was observed in the ventral region of the SCN. Photic stimulation during the
subjective day did not increase p70 S6K phosphorylation, indicating that the capacity of light
to couple to p70 S6K is phase-restricted. Boxed regions are magnified below. Scale bars: 100
µm; 3V, third ventricle; OC, optic chiasm. B, Quantification of p-p70 S6K-positive cells per
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SCN. The number of animals used for each condition is shown above each histogram. Error
bars denote the SEM. ***p < 0.001. C, Western blotting analysis of p-p70 S6K expression in
the SCN. Mice received a single light pulse (15 min, 400 lux) at CT 15, and SCN tissue was
dissected, pooled (n=3 for each condition) and probed for p-p70 S6K expression. Compared
with the “no light” control, a modest increase in the density of the 70 kD band was detected in
the light-treated condition. As a protein loading control, the blot was also probed for total ERK
(erk 1 and erk 2) expression. D, Distribution of light-induced p-p70 S6K expression within the
rostrocaudal axis of the SCN. A fifteen-minute light treatment (400 lux) at CT 15 triggered
limited p-p70 S6K expression in the rostral and caudal regions of the SCN; the highest level
of expression was observed within the central SCN. Scale bars: 100 µm
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Figure 2. Light-induced p70 S6K activation is mTOR-dependant
A, Representative confocal images showing colocalization of phosphorylated p70 S6K (p-p70
S6K, green) and mTOR (red) in the SCN. Compared with “no light” control animals (top), a
15-minute light treatment (400 lux) at CT 15 elicited robust p70 S6K activation in the SCN.
The merged immunolabeling images (right column) reveal a largely nuclear expression pattern
for p-p70 S6K and a cytoplasmic expression pattern for mTOR. OC, optic chiasm. Boxed
regions are magnified below each image. Scale bars: 20 µm. B, Quantification of light-induced
p-p70 S6K expression and its colocalization with mTOR in the SCN. Cellular coexpression of
p-p70 S6K with mTOR was detected in 95% p-p70 S6K positive cells (315 out of 330 cells
counted from five mice). Quantitation was performed on 5 control (no light) mice. Error bars
denote SEM. C, Representative fluorescent micrographs showing that infusion of the mTOR
inhibitor rapamycin blocks light-induced p-p70 S6K expression. Two µl of rapamycin (100
µM) or dimethylsulfoxide (DMSO, vehicle) was infused into the lateral ventricle 30 min before
a 15-minute light treatment at CT 15. The boxed regions are shown below. Scale bar, low
magnification: 100 µm, high magnification: 75 µm; OC, optic chiasm; 3V, third ventricle.
Statistical analysis is presented in figure 5C.
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Figure 3. The MAPK pathway couples light to mTOR/p70 S6K
A, Compared with “no light” control animals, a 15-minute light treatment (400 lux) at CT15
elicited robust phospho-p70 S6K (p-p70 S6K: green) and phospho-ERK (pERK: red)
expression. Merged confocal images revealed that light-induced p70 S6K and ERK activation
occurred in the same subset of cells (arrows). Boxed regions are magnified below each image.
Scale bars: 20 µm. B, Quantification of colocalized, light-induced, p-p70 S6K expression and
ERK activation in the SCN. Of note, after the light flash 81% p-p70 S6K positive cells were
also pERK-postive (338 out of 416 cells counted from six mice); quantitation was performed
on 7 control (no light) mice. Error bars denote SEM. C, Representative fluorescent micrographs
showing that light-induced p-p70 S6K is dependent on the MAPK pathway. Mice received a
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ventricular infusion of U0126 (10 mM, 2 µl) or dimethylsulfoxide (DMSO, 2 µl) vehicle 30
min before a 15-minute light treatment at CT 15. SCN sections were double labeled for pERK
(red) and p-p70S6K (green) expression. The boxed regions are magnified and shown below.
Scale bars, high magnification: 75 µm, low magnification: 100 µm; OC, optic chiasm; 3V,
third ventricle. Statistical analysis is presented in figure 5C
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Figure 4. Phosphorylated 4E-BP1 (Thr-37/46) in the SCN
A, Representative immunohistochemical images of phosphorylated p4E-BP1 (p4E-BP1)
expression in the SCN. The treatment conditions are shown above the images. Under control
conditions (no light) marked p4E-BP1expression was detected in the SCN at CT15.
Pretreatment with rapamycin (100 µM, 2 µl) 30 min prior to sacrificing triggered a significant
reduction in p4E-BP1 expression. A 15-minute light treatment (400 lux) at CT 15 stimulated
a moderate increase of p4E-BP1 expression in the SCN. Rapamycin (100µM, 2 µl) infusion
(30 min before light) blocked light-induced p4E-BP1 expression. Mice not infused with
rapamycin were infused with dimethylsulfoxide (DMSO, 2 µl). Scale bars: low magnification
250 µm, high magnification 150 µm. B, Quantitative analysis of 4E-BP1 phosphorylation under
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the four experimental conditions. The treatment conditions are shown below the histograms.
Values are normalized against p4E-BP1 levels in the lateral hypothalamus. Please see the
Methods section for a description of the quantitation procedures. Error bars denote SEM. The
numbers above the bars indicate the number of animals tested for each condition. ***p < 0.001;
** p < 0.01.
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Figure 5. Light-induced S6 activation in the SCN
A, Confocal images showing immunolabeling for S6 phosphorylation (pS6, red) and p-p70
S6K (green) in the SCN. Compared with control animals (no light), a 15-minute light treatment
(400 lux) at CT 15 elicited an increase in pS6 and p-p70 S6K. Merging the two signals revealed
colocalization of light-induced p-p70 S6K and pS6 expression in a subset of the cells. OC,
optic chiasm. Boxed regions are magnified below each image. Scale bars: 20 µm. B, Infusion
of U0126 and rapamycin blocked light-induced p-p70 S6K expression in the SCN. U0126 (10
mM, 2 µl), rapamycin (100 µM, 2 µl) or dimethylsulfoxide (DMSO, 2 µl) was infused into the
lateral ventricle 30 min before a 15-minute light treatment at CT 15. Also, note that infusion
of U0126 and rapamycin led to a decrease in pS6 expression within the brain regions
surrounding the third ventricle. Scale bar: 750 µm; 3V, third ventricle. C and D, Quantitative
analysis of light-induced p-p70 S6K (C) and pS6 (D) expression in the SCN. For (D), the Y-
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axis denotes normalized fluorescent intensity (0-255 scale). Please see the Methods section for
a description of the quantitation procedure. The treatment conditions are shown below the
histograms. Error bars denote SEM. The numbers above the bars indicate the number of animals
used for each condition. ***p < 0.001
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Figure 6. Light-induced p70 S6K phosphorylation and CREB phosphorylation in the SCN
Compared with the control mice (No Light), photic stimulation (400 lux, 15 min) at CT 15
increased the number of p-p70 S6K-positive (green) and pCREB-positive (red) cells. Merging
of p-p70 S6K and pCREB signals (right) revealed that the expression of the activated kinase
and transcription factor were colocalized in a subset of the cells (arrows); arrowhead denotes
a cell where colocalization was not detected. The boxed regions are magnified and shown
below. Scale bar: 20 µm.
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Figure 7. Schematic of proposed mTOR signaling pathway in the SCN
Photic input from the retina induces the release of glutamate and PACAP from RHT terminals.
Transmitter binding to postsynaptic receptors on SCN neurons evokes a series of intracellular
signal transduction events, including MAPK pathway activation. One downstream target of
the MAPK cascade is CREB, which, when phosphorylated on Ser-133, drives clock gene
transcription. Light-induced activation of the MAPK cascade also stimulates mTORC1, which
in turn targets the translation regulators p70 S6K and 4E-BP1. Activated p70 S6K stimulates
S6 phosphorylation, whereas 4E-BP1 phosphorylation has been shown to lead to its
dissociation from eIF4E, thereby allowing cap-dependent mRNA translation to occur. U0126
is a specific MEK 1/2 inhibitor and rapamycin inhibits mTORC1.
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