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Abstract

Circadian (24-hr) rhythms influence virtually every aspect of mammalian physiology. The main
rhythm generation center is located in the suprachiasmatic nucleus (SCN) of the hypothalamus,
and work over the past several years has revealed that rhythmic gene transcription and post-
translational processes are central to clock timing. In addition, rhythmic translation control has
also been implicated in clock timing; however the precise cell signaling pathways that drive this
process are not well known. Here we report that a key translation activation cascade, the
mammalian target of rapamycin (mTOR) pathway, is under control of the circadian clock in the
SCN. Using phosphorylated S6 ribosomal protein (pS6) as a marker of mTOR activity, we show
that the mTOR cascade exhibits maximal activity during the subjective day, and minimal activity
during the late subjective night. Importantly, expression of S6 was not altered as a function of
circadian time. Rhythmic S6 phosphorylation was detected throughout the dorsoventral axis of the
SCN, thus suggesting that rhythmic mTOR activity was not restricted to a subset of SCN neurons.
Rather, rhythmic pS6 expression appeared to parallel the expression pattern of the clock gene
periodl (perl). Using a transgenic perl reporter gene mouse strain, we found a statistically
significant cellular level correlation between pS6 and perl gene expression over the circadian
cycle. Further, photic stimulation triggered a coordinate upregulation of perl and mTOR
activation in a subset of SCN cells. Interestingly, this cellular level correlation between mTOR
activity and perl expression appears to be specific, since a similar expression profile for pSé and
per2 or c-FOS was not detected. Finally, we show that mTOR activity is downstream of the ERK/
MAPK signal transduction pathway. Together these data reveal that mTOR pathway activity is
under the control of the SCN clock, and suggests that mTOR signaling may contribute to distinct
aspects of the molecular clock timing process.
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Introduction

An inherent biological timing mechanism imparts 24 hr (i.e. circadian) rhythms on a vast
array of physiological processes (Reppert and Weaver, 2002). For mammals, the dominant
rhythm is generated by the suprachiasmatic nuclei (SCN), a relatively small brain region (~
20,000 neurons/nucleus) located within the ventral hypothalamus (Ukai and Ueda, 2010).
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The rhythm-generating capacity of the SCN arises from a network of autonomous SCN
oscillator neurons, which, through synaptic and paracrine-driven processes, forms a coherent
and stable oscillator network (Welsh et al., 2010).

At the molecular level, the cellular clock is driven by several interlocking transcriptional/
translational feedback loops (Ko and Takahashi, 2006). The major negative feedback loop is
centered on the rhythmic regulation of period (per) and cryptochrome (cry) genes. Briefly,
the transcription factors CLOCK and BMAL1 form heterodimers and activate transcription
of the per and cry genes by binding to their E-box enhancers. As the levels of PER proteins
increase, they form complexes with CRY, translocate into cell nucleus and associate with
CLOCK-BMAL1 heterodimers which in turn leads to transcriptional repression of per and
cry genes. Clock gene transcriptional inhibition is relieved via the posttranslational-
component of the feedback loop. Along these lines, phosphorylation via casein kinase |
(CKI) plays a key role in targeting in the PER/CRY complex for ubiquitin-mediated
degradation, thereby allowing a new cycle of clock gene expression to occur (Gallego and
Virshup, 2007).

Interestingly, a relatively new piece of this rhythm-generation puzzle has begun to emerge:
translation regulation. In support of this concept, several studies have shown that
microRNAs, which function as potent negative regulators of mMRNA translation, influence
clock timing (Cheng et al., 2007; Shi et al., 2009; Na et al., 2009; Nagel et al., 2009).
Likewise, Nocturnin, a rhythmically expressed mRNA deadenylase, regulates circadian
MRNA degradation (Douris and Green, 2009). Further, the rhythmically-expressed RNA-
binding protein LARK (McNeil et al., 1998) regulates per mRNA translation and clock
function (Kojima et al., 2007). Of particular relevance here, recent work in Drosophila has
indicated a role for target of rapamycin (TOR) in clock physiology (Zheng and Sehgal,
2010).

Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase that is
inhibited by the antifungal metabolite rapamycin (Hay and Sonenberg, 2004). mTOR plays
fundamental roles in regulating cell growth, metabolism and mRNA translation. It executes
its function via two distinct multi-protein complexes: the rapamycin-sensitive mTOR
Complex 1 (mTORC1), which contains Raptor, and the rapamycin-insensitive mTORC2,
which contains Rictor (Wullschleger et al., 2006). mTOR functioning within mTORC1
regulates translational control by direct phosphorylation of two distinct translation effectors:
S6 kinasel (S6K1, including two isoforms, p70 S6K and p85 S6K) and eukaryotic initiation
factor 4E-binding protein 1 (4E-BP1).

Our recent work has identified a light-regulated mTORCL signal cascade in the SCN that
influences clock entrainment (Cao et al., 2008, 2010). These studies also reported a
relatively high level of basal mTOR activity in the SCN, thus raising the prospect that
mTOR activity could be influenced by the core clock timing process. Here, we provide data
revealing a robust circadian rhythm of mTOR activity in the SCN. Further, we found a
cellular-level correlation between circadian Perl gene expression and mTOR activity in the
SCN. These data connect mTOR signaling to circadian cellular level clock timing, and as
such, raise the prospect to mTOR contributes to clock physiology

Materials and Methods

Photic entrainment and tissue processing

Initially, adult (8~10-week-old) wild-type C57BL/6, mperl-Venus transgenic or mper2-
DsRed transgenic mice (Cheng et al., 2009) were entrained to a 12h/12h light/dark (L/D)
cycle for at least 2 weeks and then transferred to total darkness for two consecutive 24 h
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cycles. After dark-adaptation, animals were sacrificed under dim red light (Kodak series 2
filter <5 lux at cage level; Eastman Kodak, Rochester, NY) over the circadian cycle.
Circadian times (CTs) were calculated based on Zeitgeber time (ZT) and the period length
(tau value) of C57BL/6 mice (approximately 23 h 45 min) (Schwartz and Zimmerman,
1990) and mper transgenic mice (approximately 23 h 54 min) (Cheng et al., 2009) under free
running conditions, with CT 0 denoting subjective daytime and CT 12 denoting the
beginning of the subjective nighttime. For the light flash experiment, after dark-adaptation
mper1-Venus animals received a single light exposure (100 lux, 15 min) at CT 15 and then
were sacrificed 4 hr later at CT19. Control mice (no light exposure) were also sacrificed at
CT19. Animals were killed via cervical dislocation, and brains were removed under red
light. Brains were then placed in chilled, oxygenated physiological saline, cut into 1.5 mm
coronal slices with a vibrotome (OTS 2000; Electron Microscopy Sciences, Fort
Washington, PA), fixed in 4 % paraformaldehyde for 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. All procedures were in accordance with Ohio State University animal welfare guidelines
and approved by the Institutional Animal Care and Use Committee.

Brain Infusion

Cannulation and infusion procedures were conducted as previously described (Cao et al.,
2010). Briefly, adult (8~10-week-old) wildtype C57BL/6 mice were anesthetized 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. After surgery
animals were housed individually and allowed to recover for at least 2 weeks under a
standard 12 h/12h L/D cycle. To disrupt the MAPK cascade, 2 pl 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 sacrifice. To inhibit the activity of mTOR, 2 pl of rapamycin
(100 uM, Cell Signaling Technology, Beverly, MA) was infused 30 min before sacrifice. To
inhibit the activity of AKT, 2 ul of Akti-1/2 (20 mM, Chemdea, Ridgewood, NJ) was
infused 30 min before sacrifice. Control animals were infused with an equivalent volume of
vehicle (DMSO).

Immunohistochemistry

Coronal brain slices (1.5 mm) containing the SCN were cut into thin sections (40 um) using
a freezing microtome and placed in PBS containing 2 mM sodium azide and 3 mM NaF, pH
7.4. For immunohistochemical staining, sections were first treated with 0.3 % H,0O, and 20
% methanol in PBS for 10 min to deactivate endogenous peroxidases and to permeabilize
the tissue. The tissue was then blocked for 1 h in 10% goat serum/PBS and incubated in
rabbit anti-phospho-S6 ribosomal protein (pS6, Ser-240/244) (1:1000; Cell Signaling
Technology), mouse anti-S6 ribosomal protein (1:500; Cell Signaling Technology) or rabbit
anti-phosphorylated ERK (pERK, Thr-202, Tyr-204) (1:2000; Cell Signaling Technology)
antibody overnight at 4°C. Next, tissue was incubated for 1.5 h in biotinylated secondary
antibody (1:200; Vector Laboratories, Burlingame, CA) at room temperature and then
placed in an avidin/biotin/HRP complex for 1 h (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 slides with Permount media (Fisher Scientific, Houston, TX).

For immunofluorescence 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 a combination of two of the following antibodies: mouse anti-
pPERK (Thr-202, Tyr-204) (1:300; Cell Signaling Technology), rabbit polyclonal anti-pS6
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(Ser-240/244) (1:300; Cell Signaling Technology), chicken anti-GFP (1:2,000; Abcam,
Cambridge, MA), rabbit polyclonal anti-DsRed (1:200; Clontech), goat polyclonal anti-c-
Fos (1:500; Calbiochem) or guinea pig anti-vasopressin (1:500; Abcam). The following day,
sections were incubated (3 h, room temperature) in Alexa Fluor-conjugated secondary
antibodies (1:500; Molecular Probes, Eugene OR) directed against the 1gG domains of the
primary antibodies.

Of note, double labeling DsRed or c-Fos with pS6 employed an Alexa Fluor-488-conjugated
rabbit polyclonal anti-pS6 (Ser-240/244) (1:200; Cell Signaling Technology). Labeling (3h
at room temperature) with the Fluor-conjugated pS6 antibody was performed after all of the
DsRed and c-Fos labeling steps were completed. Brain sections were washed in PBS (three
times, 10 min per wash) between each labeling step. For some experiments, sections were
incubated (10 min) in PBS containing the DNA stain DRAQ5 (1:3000; Biostatus Limited,
Leicestershire, UK) before the final PBS wash. Sections were mounted on slides with
Cytoseal 60 (Richard-Allan Scientific, Kalamazoo, MlI).

Bright-field 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). Fluorescence 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.

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 the pS6 intensity analysis (figure 1), the
SCN from 10X images were digitally outlined and the mean pixel values determined. Next,
the pixel value within a digital oval (150x200 pixels) in the adjacent lateral hypothalamus
determined and the ratio of the pS6 in the SCN to the lateral hypothalamus was determined.
Data were averaged bilaterally, and from 3 central SCN sections per animal. For pERK
intensity analysis (figure 5), SCN were digitally outlined and the mean pixel values (0-255
scale) determined. Next, a digital oval (150x200 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. As with the pS6 analysis, the data were averaged
bilaterally, and from 3 central SCN sections per animal to generate a mean value. Mean
values from different animals were pooled into treatment groups and analyzed by one-way
ANOVA and compared via the SNK (Student-Newman-Keuls) post-hoc test. The values are
presented as the mean + standard error of mean (SEM). For the pS6 and Venus or DRAQ5
cellular correlation study, confocal images (40X magnification) of pS6 immunolabeling
were collected and 20 Venus-positive SCN cells were randomly picked from each image and
manually outlined. Next, a threshold filter was applied to eliminate non-specific background
labeling, and densitometry values for red (for pS6), green (for Venus) and blue (for
DRAQ5) channels of the outlined cells were determined. Pearson's correlation analysis was
performed between pS6 and Venus data or DRAQ5 and Venus data. P < 0.05 was accepted
as statistically significant. All statistical analysis was performed using SPSS software (SPSS
Inc, Chicago, IL).
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RESULTS

Circadian mTOR activity in the SCN

To test whether mTOR activity is under control of the circadian clock, mice maintained on a
standard 12 hr light/dark cycle were transferred to total darkness for 2 days, and then
sacrificed at 4 hr intervals over a 24 hr period. SCN-containing tissue was then fixed and
immunolabled for the expression of the Ser 240/244-phosphorylated form of S6 ribosomal
protein (pS6). The rationale for monitoring the phosphorylation state of Ser 240/244 is based
on work showing that these post-translational modifications are mediated specifically via
mTOR-dependent S6K1 kinase activity. Importantly, data provided here (Fig. 5D and 5E:
described below), along with our previous work (Cao et al., 2008) reveals that microinfusion
of the mTOR inhibitor rapamycin into the SCN leads to a rapid and potent suppression of S6
phosphorylation. Hence, pS6 immunolabeling serves as an excellent marker of relative
mTOR activity. Examination of the labeling pattern revealed a statistically-significant
circadian oscillation in pS6 expression in the SCN (Fig. 1A and 1B). Specifically, relatively
little pS6 was detected at the beginning of the subjective day (i.e., Circadian Time 0: CT 0);
however, at the CT 4 time point, a marked increase in S6 phosphorylation was detected.
Elevated labeling persisted throughout the subjective day, and then declined, reaching nadir
during the late subjective night time points (CT 20-0). Starting at CT4, the expression of pS6
showed progressive spread from the ventral to the dorsal SCN, culminating in robust SCN-
wide pS6 expression at CT12. Of note, total S6 levels were not altered as a function of
circadian time, indicating that the change in pS6 expression reflected a circadian-regulated
change in mTOR/S6K1 kinase activity (Fig. 1A and 1B). Together these data indicate that
mTOR signaling is under control of the SCN circadian clock.

As shown in Figure 1A, at CT12 pS6 was not localized to a distinct neuroanatomical
subregion of the SCN, such as the core or shell, thus suggesting that mTOR activation was
not specific to distinct peptidergic neuronal populations (e.g., arginine vasopressin [AVP],
vasoactive intestinal peptide, calbindin). To test this assertion, SCN tissue isolated at CT12
was double-labeled for pS6 and AVP. As expected, AVP was robustly expressed in dorsal
and lateral regions of central SCN (Fig. 2), whereas pS6 was expressed in a much broader
region of the SCN. Moreover, merging the immunofluorescence signals revealed that only a
limited number of pS6-positive cells expressed AVP (Fig. 2a—c). Together these data
support the idea that pS6 is expressed in diverse subsets of SCN neurons.

Rhythmic mTOR activity and perl expression

From both a neuroanatomical and temporal perspective, the circadian oscillation in pS6
activity in the SCN parallels the expression of the core clock protein PER1, thus raising the
possibility that rhythmic mTOR activity is restricted to the pool of SCN neurons that exhibit
robust clock gene rhythms.

To begin to address this question, we profiled perl expression and mTOR activity as a
function of circadian time. To monitor rhythms in perl gene expression, we employed a
transgenic mouse line in which the perl promoter-drives the expression of the GFP
derivative Venus (Cheng et al., 2009). Of note, in these transgenic animals, the Venus
coding sequence was modified to allow for rapid protein turnover and nuclear localization of
the reporter protein, thus providing a dynamic signal that closely matches the transcriptional
profile of the endogenous gene (Cheng et al., 2009). As shown in Figure 3A and 3B,
representative confocal images of triple fluorescent labeling for pS6, Venus and the nuclear
marker DRAQ5 reveal a cellular-level colocalization of pS6 and Venus over the circadian
cycle. As expected, Venus was expressed within the cell nuclei while pS6 was expressed
within the cytoplasm. To quantify the cellular-level relationship between pS6 and Venus
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expression, linear correlation analysis between pS6 intensity and VVenus expression was
examined across the circadian cycle. Interestingly, at all time points, a significant linear
correlation was detected between pS6 and Venus expressions (p<0.05, Fig. 3C). To test the
veracity of this quantitation technique, we also performed correlation analysis between
Venus and DRAQS. Importantly, no significant correlation between these two markers was
noted [Fig. 3C(b)]. Together these data suggest that the rhythmic actuation of mTOR
activity is tightly linked to expression of the core clock gene perl.

These findings led us to question whether mTOR activity was a feature of all oscillatory
neurons in the SCN. In an attempt to address this question, we examined whether pS6 is
detected in the subset of SCN neurons that exhibit per2 oscillations. Here, it is worth noting
that the neuroanatomical pattern of the per2 oscillation is distinct from the pattern of perl
rhythmicity in the SCN. Along these lines, PER2 protein rhythms are largely observed in the
dorsal and lateral regions of the SCN (Cheng et al., 2007), whereas, PER1 protein
oscillations are observed throughout the SCN (Hastings et al., 1999). Simply based on the
published distribution pattern of rhythmic per2 cells, it would appear that the pS6 and per2
oscillations occur in distinct cell populations. To test this idea, we employed a per2-DsRED
transgenic mouse strain (Cheng et al., 2009), to profile per2 transcription and pS6
expression. Similar to the per1-Venus transgenic mouse strain, the per2 transgenic mouse
strain drives the expression of a nuclear-localized, destabilized reporter (DsRED) transgene,
thus allowing for single cell resolution of cells in which per2 transcription occurs. Double
immunolabeling of CT20 tissue revealed a divergent cellular-level expression pattern of
DsRED and pS6: hence, the majority of pS6-positive cells did not express the per2
transgene (Fig. 3D). These data contrast with the high degree of colocalization between
Venus and pS6. We also tested whether pS6 is expressed in SCN neurons that exhibit a
circadian-gated increase in c-Fos expression during the early subjective day (Guido et al.,
1999). Double labeling analysis of tissue collected at CT4 revealed that the majority of pS6-
positive cells in the SCN did not express c-Fos (Fig. 3E). Together, these data suggest that
mTOR activity is not a marker of all rhythmic cells, but rather, is localized to a subset of
perl-expressing clock neurons.

Light-induced perl expression and mTOR activation

Our previous work found that mTOR activity facilitates light-induced PER1 expression in
the SCN (Cao et al., 2010). Here we tested for a cellular level relationship between light-
evoked mper1l transcription of S6 activation. To this end, Venus and pS6 expression was
examined 4h after an early night (CT 15) light pulse (100 lux). Paralleling our previous
results (Cheng et al., 2009; Cao et al., 2008), light triggered a marked increase in Venus
expression and S6 phosphorylation relative to control, no light, animals (Figure 4A).
Further, quantitative cellular level analysis of the control and light-treated groups revealed a
significant positive correlation between pS6 and Venus expression (p<0.05, Figure 4B). As a
control, analysis of DRAQS5 and Venus following light treatment revealed that there was no
correlation between the two labels. These data lend further support to the idea that mMTOR
activity is largely restricted to cells that exhibit a high degree of perl gene expression.

p42/44 MAPK activity and mTOR oscillation

Next, we turned to an examination of potential upstream regulatory pathways that drive
mMTOR activity in the SCN. Given their well-recognized role as regulators of mTOR, two
pathways were of particular interest: the p42/44 ERK/mitogen-activated protein kinase
(ERK/MAPK) pathway and the P13 kinase/AKT pathway. Initially, emphasis was placed on
the MAPK pathway, since we previously reported that activation this pathway exhibits
robust circadian oscillation with a similar temporal profile to that of mTOR activity
(Obrietan et al., 1998), and because the MAPK pathway couples light to mTOR in the SCN
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(Cao et al., 2008). To examine this question, we first profiled the circadian regulation of
MAPK activity by using an antibody that detects the dual phosphorylated (Thr 202 and Tyr
204) form of ERK (here referred to as pERK). Circadian profiling revealed that pERK has a
similar pattern as pS6: high during the circadian day and low during the circadian night
(Figure 5A and 5B). Given the similarities in the temporal expression pattern of mTOR and
MAPK signaling, we examined whether there was a parallel cellular-level expression pattern
of pERK and pS6. Double immunofluorescent labeling at both CT8 and CT20 did not detect
marked cellular colabeling between pERK with pS6. Hence, cells with high levels of pS6
typically did not show concordant elevated level of pERK (Fig. 5C). Although enhanced
MAPK signaling was not specific to pS6-expressing cells, basal levels of ERK activity
could contribute to mTOR activity. Likewise, a lack of cellular-level colocalization could be
explained by different enzymatic kinetics of ERK and S6 dephosphorylation. Hence, to
directly test whether MAPK signaling regulates S6 phosphorylation, we employed a
pharmacological approach to disrupt ERK activation and assess the effects on S6
phosphorylation. Microinfusion of the MEK inhibitor U0126 (10 mM, 2pl) into the lateral
ventricle 30 min before sacrifice led to a moderate, yet significant, decrease (Fig. 5D and
5E) in pS6 expression during both the subjective day (CT 8) and the subjective night
(CT16). As a validation of the efficacy of pharmacological approach to abrogate MAPK
signaling, we also provide data showing that the infusion led to a potent inhibition of ERK
phosphorylation (Fig. 5D). Together, these data suggest that circadian-regulated mTOR
activity is modulated by the MAPK pathway. As a further control, animals were infused
with the mTOR inhibitor rapamycin (100 uM, 2ul) at CT8. In line with our prior work (Cao
et al., 2008), rapamycin inhibited pS6 (Fig. 5D and 5E), thus indicating that S6
phosphorylation is driven by mTOR activity.

We also tested the potential contribution of the PI3K/Akt pathway to mTOR signaling in the
SCN. As a first step, we profiled Akt phosphorylation (pAKT) at Ser 308, a marker of AKT
activity. Interestingly, only sparse non-rhythmic pAkt expression was detected in the SCN
(data not shown). Further, light-induced (CT 15, 100 lux, 30 min) Akt phosphorylation was
not detected in the SCN (data not shown). These findings indicate a minimal level of Akt
activity in the SCN, and thus suggest that PI3K/Akt does not contribute to rhythmic mTOR
activity. To directly test this question, the Akt inhibitor Akti-1,2 (20 mM 2 uL) was infused
into the lateral ventricle, and the effects of pS6 expression were examined. This approximate
concentration of inhibitor has been used in other models to effectively suppress Akt activity
(Logie et al., 2007; Xu et al., 2008). Notably, relative to vehicle-infused mice, S6
phosphorylation in the SCN was not affected by Akti-1/2 infusion (Fig. 5E), thus indicating
that signaling via the PI3K/Akt pathway does not markedly contribute to mTOR activity in
the SCN. Of note, we were not able to directly assess the contribution of PI3K signaling,
given that the potent, and commonly used PI3K antagonist LY294002, is also an inhibitor of
mTOR (Ballou et al., 2007).

DISCUSSION

We have previously identified a light-responsive mTOR signaling cascade in the SCN that
modulates clock entrainment. As a logical extension of these studies, we were curious about
whether mTOR signaling might also be under the control of the circadian clock. To this end,
we characterized the 24 h temporal profile of mTOR signaling expression in the SCN. The
data presented here reveal that 1) mTOR activity exhibits a marked circadian oscillation, 2)
rhythmicity is not limited to subregions of the SCN, but rather is broadly distributed, 3) at a
cellular level mTOR rhythms are highly correlated with rhythms of the circadian clock gene
perl and 4) mTOR activity is influenced by the p42/44 MAPK pathway. Together these data
raise the prospect that inducible mRNA translation contributes to circadian clock

physiology.
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Circadian profiling revealed that mTOR activity peaked during the subjective day, and
reached its nadir during the late subjective night. Interestingly, this daily mTOR activity
profile fits with the rhythmic regulation of SCN cellular physiology. Along these lines, SCN
neuronal activity and glucose metabolism, peak during the middle of the subjective day
(Schwartz and Gainer, 1977; Shibata and Moore, 1988). Work in other model systems
showing that mTOR signaling is a linker between cellular energy metabolism and neuronal
excitability (Potter et al., 2010) raises the possibility that elevated mTOR activity during the
daytime is required to meet the physiological demands of the elevated level of metabolic and
firing activities of SCN cells. In some senses, this may be similar to the recent work from
the arcuate nucleus, which showed that mTOR activity is directly and tightly regulated by
energy intake (Cota et al., 2006).

Another, potentially related, explanation for the S6 phosphorylation pattern is that mTOR
activity occurs in cells that exhibit robust, rhythmic, transcriptional activity. As described in
the Introduction, the molecular underpinning of the cellular-level 24-hr oscillator is a
transcription/translation feedback loop that is centered on the rhythmic expression of per
and cry genes. Both perl and per2 exhibit an increase in mMRNA expression that is
coincident with the beginning of the subjective daytime (Shearman et al., 1997). Here, it is
worth noting that, at a neuroanatomical level, perl and per2 expression appears to be quite
distinct. For example, during the middle of the subjective day, perl is detected throughout
the SCN, whereas per2 expression is largely localized to the dorsal and lateral regions of the
SCN, with only limited expression in the SCN “core” (Takumi et al., 1998; Yan and
Okamura, 2002; Yan and Silver, 2004; Cheng et al., 2009). Given the neuroanatomical
discord between the pattern of pS6 expression reported here, and published PER2 expression
pattern it was not surprising to find that pS6 and per2 transgene expression were not
correlated. Although this observation, combined with the c-FOS data, was a clear rejection
of our hypothesis that mTOR activity occurs in cells that exhibit transcriptional rhythms, the
finding that the pS6 expression pattern approximated the expression pattern of perl, raised
the possibility that robust mTOR activity oscillations occur in a subset of transcriptional
oscillators: perl rhythmic cells. We pursued this question by examining the composite
profile of S6 phosphorylation and perl transcriptional rhythms. With the use of a perl-
Venus transgenic mouse strain that nicely recapitulates the temporal and spatial pattern of
the endogenous perl gene, we showed that there is a statistically significant cellular-level
correlation between pS6 and Venus, thus indicating that high-levels of clock-regulated
mTOR activity occur in perl oscillator cell populations. Interestingly, perl-expressing SCN
neurons appear to be a distinct subclass of oscillator cells. Along these lines, work by Belle
et al., (2009) showed that perl-expressing neurons exhibit markedly altered
electrophysiological characteristics, relative to perl-negative SCN oscillator neurons. As
further support for the unique relationship between mTOR and perl, we provided data
showing that photic stimulation lead to a concordant, cellular-level, upregulation of both
pS6 and Venus. Although we have yet to test the functional significance of mTOR activity
within in the PER1-expressing SCN cell population, there are several possible roles that
should be given consideration. Based on work showing that mTOR affects neuronal
structure and synaptic communication (Tang et al., 2002; Cammalleri et al., 2003
Buckmaster et al., 2009; Li et al., 2010) it may be worthwhile examining whether mTOR
influences the rhythmic reorganization of SCN neuronal networks, which is observed across
the day/night cycle (Becquet et al., 2008; Girardet et al., 2010). Further, mTOR signaling
may contribute to the distinct firing properties of PER1-expressing SCN neurons. Lastly,
recent work has shown that the rhythmic expression of many proteins within the SCN is
regulated at a post-translational level (Deery et al, 2009); clearly an examination of whether
mTOR contributes to ostensibly unique phenotype of perl-expressing neurons is merited.
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Interestingly our previous work showed that abrogation of mTOR signaling via rapamycin
infusion decreased light-evoked PERIOD expression (Cao et al., 2010), but that basal (i.e.,
clock-regulated) PER1 expression was not affected. This reported lack of an effect on basal
(clock-regulated) PER1 expression should be viewed with a bit of caution. Of note, the
paradigm used in the prior study was designed to specifically test the effects of light-evoked
mTOR. Further, the rapamycin infusion paradigm led to a transient (~ 90 min) repression of
mTOR, which may not be of sufficient duration to reveal an effect of mTOR on circadian
PERZ1 expression. Finally, S6 maintains activity for an extended period, following transient
mTOR and p70 S6K activity (Cao et al., 2010), thus raising the possibility that long-term
suppression of mMTOR (which in turn would suppress S6) would be required to detect an
effect on rhythmic PER1 expression or circadian clock function. Interestingly, a recent study
in Drosophila used genetic approaches to show that TOR activity affects circadian period
(Zheng and Sehgal, 2010). Although the effect of TOR on PER expression was not
examined, the findings of Zheng and Sehgal coupled with our work showing a tight
correlation between rhythmic perl expression and mTOR activity raises the prospect that
mTOR modulates clock timing via an augmentation of perl expression in mammals.

To gain insights into the upstream signaling cascade(s) that couple the clock to mTOR, we
examined the potential contributions of the p42/44 MAPK and PI3K/AKT pathways. The
rationale behind our analysis of MAPK signaling was based on our previous work showing
that the MAPK pathway exhibits a circadian oscillation in the SCN (Obrietan et al.,1998)
and on work showing that MAPK signaling couples light to mTOR activation (Cao et al.,
2008). Further, data provided here revealed a parallel temporal activation pattern for ERK
and S6 in the SCN. However, an examination of kinase activation patterns within the SCN
as a function of clock time revealed a good degree of neuroanatomical discord between
pERK and pS6. Along these lines, during the subjective day, peak pERK expression was
observed in the dorsal and lateral regions of the SCN, whereas pS6 levels were observed
throughout the SCN. Further, double labeling did not detect markedly up-regulated pERK
expression in pS6-immunopositive cells during either the subjective day or night. However,
infusion of the MEK inhibitor during both the subjective day and night led to a modest, yet
significant, suppression of MTOR activity. Given the distinct expression patterns of pERK
and pS6 in the SCN, this finding was a bit surprising; however, there are several potential
explanations for this effect. Along these lines, although maximal ERK activation was
detected in cell populations that were distinct from those exhibiting robust pSé levels,
relatively low-level MAPK activity may be sufficient to facilitate mTOR activity. Further,
the lack of colocalization could be explained by different enzymatic kinetics of ERK and S6
dephosphorylation, Hence, pERK may have been dephosphorylated (i.e., transiently-
activated) in the cells showing relatively long-lasting S6 phosphorylation. Another possible
explanation is that MAPK signaling may function at system-wide level in the SCN,
modulating the efficacy of synaptic circuits, which drive circadian mTOR activity. In this
model, cellular colocalization of MAPK and pS6 activity would not be required. Within this
context, it is interesting to note that MAPK signaling has been shown to affect the
robustness of SCN neuron firing (Akashi et al., 2008). It remains to be determined what
kinase pathways, in addition to the MAPK cascade, contribute to mTOR rhythmicity.
Signaling pathways that are responsive to changes in metabolic activity and energy levels
may be good candidates for further examination (Hay and Sonenberg, 2004; Wullschleger et
al., 2006).

In conclusion the data presented here reveal a prominent rhythm in the activation state of the

mTOR pathway in the SCN, thus raising the prospect that inducible translation control
contributes to the clock timing process.
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Figure 1. Circadian expression of phosphorylated S6 ribosomal protein (pS6) in the SCN
Entrained animals were dark-adapted for 2 d and killed under dim red light every 4 h over a
24 h cycle. A, Upper row: representative immunohistochemical labeling for pS6 in central
SCN coronal sections across the circadian cycle. Of note relatively high levels of pS6
labeling were observed in the SCN during the mid- to late- subjective day time points (i.e.,
CT 4, 8 and 12). Lower row: representative images of total S6 labeling across the circadian
cycle. B, Quantitation of normalized pS6 and S6 expressions in the central SCN over a 24h
cycle. Please see the Methods section for a description of the quantitative analysis. Error
bars denote standard error of mean. A minimum of four mice were used for each time point.
C, Circadian variations in pS6 expression were also observed in the rostral and caudal SCN
sections. Scale bars: 100 microns.
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Figure 2. Dual immunolabeling for pS6 and arginine vasopressin (AVP) in the SCN

Animals were dark-adapted for 2 d and killed at CT12. Upper row: representative confocal
immunofluorescent images of pS6 (green, left panel) and AVP (red, middle panel). The
merged image (right panel) reveals largely non-overlapping expression patterns. Framed
regions a, b and c are presented as magnified panels in the lower row. Arrows indicate
cellular-level colocalization (denoted by a yellow hue) of the two antigens. Scale bars: 100
microns.
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Figure 3. Colocalized expression of pS6 and perl-Venus in the SCN

Entrained animals were dark-adapted for 2 d and then killed under dim red lightat 4 h
intervals over a 24 h cycle. A, Representative confocal microscopic images of triple
immunofluorescence labeling for pSé (red), Venus (green) and DRAQS5 (blue) at CT12 and
CT20. B, High magnification images of the central SCN as a function of circadian time: the
pS6 and Venus channels are merged (bottom panels). Note the cellular level correlation
between pS6 and Venus expression (revealed by a yellow cellular-level hue). Scale bar: 15
microns. C, Linear correlation analysis of cellular Venus and pS6 expressions at CT4 (a),
CT8 (c), CT12 (d), CT16 (e) and CT20 (f). The Y-axis denotes normalized fluorescence
intensity (0255 scale) of Venus and the X-axis denotes normalized fluorescent intensity of
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pS6. As a control, the relationship between Venus (Y-axis) expression and DRAQS5 (X-axis)
labeling at CT4 is shown in C(b). Each dot represents a single cell. The significance (p
value) for Pearson's correlation analysis is shown in each panel. D, Central SCN tissue
isolated at CT 20 was immunolabeling for pS6 and per2-DsRed. Of note, the merged panel
(bottom) reveals little cellular colocalization between the two antigens. This lack of
concordant labeling is in contrast to the colocalized expression between pS6 and Venus.
Scale bar: 15 microns. E, Central SCN tissue isolated at CT 4 was immunolabeled for pS6
and c-FOS. Of note, the merged panel (bottom) reveals that the majority of pS6-postive cells
do not express c-FOS. Scale bar: 100 microns.
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Figure 4. Light-evoked pS6 and perl-Venus expressions in the SCN

Dark-adapted (2d) mice were exposed to a light (100 lux, 15 min) at CT 15, killed at CT19,
and coronal SCN-containing sections were processed for Venus (green) and pS6 (red)
expression and nuclei were visualized with DRAQ5 (blue). A, Representative confocal
microscopic of “no light” and “light” groups. Framed regions on Merged images are
magnified to the right. B, Linear correlation analysis of cellular Venus and pS6 expressions
in the No Light (a) and Light treated (b) group. The Y-axis denotes normalized cellular-level
Venus fluorescence intensity (0—-255 scale) and the X-axis denotes normalized fluorescence
intensity of pS6. Each dot represents a single cell. As a control, the correlation between
Venus (Y-axis) and DRAQ5 (X-axis) expressions after light is shown (c). The significance
(p value) for Pearson's correlation analysis is shown for each panel.
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Figure 5. The MAPK cascade stimulates mTOR activation

Entrained animals were dark-adapted for 2d and killed under dim red light every 4 h over a
24 h cycle. A, Representative immunohistochemical labeling for pERK over the circadian
cycle. Scale bar: 100 microns. B, Quantitation of circadian pERK expression in the SCN.
Error bars denote the SEM: data were averaged from 4 animals per time point. Please see the
Methods section for a description of the quantitation technique. C, Representative confocal
images of the central SCN immunolabeled for pERK (green) and pS6 (red) at CT 8 and
CT20. Scale bar: 50 microns. D, Representative immunohistochemical labeling of SCN
tissue labeled for pERK and pS6 following infusion with U0126 (10 mM, 2 pl), rapamycin
(100 pM, 2 pl) or DMSO (2 pl). Animals were infused 30 min before sacrifice at CT8 or
CT16. Of note, infusion of U0126 repressed pERK expression and attenuated pS6
expression at both day and night time points. Rapamycin repressed pS6 expression but not
pPERK expression at CT8. E, Quantitative presentation of the effects of U0126, rapamycin
and the Akt inhibitor Akti-1/2 (20 mM, 2 pl) on pS6 expression at CT 8 and CT 16 in the
SCN. Of note, infusion of U0126 but not Akti-1/2 significantly inhibited circadian pS6
expression at both day and night time points. Error bars denote SEM. At least three animals
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were used for each condition. * p<0.05 vs DMSO group at CT8; # p<0.05 vs DMSO group
at CT16.

Neuroscience. Author manuscript; available in PMC 2012 May 5.



