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SUMMARY

Protein synthesis is critical for circadian clock function, but little is known on how translational
regulation controls the master pacemaker in mammals, the suprachiasmatic nucleus (SCN). Here
we demonstrate that the pivotal translational repressor, the eukaryotic translational initiation factor
4E binding protein 1(4E-BP1) is rhythmically regulated via the mechanistic target of rapamycin
(mTOR) signaling in the SCN and preferentially represses vasoactive intestinal peptide (Vip)
mMRNA translation. Knockout (KO) of Eif4ebpl (gene encoding 4E-BP1) leads to upregulation of
VIP and higher amplitude of molecular rhythms in the SCN. Consequently, the 4E-BP1 null mice
exhibit accelerated re-entrainment to a shifted light/dark cycle and are more resistant to the
rhythm-disruptive effects of constant light. Conversely, in Mtor*/~ mice VIP expression is
decreased and susceptibility to the effects of constant light is increased. These results reveal a
novel role for mTOR/4E-BP1-mediated translational control in regulating entrainment and
synchrony of the master clock.
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INTRODUCTION

Circadian rhythmicity is a fundamental biological property that orchestrates various
behavioral, physiological, and metabolic processes in a wide range of organisms (Rosbash,
2009). In mammals, the master circadian clock is located in the suprachiasmatic nucleus
(SCN) of the hypothalamus (Reppert and Weaver, 2002). The cellular clockwork is driven
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by interconnected transcriptional and post-transcriptional feedback loops (Rosbash et al.,
2007; Takahashi et al., 2008). In a major negative feedback loop, the transcription factors
CLOCK and BMAL1 form heterodimers and activate transcription of Period (Per) and
Cryptochrome (Cry) genes. In turn, PER and CRY proteins associate with CLOCK/BMAL1
heterodimers and repress their own gene transcription.

SCN neurons are heterogeneous in their oscillatory activities, neuropeptide expression and
responses to light (Welsh et al., 1995; Herzog et al., 1998; Antle and Silver, 2005). Cellular
oscillators in the SCN are coupled to form a coherent and stable oscillator network (Aton
and Herzog, 2005; Welsh et al., 2010). Intercellular synchronization confers robustness and
accuracy to SCN-generated rhythms and distinguishes SCN from peripheral oscillators,
where coupling is weak (YYamazaki et al., 2000; Yamaguchi et al., 2003; Liu et al., 2007a).
Although the mechanisms of such synchrony are not fully understood, recent evidence
points to an essential role for vasoactive intestinal peptide (VIP) (Shen et al., 2000; Harmar
et al., 2002; Colwell et al., 2003; Anton et al., 2005; Maywood et al., 2006). VIP is a 28-
amino-acid neuropeptide, which is cleaved from the precursor protein prepro-VIP encoded
by the Vip gene (Gozes and Brenneman, 1989). In the SCN, Vip is expressed by a subset of
ventromedial SCN neurons (Abrahamson and Moore, 2001). However, the molecular
mechanisms regulating prepro-VIP synthesis are not understood.

Protein synthesis is controlled primarily at the step of MRNA translation initiation
(Sonenberg and Hinnebusch, 2009). A critical event in this process is the association of the
eukaryotic translation initiation factor 4E (elF4E) with the mRNA 5’ m’GpppN (where N is
any nucleotide) cap structure. elF4E binding to the cap structure is controlled by the elF4E-
binding proteins (4E-BPs). Binding of 4E-BPs to elF4E causes inhibition of cap-dependent
translation initiation and is relieved by 4E-BP phosphorylation through the mechanistic
target of rapamycin (mTOR) signaling (Gingras et al., 1999). mTOR is an evolutionarily
conserved Ser/Thr kinase that forms two different multiprotein complexes, mMTOR complex
1 (TORC1) and mTORC2, which couple extracellular and intracellular signals (growth
factors, energy status, nutrient availability, and stress) with cellular metabolic resources to
balance anabolic and catabolic processes (Laplante and Sabatini, 2012). In the developing
brain, mTOR controls neuronal survival and differentiation, neurite growth, and
synaptogenesis (Cao et al., 2009). In the adult brain, mMTOR mediates various forms of
synaptic plasticity and plays an important role in learning and memory (Costa-Mattioli et al.,
2009). In the hypothalamus, mTOR functions as a homeostatic sensor to control food intake
and body weight (Cota et al., 2006).

Recent work has begun to reveal key roles for mTOR signaling in circadian clocks. Notably,
mTOR activity exhibits robust circadian rhythms in the SCN (Cao et al., 2011), and light
exposure activates mTOR signaling in a phase-dependent manner (Cao et al., 2008).
Pharmacological inhibition of mTOR activation decreases light-induced PER protein
expression and modulates behavioral phase shifts in animals (Cao et al., 2010a). In
Drosophila, elevation of mTOR activity by genetic manipulation lengthens the circadian
period (Zheng and Sehgal, 2010). One of the best-studied roles of mMTORCL is control of
protein synthesis via phosphorylation of its major targets, 4E-BPs and S6 kinases
(Topisirovic and Sonenberg, 2011). Interestingly, 4E-BPs are strongly phosphorylated in the
SCN, in striking contrast with other brain regions (Cao et al., 2010b). Furthermore, 4E-BP
phosphorylation in the SCN is stimulated by light in an mTOR-dependent manner,
suggesting the involvement of 4E-BPs in the SCN clock physiology (Cao et al., 2008). Here,
using a combination of behavioral, biochemical, and molecular approaches we investigated
the functions of 4E-BP1 in the mammalian circadian clock. We show that 4E-BP1 regulates
entrainment and synchrony of the SCN clock by repressing Vip mRNA translation, thus
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demonstrating a key role for mTOR/4AE-BP1-mediated translational control in the master
pacemaker.

RESULTS

Circadian Regulation of 4E-BP1 Phosphorylation in SCN

Abundant expression of 4E-BP1 was detected in the SCN, as compared to other
hypothalamic brain regions (Figure 1A left). High magnification imaging revealed that 4E-
BP1 was extensively expressed in the SCN (Figure 1A middle). To confirm the specificity
of the 4E-BP1 immunostaining, we performed parallel staining on brain sections from
Eifdebpl (gene encoding 4E-BP1) knockout (KO) mice (see below). No signal was detected
in the KO brain (Figure 1A right).

Next, we examined 4E-BP1 phosphorylation in the SCN over a 24 h period when mice were
kept under constant dark (DD). mTOR-dependent phosphorylation of 4E-BP1 at Thr37 and
Thr46 primes 4E-BP1 for subsequent phosphorylation at Ser65 and Thr70 and, therefore, is
an indicator of 4E-BP1 activity (Gingras et al., 1999). Strong 4E-BP1 phosphorylation(at
Thr37/46) was detected in the SCN by immunostaining, with highest level at circadian time
(CT) 16 and lowest level at CTO (CT4, 8, 12, and 20 vs. CTO, p<0.05; CT16 vs. CTO,
p<0.01, analysis of variance (ANOVA), Figure 1B). Importantly, 4E-BP1 phosphorylation is
mTOR-dependent, as rapamycin decreased the signal (Supplemental Figure 1A). In contrast
to SCN, other brain regions exhibited weak 4E-BP1 phosphorylation (Supplemental Figure
1A), consistent with low 4E-BP1 expression in these regions. Consistent with the
immunostaining results, Western blotting revealed that 4E-BP1 phosphorylation was highest
at around CT14 and lowest at around CT2 (CT6, 10, 18, and 22 vs. CT2, p<0.05; CT14 vs.
CT2, p<0.01, ANOVA, Figure 1C and Supplemental Figure 1B). Total 4E-BP1 and
Eifdebpl mRNA level did not oscillate in the SCN (Supplemental Figure 1C). ERK/MAPK
contributes to circadian mTOR activity in the SCN (Cao et al., 2011). As expected, MEK
inhibitor U0126 decreased 4E-BP1 phosphorylation in the SCN (Supplemental Figure 1D).
Together, these findings indicate that 4E-BP1 activity is controlled by the circadian clock
via mTOR signaling in the SCN.

Accelerated Re-entrainment of Circadian Behavior in Eif4ebpl KO Mice

To investigate the potential roles of 4E-BP1 in the circadian clock, we utilized an Eif4ebpl
KO mouse strain (Tsukiyama-Kohara et al., 2001). Confocal microscopic examination of
DRAQS5 (a nuclear stain)-labeled sections revealed no difference in the histological features
of SCN tissues between wild-type (WT) and KO mice (Supplemental Figure 2A). To study
the effects of Eif4ebpl gene deletion on circadian behavior, mice were kept ina 12 h/12 h
light/dark (LD) cycle for 10 d and then released into DD for 9 d. The KO mice entrained
normally to the LD cycle and displayed robust free-running rhythms of locomotor activities
in DD (Supplemental Figure 2B). However, the circadian period (tau) of KO mice was
slightly decreased compared to the WT mice (KO vs WT, 23.67 + 0.06, n=12 vs.23.81 +
0.03, n=12, p<0.05, Student’s t-test, Supplemental Figure 2C). Dark pulses applied during
the light phase did not induce significant wheel-running activities in the mice and no
difference was noted between WT and KO mice (Supplemental Figure 2D).

Next, to further characterize the circadian behavior of the Eif4ebpl KO mouse, we used a
“jet lag” model to study clock entrainment. For this purpose, mice were kept in a 12 h/12 h
LD cycle for 10 d, followed by an abrupt 6-h phase advance of the LD cycle, with light on at
zeitgeber time (ZT) 18. During re-entrainment, the mice displayed increased nighttime rest
and daytime running and gradually re-entrained to the new LD cycle (Figure 2A). Notably,
the KO mice re-entrained more quickly than the WT mice (Figure 2A). From day 2 to day 7
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following the LD cycle shift, the KO mice exhibited a larger phase advance than the WT
mice (KO vs. WT, p<0.05, ANOVA, Figure 2B), and the time to re-entrain was ~40%
shorter for the KO mice (KO vs. WT, p<0.05, Student’s t-test, Figure 2C). In the second
experiment, after the mice were entrained to a 12 h/12 h LD cycle for 10 d, the LD cycle
was abruptly delayed by 10 h (light off at ZT22). Similar to the phase advancing experiment,
during re-entrainment, both the WT and the KO mice displayed increased daytime running
and nighttime rest (Figure 2D). However, the KO mice re-entrained more quickly to the
delayed LD cycle (Figure 2D). From day 5 to day 7 following the shift, the KO mice
exhibited a larger phase delay than the WT mice (KO vs. WT, p<0.05, ANOVA, Figure 2E),
and the time to re-entrain was ~40% shorter for the KO mice (KO vs. WT, p<0.05, Student’s
t-test, Figure 2F).

Because dark pulses did not induce significant wheel-running activities in the KO mice (see
Supplemental Figure 1D), the accelerated re-entrainment is unlikely due to enhanced
negative masking. ERK phosphorylation and Jun expression are sensitive and reliable
markers of photic stimulation of the SCN clock (Kornhauser et al., 1992; Obrietan et al.,
1998). Light-induced ERK phosphorylation (at Thr202/Tyr204) and c-Jun expression in the
SCN were not different in the KO mice (Supplemental Figure 3A and B; KO vs. WT,
p>0.05, ANOVA). Further, as a core component of the clock feedback loop, light-pulse
induced PER1 was not altered in the core region of SCN of the KO mice (Supplemental
Figure 3C and D). Basal PER levels were not changed in the brain of the KO mice
(Supplemental Figure 3E), indicating that 4E-BP1 does not regulate cellular PER
expression. Taken together, these results demonstrate that although masking behavior and
photic entrainment pathway are intact, re-entrainment of circadian behavior is accelerated in
Eif4ebpl KO mice.

Accelerated Resynchronization of PER Rhythms in Eif4ebp1KO Mice

When animals are stably entrained to the 12 h/12 h LD cycle, PER (including PER1 and
PER?2) rhythms in different regions of the SCN are synchronized and the overall PER levels
in the SCN peak at around the light/dark transition (ZT12) (Hastings et al., 1999; Field et al.,
2000). When the LD cycle is abruptly shifted, PER rhythms within different regions of the
SCN become desynchronized due to their different re-entraining speeds (Reddy et al., 2002;
Nagano et al., 2003; Albus et al., 2005; Nakamura et al., 2005; Davidson et al., 2009).
Consequently, PER levels of the entire SCN are lower at ZT12 than when the clock is well
entrained. As SCN cells become resynchronized, the PER levels at ZT12 recover to the
original levels prior to the LD cycle shift (Amir et al., 2004). Thus, to investigate the
molecular mechanisms responsible for the accelerated re-entrainment of circadian behavior
in the Eif4ebpl KO mice, we measured PER levels in the SCN at ZT12 before and after the
LD cycle shift.

Before the LD cycle shift, PER1 and PER2 levels in the KO mice were not different from
those in the WT animals (day 0, Figure 3A and C). In contrast, on day 5 after the 6h
advancing LD cycle shift, PER1 and PER2 levels were higher in the SCN of the KO mice,
suggesting better resynchronization of cellular clocks by day 5 (Figure 3A and C).
Quantitation of PER levels before and after the light cycle shift is presented in Figure 3B
and D. One day after the LD cycle shift, PER levels at ZT12 were dramatically decreased in
the WT mice. They increased with time and reached pre-shifted control (day 0) levels 9 days
after the light cycle shift (days 1, 3, 5, and 7 vs. day 0, p<0.05; day 9 vs. day 0, p>0.05,
ANOVA, Figure 3B and D). In the KO mice, PER1/2 at ZT12 decreased to levels similar to
those in WT mice following the light cycle shift, indicating a similar degree of
desynchronization. Significantly, however, in the SCN of KO mice PER1/2 reached the pre-
shifted levels 5 days after the light cycle shift, ~40% faster than in the WT mice (days 1 and
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3 vs. day 0, p<0.05; days 5, 7, and 9 vs. day 0, p>0.05, ANOVA). Thus, on days 5 and 7
following the light cycle shift, PER levels in the SCN of the KO mice were significantly
higher than in the WT mice (days 5 and 7, KO vs. WT, p<0.05, ANOVA, Figure 3B and D).

Notably, the PER staining data are remarkably consistent with the behavioral entrainment
data (see Figure 2), showing that the WT mice re-entrained to a shifted light cycle in
approximately 9 days, whereas the KO mice reach a new steady phase in approximately 5
days. Taken together, these results support the idea that KO mice re-entrain more quickly
because cellular clocks in the SCN of these mice resynchronize faster to the shifted LD
cycle.

Resistance to Constant Light (LL)-induced Clock Desynchrony in Eif4debpl KO Mice

Prolonged exposure to LL extends endogenous circadian period and induces arrhythmic
behavior in a sizable percentage of animals, depending on the light intensity and animal
species (Daan and Pittendrigh, 1976). In the arrhythmic animals, LL disrupts the coupling
among individual SCN neurons without affecting intracellular clock function (Ohta et al.,
2005). To study the effect of LL on circadian behavior and PER2 expression in the SCN,
Eif4ebpl KO and WT mice were first housed in regular colony cages in LL (200 Ix at cage
level) for 14 d. Subsequently, the animals were transferred to individual cages equipped with
running wheels in LL (55 Ix at cage level) and their circadian behavior was recorded for
14d. The wheel-running behavior in LL was classified into three types based on the
amplitude of the main peak of the periodograms: 1) rhythmic (R, amplitude >200, Figure
4A, left); 2) arrhythmic (AR, amplitude< 50 or no main peak, Figure 4A, right) and 3)
weakly rhythmic (WR, 50<amplitude< 200).

LL induced all three types of behavior in both WT and Eif4ebpl KO animals. Most WT
mice were either arrhythmic (AR) or weakly rhythmic (WR), while most KO mice were
rhythmic (R) in LL (Figure 4B). Distribution of the three types of behavior (AR, WR and R)
in both genotypes is quantified in Figure 4C. Strikingly, a smaller percentage of KO mice
(6.3%, 1/16) exhibited arrhythmic behavior than did WT mice (38.5%, 5/13) (KO vs. WT,
p<0.05, X2 test). The pooled periodograms from all the mice used in the experiment are
shown in Figure 4D. The main peak of the periodogram is higher in the KO mice than in the
WT mice, demonstrating stronger rhythmicity in the KO mice in LL. To verify that the
rhythms of clock protein expression are disrupted in behaviorally arrhythmic mice, PER2
was immunostained in the SCN at CTO and CT12 for the rhythmic mice and at two random
time points 12 h apart for the arrhythmic mice. CT12 was defined as the onset time of the
active phase, and CTO was defined as the time point 12 h apart from CT12. As expected,
PER2 was not rhythmic in the SCN of behaviorally arrhythmic mice (KO or WT), as
compared to the rhythmic mice (Figure 4E). Thus, these data show that Eif4ebpl KO mice
are more resistant to LL-induced disruption of circadian behavioral and PER2 rhythms,
consistent with enhanced synchrony in the SCN cells.

Regulation of Vip mRNA Translation by mTOR/4E-BP1 Signaling

VIP plays a critical role in mediating synchrony in SCN cells. To investigate the
mechanisms of enhanced re-entrainment and synchrony of the SCN clock in Eif4ebpl KO
mice, we first studied VIP expression in these animals. Using double immunofluorescent
labeling, we first examined the expression pattern of VIP and arginine vasopressin (AVP) in
the SCN. AVP is generally used as a neuropeptide marker for the dorsolateral SCN
(Abrahamson and Moore, 2001). Confocal microscopic imaging revealed that VIP was
expressed in a subset of ventromedial (core) SCN neurons, while AVP was expressed in
some cells in the dorsal and lateral (shell) SCN (Figure 5A). The spatial distribution of VIP
and AVP was similar in the SCN of KO and WT animals. Immunohistochemical staining

Neuron. Author manuscript; available in PMC 2014 February 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

Page 6

also revealed robust VIP expression in the SCN (Figure 5B and Supplemental Figure 4A). In
both the WT and the KO mice, expression of VIP at ZT12 was decreased compared to ZTO
(ZT12 vs. ZTO, p<0.05, ANOVA), which is consistent with a previous report (Takahashi et
al., 1989). Interestingly, VIP level was increased by ~2 fold in the Eif4ebpl KO mice at both
ZT0 and ZT12 (KO vs. WT, p<0.05, ANOVA) (Figure 5B), suggesting constitutive
repression of VIP expression by 4E-BP1.

To investigate the mechanisms underlying VIP increase in Eif4ebpl KO mice, we examined
the expression of the VIP precursor protein, prepro-VIP, in the brain. We used whole brain
lysate for Western blotting analysis, because the available antibody was not sensitive enough
to detect prepro-VIP in the small amount of SCN lysate, and because VIP is extensively
expressed in all brain regions (Gozes and Brenneman, 1989). Prepro-VIP level was
increased significantly in the brain of Eif4ebpl KO mice (normalized band intensities: KO
vs. WT, 3.88+0.36 vs. 1+0.18, p<0.05, Student’s t-test) (Figure 5C). In contrast, expression
of VPAC2 (the VIP receptor expressed in the SCN), and of the precursor proteins of other
neuropeptides implicated in the SCN synchrony (Piggins et al., 1995; Maywood et al.,
2011), including prepro-GRP and prepro-AVP, was not changed (Figure 5C). In addition to
the neuropeptides, we examined other proteins involved in SCN synchrony, including
GABAa receptor (Liu and Reppert, 2000; Colwell et al., 2003; Albus et al., 2005) and gap
junction protein Connexin 36 (Long et al., 2005). The levels of Connexin 36 and the
GABAa receptor a subunit were not altered in the Eifdebpl KO brain (Figure 5C).
Furthermore, the expression of the 4E-BP1 binding partner, elF4E, was not changed (Figure
5C). These results demonstrate specific regulation of prepro-VIP by 4E-BP1.

To complement the in vivo data, we studied prepro-VIP expression in mouse Neuro2A and
human SHEP neuroblastoma cells (Waschek et al., 1988). Treatment of Neuro2A cells with
the specific mTOR active-site inhibitor, PP242, resulted in reduced prepro-VIP levels and in
dephosphorylation of 4E-BP1 after 3 h (Supplemental Figure 4B). To determine whether the
effect of mTOR inhibition on prepro-VIP expression is dependent on 4E-BP1, we knocked
down 4E-BP1 in SHEP cells using lentivirus (Supplemental Figure 4C). Prepro-VIP was
increased by ~1 fold in 4E-BP1 knockdown cells. Rapamycin decreased 4E-BP1
phosphorylation and inhibited prepro-VIP expression in control cells (scrambled), but not in
4E-BP1 knockdown cells (sh4e-bpl) (Supplemental Figure 4C). Serum stimulation induced
strong prepro-VIP expression in control cells, but to a lesser extent in 4E-BP1 knockdown
cells (Supplemental Figure 4D), indicating that inducible prepro-VIP expression is at least
partially dependent on 4E-BP1. Consistent with these data, overexpression of 4E-BP1 led to
a reduction in prepro-VIP (Supplemental Figure 4E). Overexpression of WT elF4E, but not
the W56A mutant, which cannot bind to the mRNA cap (Gingras et al. 1999), increased
prepro-VIP (Supplemental Figure 4F), demonstrating that prepro-VIP synthesis is dependent
on elFAE and cap-dependent translation in neuroblastoma cells. Expression of Vip 5UTR-
RLuc mRNA, but not RLuc or Grp 5’UTR-RLuc mRNA was enhanced in Eif4ebpl KO (~
2-fold) as compared to WT mouse embryonic fibroblasts (Supplemental Figure 4G; p<0.05,
ANOVA). Grp mRNA 5UTR has a similar length but lesser secondary structure than Vip
mRNA 5’UTR. Thus, these results demonstrate that Vip mRNA translation is preferentially
enhanced in 4E-BP1 KO cells.

Because 4E-BP1 inhibits translation initiation it was anticipated that prepro-VIP
upregulation in the Eif4ebpl KO brain is at the mRNA translation initiation step. To
demonstrate this, we studied Vip mRNA translation by polysome profiling. Brain tissue
lysate from ZTO was fractionated by sucrose density gradient centrifugation. mMRNAs for
which the translation initiation rate is fast are associated with multiple ribosomes and
sediment at the heavy-density fractions (Figure 5D-a). The polysome/monosome ratio was
not changed in the KO brain (Figure 5D-b), indicating that the translation of most mMRNAs is
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not changed. Next, the abundance of Vip, Avp, Vipr2 (the gene encoding VPAC?2) and Actb
mRNA s in each fraction was quantified by gRT-PCR, and the distribution of the mMRNAs
was compared between the WT and KO mice (Figure 5D-c). In the KO brain, Vip mRNA
was shifted towards the heavy-density fractions, but total Vip mRNA level was not changed
(Figure 5D-c), demonstrating enhanced Vip mRNA translation initiation. This effect on Vip
mRNA translation was highly specific, as Avp, Vipr2 and Actb mRNA distribution was not
changed (Figure 5D-c). Taken together, these data demonstrate that 4E-BP1 inhibits VIP
expression by specifically repressing Vip mRNA translation initiation.

Reversal of Circadian Phenotypes in Eif4ebpl KO Mice by Antagonizing VIP Signaling

To study the dynamics of molecular rhythms in 4E-BP1 null mice, we made the
Eif4ebpl™~:mPER2:: LUC mice. We first examined the PER2::LUC bioluminescence
expression patterns of tissue explants of the SCN, and as a representative of peripheral
oscillators, the lung. No significant difference in period length and amplitude was observed
between WT and KO lung explants (KO vs WT, p>0.05, Student’s t-test, Figure 6A, C and
D), demonstrating that the circadian properties of peripheral oscillators are not changed in
the KO mice. However, for the SCN rhythms, the KO explants displayed shorter period than
the WT explants (WT, 25.57 h £ 0.39, n = 9; KO, 24.76 h £ 0.14, n = 8, KO vs. WT, p<0.05,
Student’s t-test) (Figure 6B and C), consistent with animal behavioral data (see
Supplemental Figure 2C). Strikingly, the amplitude of SCN rhythms was higher in the KO
explants (WT, 1£0.21, n =9; KO, 2.74 £ 0.60, n = 8, KO vs. WT, p<0.05, Student’s t-test)
(Figure 6B and D).

The SCN pacemaker distinguishes from the peripheral oscillators in its neuronal network
coupling capacity and the resulting system robustness (Liu et al., 2007a; Welsh et al., 2010).
Experimental evidence and in silico modeling indicate that coupling strength (e.g. through
VIP signaling) and phase relation between neurons can affect the amplitude of a
multicellular oscillator (To et al., 2007; vander Leest et al., 2009; Abraham et al., 2010).
Thus, our results are consistent with this notion and indicate that, whereas cellular oscillators
that lack functional intercellular coupling (e.g., in the lung) function normally in the 4E-BP1
null mice, changes in intercellular coupling within the SCN network (e.g., elevated VIP
signaling) can influence the properties of the SCN clock. To investigate whether VIP
signaling is responsible for the increased amplitude in the KO mice, we applied VPAC2
antagonist PG99-465 (Cutler, et al., 2003) to the SCN explants from KO mice. Low
concentration (50 nM) of PG99-465 reversibly decreased the amplitudes of KO explants to a
level that is similar to WT explants (Figure 6E and F). These results indicate that the
amplitude increase in KO explants is caused by VIP-dependent enhancement of coupling in
SCN cells.

Next, to test whether the VPAC2 antagonist can reverse the faster entrainment behavioral
phenotype in 4E-BP1 null mice, Eif4ebpl KO mice were infused with PG99-465(100 M,
4uL) or vehicle (physiological saline, 4uL) into the lateral ventricle at ZT15, before the light
cycle was advanced for 6 h (light on at ZT18). Both groups of mice re-entrained to the new
LD cycle. Notably, however, the mice infused with PG99-465 re-entrained more slowly than
those infused with saline (Figure 6G). From day 2 to day 4 following the LD cycle shift,
PG99-465-infused mice exhibited a smaller phase advance than control (PG99-465 vs.
vehicle, p<0.05, ANOVA, Figure 6H). Together, these results demonstrate that VIP
overexpression in the SCN underlies the phenotypes of Eif4ebpl KO mice.

Neuron. Author manuscript; available in PMC 2014 February 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

Page 8

Decreased VIP and Increased Susceptibility to LL-induced Clock Desynchrony in Mtor*/~

mice

mTOR phosphorylates 4E-BP1 and decreases its translational inhibitory activity in the SCN
(Cao et al., 2008). To corroborate the regulation of VIP and the clock function by 4E-BP1,
we utilized an Mtor*/~ mouse strain. In the Mtor*/~ SCN, VIP was decreased by ~50%
(Mtor*/~ vs. Mtor*/*, p<0.05, Student’s t-test; Figure 7A). In the Mtor*/~ brain, mTOR
activity was decreased, as indicated by decreased phosphorylation of 4E-BP1 (hormalized
band intensities: Mtor*/~ vs. Mtor*/*, at Thr70: 0.69+0.04 vs. 1+0.07; at Ser65: 0.67+0.07
vs. 1+0.19, p<0.05, Student’s t-test), and prepro-VIP was reduced (normalized band
intensities: Mtor*/~ vs. Mtor*/*, 0.43+0.08 vs. 1+0.08, p<0.05, Student’s t-test) (Figure 7B).

To investigate the effects of lower VIP level on the circadian clock function, we monitored
circadian behavior of the Mtor*/~ mice in LL. Mice were housed in regular cages in LL (200
IX) for 14 d and then transferred to cages equipped with running wheels in LL (55 Ix) to
record their circadian behavior for 14 d. LL induced three types of behavior (R, AR and
WR) in both Mtor*/~ and Mtor*/*animals. A larger percentage of Mtor*/~ mice (47.4%,
9/19) exhibited arrhythmic behavior than did Mtor** mice (16.7%, 3/18) (p<0.05, X2 test,
Figure 7C and D), indicating increased susceptibility to LL-induced clock desynchrony in
Mtor*/~ mice. Taken together, the results demonstrate that mTOR/4E-BP1 signaling
bidirectionally regulates VIP level and susceptibility of the SCN clock to desynchronizing
effect of LL.

DISCUSSION

In the present study, we found that mTOR signaling promotes Vip mRNA translation by
repressing 4E-BP1. Consequently, in Eif4ebpl KO mice, VIP is increased in the SCN,
which is associated with larger amplitude of PER2 rhythms, accelerated circadian clock
entrainment and enhanced synchrony. The phenotypes can be reversed by pharmacologically
antagonizing VIP signaling and in Mtor*/~ mice, in which VIP is decreased in the SCN. The
findings demonstrate a key role for mTOR/4E-BP1-mediated translational control in the
SCN circadian clock physiology.

Our findings indicate that entrainment and synchrony of the SCN clock are enhanced in
Eif4ebpl KO mice. This conclusion is based on three lines of evidence: First, Eif4ebpl KO
mice re-entrain faster to a shifted LD cycle than WT littermates. Photic entrainment of the
SCN clock involves photic reception and resynchronization within the SCN cells. The photic
input pathway appears to be normal in the KO mice. However, cellular PER rhythms
resynchronize faster in their SCN. Importantly, the temporal profile of PER rhythm
resynchronization is consistent with the progress of animal behavioral re-entrainment,
suggesting that faster resynchronization of molecular rhythms in the SCN underlies
accelerated behavioral re-entrainment. Second, Eif4ebplKO mice are more resistant to
forced clock desynchrony by constant light. Constant light disrupts intercellular synchrony,
but does not affect individual cellular clocks in the SCN (Ohta et al., 2005). More resistance
to constant light is consistent with enhanced synchrony among SCN cells in Eif4ebp1KO
mice. Conversely, in Mtor*/~ mice in which 4E-BP1 activity is enhanced, the SCN clock is
more susceptible to the disruptive effects of constant light, consistent with compromised
synchrony in the SCN of Mtor*/~ mice. Third, SCN explants of Eif4ebp1KO mice display
higher amplitudes of PER2::LUC rhythms. As there is no change in amplitude and period in
peripheral oscillators, a plausible explanation is that coupling strength among SCN cells is
increased in the Eif4ebplKO mice and consequently the amplitude of circadian rhythms is
increased at the tissue level.
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Mounting evidence has established VIP as an essential mediator of SCN synchrony (Shen et
al., 2000; Harmar et al., 2002; Colwell et al., 2003; Anton et al., 2005; Maywood et al.,
2006). For example, microinjection of VIP induces phase shifts in the SCN circadian
pacemaker, and VIP antagonists disrupt circadian function (Piggins et al., 1995; Gozes et al.,
1995; Reed et al., 2001; Cutler, et al., 2003). VIP- (Colwell et al., 2003) and VPAC2-
deficient mice (Harmar et al., 2002) show arrhythmic wheel-running behavior in constant
darkness. Electrophysiological recordings show that SCN neurons in slices from Vip™~ and
Vipr2~/~ (encoding VPAC2) mice do not exhibit circadian rhythms of firing and lack inter-
neuronal synchrony. Daily application of a VIP agonist to the Vip~~ SCN restores
synchrony (Aton et al., 2005). Similarly, bioluminescence recordings from Vipr2/~ SCN
slices also suggest that VIP signaling is necessary to synchronize individual SCN neurons as
well as to maintain intracellular rhythms within these cells (Maywood et al., 2006, 2011).

4E-BP1 represses prepro-VIP synthesis by inhibiting Vip mRNA translation. In Eif4ebpl
KO mice, VIP expression is constitutively upregulated in the SCN due to overexpression of
prepro-VIP. Compared with transcriptional control, translational regulation of Vip by 4E-
BP1 does not significantly affect the phase of VIP daily rhythms (Takahashi et al., 1989);
rather, it increases the abundance of VIP throughout the 24 h cycle. Of note, upregulating
VIP signaling is sufficient to accelerate entrainment of the SCN circadian clock. For
example, in Vipr2 transgenic mice, where VPAC?2 is constitutively overexpressed, re-
entrainment of circadian behavioral rhythms to a shifted LD cycle is accelerated and animals
exhibit shorter circadian behavioral period (Shen et al., 2000). Moreover, pharmacological
application of VIP facilitates behavioral re-entrainment to a shifted LD cycle and re-
entrainment of PER rhythms in SCN slices to a changed temperature cycle (An, 2011a). To
further link the phenotype of the Eif4ebpl KO mice to VIP signaling, we applied the
VPAC2 antagonist PG99-465 to the SCN and demonstrate that VIP antagonism can reverse
the faster-entrainment phenotype of Eifdebpl KO mice and decrease the amplitude of
PER2::LUC rhythms in the KO SCN explants.

In the SCN, VIP is rhythmically released by a subset of neurons in the core region that
receives direct synaptic inputs from the retina (Welsh et al., 2010). Its receptor, VPAC2 is
expressed in about 60% of SCN neurons, including half of the VIPergic neurons and almost
all AVP-expressing neurons in the shell region (Abrahamson and Moore, 2001; An et al.,
2012). VIP depolarizes SCN neurons by closing potassium channels and induces Perl and
Per2 expression via parallel changes in adenylate cyclase and phospholipase C activities
(Nielsen et al. 2002; Meyer-Spasche and Piggins 2004; An et al., 2011b). Synaptic inputs
from the core SCN synchronize neurons in the shell region, consistent with dense
anatomical projections from the core to the shell but sparse reciprocal projections
(Abrahamson and Moore, 2001). Resetting to a shifted LD cycle is initiated by phase shifts
of a small group of core SCN neurons that are quickly synchronized (indicated by clock
gene expression and firing rates) following the LD cycle shift (Nagano et al., 2003; Rohling
etal., 2011). In turn, these neurons synchronize those in the shell region via GABAergic and
neuropeptidergic synaptic transmission (Albus et al., 2005; Maywood et al., 2006, 2011).

Although VIPergic synaptic transmission is known to be essential for SCN synchrony in
general, its role in core-shell synchronization during the SCN entrainment is not fully
appreciated. The degree of core-shell synchronization contributes to the ability of the SCN
pacemaker to reset (Rohling et al., 2011). Conceivably, increased VIP level would enhance
the efficacy of synaptic transmission from the core to the shell region and thereby accelerate
synchronization of the shell by the core. This model is supported by the close correlation
between increased VIP expression, faster clock protein resynchronization and accelerated
behavioral entrainment in the Eif4ebpl KO mice. Under conditions of “forced clock
desynchrony” such as a 22h LD cycle or constant light, the rhythms from the core and the
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shell can become out of phase and animals show split behavioral rhythms or become
arrhythmic (de la Iglesia HO et al., 2004; Ohta et al., 2005). Similar to the role in
entrainment, enhanced VIPergic synaptic transmission from the core to the shell would
make the SCN ensemble more strongly coupled and thus more resistant to the
desynchronizing effects of these conditions, whereas decreased VIP level would make the
clock more susceptible to the clock-disruptive effects. This model is consistent with the
opposite changes of susceptibility to constant light in Eif4ebpl KO and Mtor*/"mice.

In addition to VVIP, we examined other mediators of SCN synchrony such as GRP and
GABA that may underlie the phenotypes of 4E-BP1 mutants. The expression of the relevant
proteins is not altered in the 4E-BP1 KO mice, thus not supporting a role for these mediators
in regulation of the clock by 4E-BP1. A previous study showed that mTOR signaling
modulates photic entrainment of the SCN clock by facilitating PER1 and PER2 expression
(Cao et al., 2010). Although 4E-BP1 is a downstream effector of mTOR, pharmacological
disruption (i.e. using rapamycin) of mTOR signaling in vivo only transiently inhibits 4E-
BP1 activity (up to a couple of hours, unpublished data), and thus cannot be used to study
circadian functions of 4E-BP1. Here we show that 4E-BP1 does not regulate PER1 and
PER2 expression. Thus, the effects of mMTOR on PER expression are mediated through other
mTOR downstream targets.

Besides its role in Vip regulation, 4E-BP1 may have other functions in circadian clocks. 4E-
BP1 inhibits translational initiation by binding to elF4E and impairing the formation of the
translational preinitiation complex, which consists of elFAE, elF4A and elF4G. Indeed,
several studies have reported the roles of the elF4E and its binding proteins in circadian
clock physiology. For example, knockdown of the elF4G homolog, NAT1, significantly
reduces PER expression and lengthens the behavioral period in Drosophila (Bradley et al.,
2012). Moreover, a recent study reported that the clock coordinates ribosomal biogenesis in
the liver by rhythmic activation of the mTOR/4E-BP1/elF4E pathway (Jouffe et al., 2013).
Therefore, circadian rhythmicity of the mTOR/4E-BP1 signaling may be a general feature of
circadian oscillators. Regulation of Vip mRNA translation is a SCN (or VIP-producing
tissue)-specific function of the mTOR/4E-BP1 signaling. In the peripheral oscillators, where
there is no obvious role for VIP or circadian coupling, the mTOR/4E-BP1 pathway may
serve as an output signaling of the circadian clock to coordinate rhythmic mRNA
translation.

EXPERIMENTAL PROCEDURES

Animals

Eif4ebpl KO mice (Tsukiyama-Kohara et al., 2001) were backcrossed to WT C57BL/6 mice
for over 10 generations to obtain a pure C57BL/6 background. mtor floxed mice on a
C57BL/6 background (kindly provided by Dr. Sara C. Kozma, University of Cincinnati)
were crossed to cytomegalovirus promoter (a ubiquitously expressed promoter)-Cre mice to
generate mtor*/~ mice (Sauer and Henderson, 1988). Eif4ebpl KO mice were crossed with
mPER2::LUC transgenic reporter mice (Yoo et al., 2004) to obtain Eif4ebpl-/
—:mPER2::LUC mice. Animals were maintained in the animal facility at McGill University
in accordance with institutional guidelines. All procedures were approved by the
Institutional Animal Care and Use Committee.

Cannulation and Infusion

Mice were cannulated in the lateral ventricles using the techniques described by Cao et al.
(2008). The coordinates (posterior, 0.34 mm from bregma; lateral, 0.90 mm from the
midline; dorsoventral, —2.15 mm from bregma) were used to place the tip of a 24 gauge
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guide cannula into the lateral ventricle. To disrupt VIP signaling, PG99-465 (100 pM, 4 pl;
Bachem, Switzerland) was infused through the cannula at ZT15. Control animals were
infused with physiological saline (4ul).

Circadian Behavioral Assay

Eight- to 10-week-old male mice were individually housed in cages equipped with running
wheels. Wheel rotation was recorded using the VitalView program (Mini Mitter, Bend,
USA) (Hood et al., 2010). For the “jet lag” experiments, mice were entrained to a 12 h/12 h
LD cycle (12 Ix) for 10 d. On the 11t day the LD cycle was either advanced for 6 h or
delayed for 10 h, and animal behavior was recorded for 10 d following the LD cycle shift.
For the constant light (LL) experiments, mice were first kept in common cages under LL
(200 Ix) for 14 d and then transferred to running-wheel cages in LL (55 Ix) to record their
intrinsic rhythms for 14 d. The actograms of wheel-running activities were analyzed using
the ActiView software (Mini Mitter, Bend, USA) and the ClockLab software (Actimetrics,
Wilmette, USA).

Brain Tissue Processing, Immunostaining, and Microscopic Imaging Analysis

Under indicated conditions, mice were sacrificed and brain tissue was harvested. SCN
sections were processed and immunostained for 4E-BP1, p-4E-BP1, PER1, PER2, AVP and
VIP as previously reported (Cao et al., 2008, 2010, 2011). Bright-field microscopy images
were captured using a digital camera mounted on an inverted Zeiss microscope
(Oberkochen, Germany). Confocal microscopy images were captured using a Zeiss 510
Meta confocal microscope. See Supplemental Data for antibody information and image
quantitation methods.

Protein Extraction and Western Blotting Analysis

The SCN tissue was excised using a 700 um tissue punch and frozen on dry ice. SCN tissue
was pooled from five animals per condition. Brain tissue was homogenized with a pestal
grinder (Fisher Scientific Limited, Nepean, Canada) and lysed using a lysis buffer
previously reported (Lee, 2007). Western blotting analysis was performed as described
(Dowling et al., 2010).

Brain Polysome Profiling

Brain polysome profiling was performed as described (Gkogkas et. al. 2013). The polysome
to monosome ratio was calculated as the area under the Ays4 absorbance curve, using the
absorbance values processed with the definite integral command in MATLAB.

Real-Time Quantitative Reverse Transcription—-PCR (qRT-PCR)

RNA extraction and gRT-PCR were performed as reported (Dowling et al., 2010). See
Supplemental Data for primer information.

Explant Culture, Kinetic Bioluminescence Recording and Data Analysis

Explants of SCN and lung tissues from Eif4ebpl™~:mPER2::LUC and mPER2::LUC mice
were dissected and cultured as reported (Liu et al., 2007b). Real-time circadian reporter
assays were performed using a Lumicycle luminometer (Actimetrics, Inc.) as previously
described (Khan et al., 2012). Baseline-subtracted data (counts/sec) were plotted against
time (days) in culture. For comparison, the first peak was aligned in the plotted data. The
LumiCycle Analysis program (version2.31, Actimetrics, Inc.) was used to analyze rhythm
parameters. For period length analysis, raw data were baseline fitted, and the baseline-
subtracted data were fitted to a sine wave (damped), from which the period was determined.
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All samples showed persistent rhythms and goodness-of-fit of >90% was achieved. For
amplitude analysis, baseline-subtracted data (polynomial order = 1; 3~6 days of recording
data) were fitted to a sine wave, from which the amplitude was determined using Sin Fit.

Statistical Analysis

The values are presented as the mean * standard error of the mean (SEM) or percentage (%).
Statistical analysis was performed using SPSS software (SPSS Inc, Chicago, IL). Mean
values from multiple groups were compared via one-way ANOVA, followed by the Student-
Newman-Keuls test. Mean values from two groups were compared via Student’s t-test.
Arrhythmia rates of WT and KO mice were compared via the X2 test. p < 0.05 was
considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression and Circadian Phosphorylation of 4E-BP1 in SCN (see also Figure S1)

A. Bright field microscopy images showing 4E-BP1 expression in the brain of WT (a) and
Eif4ebpl KO (b) mice. In sub-panel (a), the framed area is magnified to the right. Scale bar:
100 pm.

B. Circadian 4E-BP1 phosphorylation (at Thr37/46) in the SCN. Double-plotted line graph
shows a curve of normalized p-4E-BP1 staining intensity in the SCN. The values are
presented as the mean + SEM. Representative microscopic images at CT4 and CT16 are
shown above. *p<0.05 vs. CTO, **p<0.01 vs. CTO. Scale bar: 100 um.

C. Circadian phosphorylation of 4E-BP1 (at Thr37/46) in the SCN. 8% polyacrylamide gel
was used. Note that phosphorylation of 4E-BP1 exhibited different levels with circadian
time, while 4E-BP1 level did not change. $-actin was used as a protein loading control.
Quantitative data are from three biological replicates. The values are presented as the mean
+ SEM. *p<0.05 vs. CTO, **p<0.01 vs. CTO. In each experiment, SCN tissue from five mice
was pooled for each time point. Half of the lysate was used for detecting phosphorylation of
4E-BP1 and the other half was used for 4E-BP1 and B-actin blotting.

Neuron. Author manuscript; available in PMC 2014 February 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Caoetal.

Page 18

4e-bp1 KO
Time of day
0 12

Phase shift (min)

12345678910
Days after light cycle change

Figure 2. Accelerated Circadian Behavioral Re-entrainment in Eif4ebpl KO Mice (see also
Figure S2)

A and D. Representative double-plotted actograms of wheel-running activities from two WT
(left) and two Eif4ebpl KO mice (right). The x-axis (top) indicates the Zeitgeber time (ZT)
of the day. The y-axis (left) indicates the number of days during the experiment. For these
experiments, the animals were entrained to a 12 h/12 h light/dark (LD) cycle for 10 days,
and on the 11t day, the LD cycle was either advanced for 6 h (light on at previous ZT18)(A)
or delayed for 10 h (light off at previous ZT22) (D). Red arrows (right) indicate the day
when the light cycle was shifted.

B and E. Line graphs showing the daily phase advance (B) or delay (E) of wheel-running
activities following a 6 h advancing LD cycle shift (B) or a 10 h delaying LD cycle shift (E).
Values are presented as the mean £ SEM. Each data point is averaged from nine mice.
*p<0.05 KO vs. WT by ANOVA.

C and F. Histograms showing time (in days) needed for the mice to re-entraintoa 6 h LD
cycle advance (C) or a 10 h LD cycle delay (F). Values are presented as the mean £ SEM.
Each data point is averaged from nine mice. *p<0.05 KO vs. WT by Student’s t-test
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Figure 3. Accelerated PERIOD Rhythm Resynchronization in Eif4ebpl KO Mice (see also
Figure S3)

A and C. Representative microscopic images of PER2 (A) and PER1(C) immunostaining in
the SCN. WT and Eif4ebpl KO animals were entrained in a 12 h/12 h LD cycle for 10 days,
and on the 11t day, the LD cycle was advanced for 6 h (light on at previous ZT18). Mice
were sacrificed at ZT12 before and different days after the LD cycle shift. Representative
images are shown before (Day 0) and 5 days after the LD cycle shift (Day 5). Scale bars:
100 pm. The quantitative data for all time points are shown in B (for PER2) and D (for
PERLY). PER levels at ZT12 on Day 0 are normalized to be “1” in WT and KO SCN,
respectively. Values are presented as the mean + SEM. Each data point is averaged from
eight mice. #p<0.05 vs. Day 0; *p<0.05 vs. WT by ANOVA.
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Figure 4. Resistance to Constant Light-Induced Clock Desynchnony in Eif4ebpl KO Mice A
Constant light (LL)-induced arrhythmic wheel-running behavior in mice. Representative
wheel-running speed line graphs (top) and periodograms (bottom) from a rhythmic (left) and
an arrhythmic (right) mouse in LL. Note that in the periodogram of the rhythmic animal, a
main peak is seen at around 25 h, indicating lengthened circadian period under LL. In the
arrhythmic periodogram, there is no main peak.

B. Representative wheel-running actograms of mice in LL. Actograms from four WT (left)
and four KO (right) mice are shown. R, rhythmic; AR, arrhythmic; WR, weakly rhythmic.
The percentages of three types of behavior are shown in C.

D. Pooled periodograms from all mice used in the experiment. Note that the overall
rhythmicity of KO mice was stronger compared to the WT mice, as indicated by a higher
amplitude of the main peak of the periodogram. Thirteen WT and sixteen KO mice were
used in the experiment.

E. PER2 expression in the SCN. Left: representative microscopic images of PER2 staining
in the SCN. Right: Quantitation of PER2 levels in the SCN. The values are presented as the
mean £ SEM. *p<0.05 vs. CTO. Note that in the arrhythmic mice, PER2 levels were not
different at the two time points separated by 12 h. For this experiment, both WT and KO
mice were used. PER2 levels were not different between WT and KO mice. Scale bar: 100
pum.

Neuron. Author manuscript; available in PMC 2014 February 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caoetal.

Page 21

A B wr 4e-bp1 KO Cc wr 4e-bp1 KO

mouse#: 1 2 3 4 1 2 3 4

Prepro-VIP —— . —

vPAC2
PrepoGRP W W [ S e
Prepro-AVP "l G G — — — — —
Connexin 36— —

RANA  Fraction of total mRNA ©

otal mi

[

Fraction of

Figure 5. Regulation of VIP expression by 4E-BP1 (see also Figure S4)

A. Confocal microscopic images showing expression of VVIP (green) and AVP (red) in the
SCN. For these experiments, the mice were entrained and sacrificed at ZT0. Note that VIP
and AVP expression pattern in the KO SCN was similar to that in the WT SCN. Scale bar:
100 pm.

B. Top: Representative bright-field microscopy images showing VIP immunostaining in the
SCN. For these experiments, mice were sacrificed at ZT0. Note that number of VIP positive
cells was increased in the Eif4ebpl KO SCN. Scale bars: 100 pm. Framed regions are
magnified to below. Bottom: Quantitation of number of VIP-positive cells in the SCN. The
values are presented as the mean + SEM. *p<0.05 vs WT;# p<0.05 vs ZT0 by ANOVA,
Four animals were used for each group.

C. Western blots of whole-forebrain lysates. For these experiments, animals were sacrificed
at ZT0. The numbers 1-4 indicate four different animals for each group. Note that prepro-
VIP, but not VPAC2, prepro-GRP, prepro-AVP, Connexin 42 or GABAaRa was
significantly increased in the brain of Eif4ebpl KO mice. elFAE and B-actin were used as
loading controls. See Results section for quantitation of the blots.

D. Brain polysome profiling assay. (a) Polysome profiles from whole-brain lysates. The
positions of the 40S, 60S, and 80S ribosome peaks and polysomes are indicated. (b)
Polysome to monosome ratio. No difference was found between WT and Eif4ebpl KO
profiles (n=3, p>0.05, Student’s t-test). (c) Left figures show gRT-PCR results of Vip, Avp,
Vipr2 and Actinb on RNA extracted from whole-brain polysome fractions. qRT-PCR results
on total MRNA extracted from brain lysates are shown to the right. Note that for Vip mMRNA
distribution, a shift to the right (heavier gradient fractions) indicates increased translation
initiation (n=3). No significant shifts were detected on distribution profiles of Avp, Vipr2 or
Actinb mMRNAs. No differences were found in Vip, Avp, Vipr2 and Actb transcription
between WT and Eif4ebpl KO (n=3, p>0.05 by Student’s t-test).
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Figure 6. Reversal of Phenotypes in Eif4ebpl KO Mice by Antagonizing VIP Signaling

A and B. mPer2::Luc bioluminescence patterns of lung (A) and SCN (B) explants:
representative plots of lung showing similar amplitudes and periods between WT and KO
mice, but representative plots of SCN showing higher amplitudes and shorter periods in the
KO animals. Each plot was from one SCN explant.

C and D. Histograms showing period (C) and amplitude (D) of mPER2::LUC
bioluminescence rhythms from lung and SCN explants. The values are presented as the
mean + SEM. Eight to twelve animals were used for each group. *p<0.05 vs. WT

E. mPer2::Luc bioluminescence patterns of SCN explants from Eifdebpl KO Mice. Each
plot was from one explant. Note that VPAC2 antagonist PG99-465 (50 nM) decreased
amplitudes of mPer2::Luc rhythms in a reversible manner.

F. Histograms showing amplitudes of mPER2::LUC bioluminescence rhythms of SCN
explants from Eif4ebpl KO Mice before and after PG99-465 treatment. The values are
presented as the mean + SEM. Twelve SCN explants were used.

G. Rescue of circadian behavioral phenotypes in Eif4ebpl KO Mice by PG99-465.
Representative double-plotted actograms of wheel-running activities of a vehicle-infused
(left) and a PG99-465-infused mouse (right). The Eif4ebpl KO Mice animals were
cannulated and entrained to a 12 h/12 h light/dark (LD) cycle for 10 days, and on the 11t
day, mice were infused with 4 L of saline or PG99-465 (100 .M) at ZT15 and the light
cycle was advanced for 6 h (light on at ZT18). Red asterisks indicate the time of infusion
and red arrows (right) indicate the day when the light cycle was shifted.

H. Line graphs showing the daily phase advance of wheel-running activities of the Eif4ebpl
KO Mice following a 6 h advancing light cycle shift. Values are presented as the mean +
SEM. Each data point is averaged from six mice. *p<0.05 PG99-465 vs. Vehicle by
ANOVA.
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Figure 7. Decreased VIP Expression and Increased Susceptibility to Constant Light-Induced
Clock Desynchnony in Mtor*/~ mice

A. Representative bright-field microscopy images showing VIP immunostaining in the SCN.
Mice were entrained and sacrificed at ZTO0. Quantitation of VIP expression in the SCN is
shown to the right. The values are presented as the mean + SEM. Five mice were used for
each group. *p<0.05 by Student’s t-test. Note that number of VIP positive cells was
decreased in the Mtor*/~ SCN. Scale bars: 100 pum.

B. Western blots of whole-forebrain lysates. Animals were sacrificed at ZTO. The numbers
1-3 indicate three different animals for each group. Note that mTOR expression and 4E-BP1
phosphorylation was decreased in the brains of Mtor*/~ animals. Accordingly, prepro-VIP,
but not VPAC2, expression was decreased in these mice. elF4E and B-actin were used as
loading controls. See Results for quantitation of the blots.

C. Representative wheel-running actograms of mice in constant light. Actograms from four
Mtor*/* (left) and four Mtor*/~ (right) mice are shown. R, rhythmic; AR, arrhythmic; WR,
weakly rhythmic. Note that more Mtor*/~ mice exhibited arrhythmic behavior compared to
Mtor*/* mice. The percentages of three types of behavior are shown in D.
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