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Mammalian/mechanistic target of rapamycin (mTOR) signaling
controls cell growth, proliferation, and metabolism in dividing
cells. Less is known regarding its function in postmitotic neurons in
the adult brain. Here we created a conditional mTOR knockout
mouse model to address this question. Using the Cre-LoxP system,
the mTOR gene was specifically knocked out in cells expressing Vip
(vasoactive intestinal peptide), which represent a major population
of interneurons widely distributed in the neocortex, suprachias-
matic nucleus (SCN), olfactory bulb (OB), and other brain regions.
Using a combination of biochemical, behavioral, and imaging ap-
proaches, we found that mice lackihng mTOR in VIP neurons dis-
played erratic circadian behavior and weakened synchronization
among cells in the SCN, the master circadian pacemaker in mam-
mals. Furthermore, we have discovered a critical role for mTOR
signaling in mediating olfaction. Odor stimulated mTOR activation
in the OB, anterior olfactory nucleus, as well as piriform cortex.
Odor-evoked c-Fos responses along the olfactory pathway were
abolished in mice lacking mTOR in VIP neurons, which is consistent
with reduced olfactory sensitivity in these animals. Together, these
results demonstrate that mTOR is a key regulator of SCN circadian
clock synchrony and olfaction.
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Imost all aspects of neuronal functions are regulated by

external signals via intracellular signal transduction cas-
cades. Mammalian/mechanistic target of rapamycin (mTOR) is
an evolutionarily conserved serine/threonine protein kinase.
Centered on mTOR, an intracellular signaling network controls
cell growth, proliferation, and metabolism in dividing cells (1, 2).
mTOR forms two multiprotein complexes, mTOR complex
(mTORC) 1 and mTORC2. mTORCI activates ribosomal pro-
tein S6 kinase (S6K) 1 and S6K2, which in turn phosphorylate
the ribosomal protein S6 at Ser240/244 (3-5). mTOR signaling
senses intracellular signals including nutrient availability, energy
status, and stress, as well as responds to extracellular stimuli by
hormones and growth factors. In the developing brain, mTOR
signaling promotes neuronal progenitor proliferation, differen-
tiation, and neural circuit formation (6). It is essential in early
development, and homozygous mTOR knockout is embryonically
lethal in mice (7, 8).

Due to a lack of genetic mouse models of the mTOR mutant,
less is known regarding mTOR functions in postmitotic neurons
in the adult brain. Studies of mTOR functions were performed
using mutants of individual components within mTOR signaling
or with pharmacological mTOR inhibitors. It is found that
mTOR signaling controls synaptic plasticity, learning, and
memory through its interaction with FKBP12 (FK506-binding
protein), the mTORCI1 downstream effector S6Ks, eukaryotic
translation initiation factor 4E (eIF4E)-binding protein (4E-BP),
and mTORC?2 (9-12). mTOR signaling serves as a fuel sensor in
the hypothalamus to regulate food intake (13). mTOR also
modulates cortical plasticity during sleep and is involved in the
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effect of sleep deprivation on memory impairment (14, 15).
Dysregulation of mTOR signaling pathways in the brain has
frequently been identified in neurological and psychiatric disor-
ders (6, 16).

Our previous study pointed to a role for mTOR in the hypo-
thalamic suprachiasmatic nucleus (SCN), the master circadian
pacemaker in mammals. The activities of mTORCI in the SCN
exhibit autonomous daily oscillations and are activated by light at
night (17, 18). Inhibition of mTOR activity by the drug rapa-
mycin modulates photic resetting of mouse circadian behavior
(19). More recently, we have found that mTORC1 promotes
mRNA translation of Vip (vasoactive intestinal peptide) via the
translation repressor 4E-BP1 (20). VIP is a neuropeptide es-
sential for coupling and synchronization of SCN neurons (21).
To further study the functions of mTOR in the SCN as well as in
other brain regions, we created a conditional mTOR knockout
mouse using the Cre-LoxP system (22). Mtor™™ mice (20)
were crossed to Vip-Cre mice (23) to specifically knock out
mTOR in VIP cells. Using this model, we studied the functions of
mTOR in the adult SCN and olfactory bulb (OB), two repre-
sentative brain regions where VIP neurons are enriched. Using
a combination of biochemical, behavioral, and imaging ap-
proaches, we demonstrate that mTOR signaling plays a critical
role in regulating SCN cell synchrony and olfaction. These re-
sults reveal physiological functions of mTOR in the adult brain.

Significance

The mammalian/mechanistic target of rapamycin (mTOR) ki-
nase resides at the crux of an intracellular signaling network
that controls fundamental biological processes. Dysregulation
of mTOR signaling is linked to neurological and psychiatric
diseases. However, the physiological functions of mTOR sig-
naling in the adult brain are not fully understood. In the cur-
rent study, we discovered that mTOR in vasoactive intestinal
peptide (VIP) neurons plays a key role in regulating neuro-
physiology in the brain circadian clock and the olfactory sys-
tem. The conditional mTOR knockout mouse will be a useful
model for future investigations of mTOR and/or VIP.
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Results

mTOR Is Knocked Down in VIP Neurons. To study the specific role of
mTOR in VIP neurons, we crossed Mtor™ mice to Vip-Cre
mice to get Mtor™™:Vip-Cre mice. These animals developed
normally, were fertile, and did not display gross abnormalities or
reduced productivity. Nissl staining indicated that the histologi-
cal morphology was normal, and the numbers of cells were not
decreased in the examined brain regions including the SCN, OB,
and piriform cortex in Mtor™™:Vip-Cre mice compared with
thfg‘/ﬂ” littermates (Fig. S1). As VIP neurons are enriched in
the SCN (24), we first examined mTOR activities in this region
by double immunolabeling of VIP and phosphorylated S6 (at
Ser240/244; p-S6), a sensitive and specific marker of mTOR
activities. We found that p-S6 was strongly expressed in the VIP-
expressing cells as well as non-VIP cells in the SCN of Mzor™™
mice (Fig. 14). In contrast, p-S6 expression was decreased in the
ventral SCN of Mto/l"/ﬂ":Vip-Cre mice, where VIP neurons are
located. As a result, the number of cells with colocalized ex-
pression of p-S6 and VIP was significantly decreased in the SCN
of Mto™™:Vip-Cre mice, indicating effective knockdown of
mTOR activities in VIP neurons. The down-regulation of mMTOR
was specific, as the number of p-S6-positive non-VIP cells was
not changed (Fig. 1 A and B). Next, by Western blotting, we
found that mTOR and p-S6 levels were both decreased in the
forebrain of Mtor™™:Vip-Cre mice. The level of prepro-VIP,
the precursor protein of VIP, was also markedly reduced in
the Mtor™™:Vip-Cre mice, whereas the level of the VIP receptor
VPAC?2 was not changed (Fig. 1 C and D). Together, these re-
sults demonstrate that mTOR was specifically knocked down in

A Mtor flx/fix

VIP neurons in the Mtor™™:Vip-Cre mice, and that as a result of
mTOR knockdown the prepro-VIP level was also reduced,
consistent with a role for mTOR in promoting mRNA trans-
lation of Vip (20).

Mtor™™%:Vip-Cre Mice Exhibit Abnormal Circadian Behavior. To in-
vestigate the functions of mTOR in VIP neurons in the SCN, we
first characterized the behavioral phenotypes of the Mtor™™:Vip-
Cre mice by recording their circadian wheel-running locomotor
activities. Mice were entrained in a 12-h/12-h light/dark (LD) cycle
for 7 d and released into constant darkness (DD) for 10 d (Fig.
24). The Mtor™™:Vip-Cre mice were able to entrain to the 12-h/
12-h LD cycle and exhibited typical free-running activity
rhythms in DD. However, the circadian period in these rhythms
was significantly shortened compared with Mtor™™ mice
(Mto?™™:Vip-Cre vs. Mtor™™: 23.81 + 0.03 h, n = 20 vs. 23.93 +
0.02 h, n = 20, t = 3.492, P = 0.0025). After the animals were
entrained in LD for 10 d, the LD cycle was abruptly advanced by
8 h. Both groups of mice were able to be reentrained to the shifted
LD cycle, but the Mtor™™:Vip-Cre mice were reentrained more
quickly than the Mtor™™ mice (Mtor™™:Vip-Cre vs. Mtor™™:
7.2+035d,n=20vs. 9.45+0.49d,n =20, t = 3.319, P = 0.0042).

Next, the mice were released into constant light (LL) for 38 d.
Prolonged exposure to LL lengthens the period of circadian
behavior and induces arrhythmic behavior in some animals (25).
We analyzed the behavioral rhythmicity of the mice using aver-
age Fourier periodograms. The average peak of the periodogram
of the Mto/lg/ﬂ":le—Cre mice was lower than that of the Mror™™
mice, indicating weakened rhythmicity in the Mtor™™:Vip-Cre mice
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Fig. 1. mTOR is knocked down in VIP neurons in the SCN of Mtor™:Vip-Cre mice. (A) Confocal microscopic images of immunofluorescent labeling for p-56
(red) and VIP (green) in the suprachiasmatic nucleus. For these experiments, the mice were entrained to a 12-h/12-h light/dark cycle and killed at ZT6. p-S6 and

VIP expression was colocalized in the ventral SCN in Mtor™/fx

mice. Note that the number of cells coexpressing p-S6 and VIP (yellow) was decreased in the SCN

of the Mtor™™:Vip-Cre mice. Also note that intensities of p-56 and VIP were both decreased in the ventral SCN. Framed regions are magnified and shown
below. (Scale bars, 100 um.) (B) Percentages of cells expressing p-S6, VIP, or both in the SCN. (C) Representative Western blots of forebrain lysates.
(D) Quantitation of the blot intensities is shown. Values are presented as the mean + SEM. Note that the level of prepro-VIP was markedly reduced in the
Mtor™/™:\/ip-Cre brain but VPAC2 level was not changed. mTOR and p-S6 levels were also significantly reduced. Four Mtor™™ and four Mtor™™:Vip-Cre

mice were used in the experiment. *P < 0.05 vs. Mtor™/x.
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Fig. 2. Altered circadian behavior in Mtor™™:Vip-Cre mice. (A) Representative double-plotted actograms of mouse wheel-running activities from one
Mtor™/™ (Left) and one Mtor™:Vip-Cre (Right) mouse. The x axis (Top) indicates the ZT of the day. The y axis (Left) indicates the number of days during the
experiment. For these experiments, mice were first entrained to 12-h/12-h light/dark cycles for 7 d and then released into constant darkness for 10 d. Next,
animals were reentrained to 12-h/12-h LD for 10 d, and then the LD cycle was abruptly advanced by 8 h. Twenty days later, the LD cycle was delayed by 8 h.
After 11 d in the delayed LD cycle, the mice were released into constant light for 38 d. Yellow areas indicate light periods. (B) Averaged Fourier periodograms
in LL from all mice. Fourteen Mtor™* and 14 Mtor™/"*:Vip-Cre mice were used in the experiment. Note that the overall rhythmicity of the Mtor™:Vip-Cre
mice was weaker compared with the Mtor™ mice, as indicated by a lower mean power spectral density (normalized to show proportion power at each
frequency). (C) Cycle-to-cycle variability in period in LL is shown as individual values. (D) Proportion energy in circadian scale (indicating how well-consolidated
activity is as a circadian rhythm) in LL is shown as individual values. (E) Representative double-plotted actograms of wheel-running activities from an Mtor™/#
(Left) and Mtor™™:vip-Cre (Right) mouse. For this experiment, the mice were entrained to a 12-h/12-h LD cycle for 10 d, exposed to a skeleton photoperiod (1-h/
11-h/1-h/11-h LDLD) for 28 d, and then released into DD for 21 d. Five Mtor™™ and seven Mtor™™:Vip-Cre mice were used in the experiment. Yellow areas

indicate light periods. (F) Average activities (rev per 10 min) during the skeleton photoperiod from all of the mice.

(Fig. 2B). We also analyzed the rhythmicity using a discrete Vip~™'~ and VPAC2™'~ mice show dissociation of activities in a
wavelet transform, which decomposes the activities into circadian ~ skeleton photoperiod (27, 28). To further assess the circadian
and ultradian components. We used the following two measures ~ clock function in Mtor™™:Vip-Cre mice and compare their
(26): (i) cycle-to-cycle variability in period (SD in time between ~ Phenotypes with those of Vip™~ and VP, A.CTF mice, the ani-
peaks for the circadian component of activity), an indicator of ~ Mals were exposed to a skeleton photoperiod, consisting of two
rhythm stability; and (ii) proportion of variance in the activity time ~ 11-h dark periods separated by 1-h light periods (1-h/11-h/1-h/
series accounted for by the circadian component, which indicates 11-h LDI,“D)' The amount of total activities during the Skeiﬁ,f/%l
how well-consolidated activity is as a circadian rhythm. A per- photoperiod was no significantly different between the Mto :

- Wifle s UER v Iftx.
mutation test showed that the cycle-to-cycle variability was sig- Vip-Cre and Mior mice [Mior™"™:Vip-Cre vs. Mior™™:

o . . . 156 + 13.2 revolutions (rev) per h, n =7 vs. 133.8 + 11.4 rev per
. Tn/fic
nificantly higher in the Mtor™:Vip-Cre mice than the Mtor’ h,n =5, ¢= 1227, P = 0.248]. Whereas Mtor™ mice dem-

mice (P = 0.006; Fz)lcg' 2€), indicating less stability of rhythmic  ,gi1aed an average of 77.9% of their total activity at the time
behavior in Mror™” :Vip-Cre mice. The proportion of variance corresponding to night in the 12-h/12-h LD cycle, Mtorfz"/ﬂ":Vip-
accounted for by the circadian component was lower in the Mto®™™: 7, mice restricted only 40.6% of their total activity to this
Vip-Cre mice than the Mio?™"™ mice (P = 0.055; Fig. 2D), indicating  period (Fig. 2 E and F). These results suggest that multiple
more spread activities in LL in Mior™"™:Vip-Cre mice. Together, oscillatory components exist in the clock of Mtor™™:Vip-Cre
these results indicate more unstable and weakened rhythmicity of  mice, one of which cannot be entrained by the 1-h/11-h/1-h/11-h
Mito™™:Vip-Cre mice in LL. LDLD cycle.
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Circadian Synchrony Is Disrupted in the SCN of Mtor™™*:Vip-Cre
Mice. VIP mediates circadian synchrony among SCN neurons
(21). To investigate the cellular basis underlying the abnormal
circadian behavior in the Mtor™:Vip-Cre mice, we crossed
these mice to PER2::LUCIFERASE (PER2::LUC) mice (29). In
PER2::LUC mice, the luciferase gene is fused to the endogenous
clock gene Per2 to create a real-time reporter of dynamic cir-
cadian PER2 expression. As previously described (26), we per-
formed microscopic bioluminescence imaging using SCN slices
from the PER2::L UC:Mtor™™:Vip-Cre and PER2::LUC:Mtor™"™
mice. The MioP™* SCN exhibited pronounced circadian cycles of
PER2-driven bioluminescence from abundant bioluminescent re-
gions of interest (ROIs; indicating rhythmic cells) (159 + 70 ROIs
per SCN from four slices). The cellular bioluminescence rhythms
were highly synchronized from different ROIs, evident from raster
plots (Fig. 34, Left). In contrast, Mtor™™:Vip-Cre slices
exhibited lower-intensity and fewer rhythmic ROIs across the
SCN (106 + 24 ROIs per SCN from six slices), which is con-
sistent with decreased PER1 and PER2 levels in the SCN as
determined by immunostaining (Fig. S2). In contrast to the
highly synchronized bioluminescence rhythms of ROIs in the
Mtorf}L,‘/ slices, ROISs from the Mtor™*:Vip-Cre SCN were less
well synchronized, especially during later cycles (Fig. 34, Right).
Next, we calculated the synchronization (sync) index for each slice,
which quantifies the degree of phase clustering among cells,
ranging from 0 (uniformly distributed phases across the day) to 1.0
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(all cells peak at the same time of day) (30). We found that the
sync index was significantly decreased in the SCN of Mtor™™:Vip-
Cre mice (Fig. 3C).

To complement the genetic approach to knocking down
mTOR, we examined the effects of an mTOR inhibitor, PP242,
on SCN cell synchrony. PP242 is a potent, selective, and ATP-
competitive mTOR inhibitor; 1 pM PP242 has been shown to
significantly inhibit mMTOR activities and perturb the translatome
in cells (24). In contrast to cellular bioluminescence from slices
treated with DMSO (CTR), rhythmic ROIs in PP242-treated
SCN were less synchronized, with phases drifting apart over
time (Fig. 3B). The sync index was significantly lower in PP242-
treated SCN compared with controls (Fig. 3D). Moreover, the
proportion of rhythmic ROIs (indicating rhythmic cells) was
markedly lower in PP242-treated SCN explants (Fig. 3E), in-
dicating that mTOR is also critical for cellular rhythmicity in the
SCN. Together, these results demonstrate that mTOR controls
synchrony of SCN cells at least partially through VIP neurons.

Odor Stimulates mTOR Activation in the Olfactory System. The ol-
factory bulb (OB) is another representative brain region where
VIP neurons are enriched (23, 31, 32). Interestingly, VIP has
been shown to mediate circadian rhythms in the OB (33). This
prompted us to investigate the potential role for mTOR in ol-
faction using the Mtor™™:Vip-Cre mice.
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Fig. 3. mTOR inhibition desynchronizes SCN neurons. (A) Representative raster plots show the daily expression pattern of PER2::LUCIFERASE from 25 rep-
resentative ROIs (indicators of rhythmic cells) in an SCN slice from an Mtor™/™ (Left) or Mtor™:Vip-Cre (Right) mouse. Note that the cellular rhythms of
Mtor™/™*:\/ip-Cre mice were more loosely synchronized compared with the Mtor™/™ mice. (B) Representative raster plots show the daily expression pattern of
PER2::LUCIFERASE from 25 representative ROIls in an SCN slice treated with DMSO (CTR) or the mTOR inhibitor PP242 (1 pM). Note that PP242 significantly
disrupted synchronization of SCN cells. (C and D) Quantification of cellular synchronization within each slice using the synchronization index. (E) Percentages
of rhythmic ROIs in DMSO (CTR) or PP242-treated SCN slices. Data in C-E are presented as individual values as well as mean + SEM. For C and D, four Mtor™/fix
SCN slices and six Mtor™™:Vip-Cre slices were used in the experiment. For E, seven SCN slices were used for control and six slices were used for
PP242 treatment.
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Various odorants reach respective olfactory receptors on the
olfactory receptor neurons, which project axons to separate glo-
meruli in the OB and synapse on mitral cells, the principal output
neurons of the OB. Olfactory information from the OB is relayed
to pyramidal cells in the piriform cortex (PIR). The anterior ol-
factory nucleus (AON) is also an olfactory relay station which has
reciprocal connections with both the OB and PIR. We first ex-
amined the expression pattern of p-S6 and its regulation in these
regions of Mtor™™ mice. p-S6 was expressed throughout all layers
in the OB, including the periglomerular layer (PGL), external
plexiform layer (EPL), mitral cell layer (MCL), and granule cell
layer (GCL), as well as in the AON and PIR (Fig. S3). In the OB,
p-S6 was enriched in the PGL, MCL, and GCL (Fig. S34). To
investigate potential regulation of mTOR activity by neuronal
activities, mice were exposed to an odorant (eucalyptus essential
oil) for 15 min at circadian time (CT)15 and killed 45 min after
odor exposure. Immunostaining for p-S6 demonstrates that odor
evoked significant up-regulation of S6 phosphorylation in the OB,
AON, as well as PIR (Fig. S3 A4, B, and D). Western blotting
confirmed the immunostaining results that odor evoked p-S6 up-
regulation in the OB (Fig. S3C).

As reported previously, VIP is extensively expressed in the
PGL and EPL and sparsely in the GCL of the OB (31-33).
Colocalization of VIP and p-S6 expression was seen in cells in
the PGL and EPL (Fig. 44). In Mtor™™ . Vip-Cre mice, p-
S6 expression was significantly reduced in the VIP-expressing
EPL but not in the non-VIP-expressing MCL (Fig. 4B), in-
dicating specific knockdown of mTOR in VIP neurons. Consis-
tent with this, odor-evoked p-S6 up-regulation was abolished in
the EPL of Mtor™™:Vip-Cre mice (Fig. 4C).

Olfaction Is Impaired in Mtor™"*:Vip-Cre Mice. c-Fos is a marker of
neuronal activation and has been shown to be induced by odor in
the rodent olfactory system (34-37). To evaluate whether mTOR
in VIP neurons mediates olfactory responses, we examined odor-
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induced c-Fos expression in Mtor™™ and Mtor™™:Vip-Cre mice.
As previously reported (37), odor induced c-Fos expression in
the OB, AON, and PIR (Fig. 5 A-C). Strikingly, c-Fos induction
by odor was abolished in these regions in the Mtor™™:Vip-Cre
mice (Fig. 5 C and E), indicating an essential role for mTOR
signaling in mediating odor-stimulated neuronal responses in the
olfactory system. To access the olfactory function of these mice,
olfactory sensitivity to a neutral odor (cinnamon) was tested
using a behavioral approach as previously described (38). In-
terestingly, Mtor™™:Vip-Cre mice exhibited decreased explora-
tion time toward the odor compared with Mtor™™ littermates,
which indicates decreased sensitivity to the odor. The minimum
odor concentration to cause lengthened exploration was in-
creased from 1:1,000 for Mitor™™ mice to 1:10 for Mto/Z”W.'I/'zp-
Cre mice (Fig. 5F).

Discussion

To study the physiological function of mTOR in the adult brain,
we established a mouse model in which mTOR is specifically
knocked down in VIP neurons. Using this model, we found that
mTOR signaling in VIP neurons is critical for SCN cell syn-
chronization and olfaction. Mice with decreased mTOR activi-
ties in VIP neurons show impaired circadian behavior, which
can be mechanistically explained by weakened synchronization
among SCN cells. These results are consistent with a role for
mTOR in promoting Vip mRNA translation and decreased VIP
levels in mTOR knockdown animals. Moreover, we found a key
role for mTOR in mediating olfactory perception. mTOR ac-
tivities in the olfactory system are stimulated by odor. mTOR
knockdown in VIP neurons abolishes odor-evoked c-Fos ex-
pression in olfactory regions including the OB, AON, and PIR,
which is consistent with reduced olfactory sensitivity in these
animals. Together, these results highlight diverse physiological
functions of mTOR in the adult brain.
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Fig. 4. mTOR signaling in the olfactory bulb. (A) Representative fluorescent microscopic images showing immunolabeling for VIP (green) and p-S6 (red) in
the mouse OB. Framed regions are magnified and shown (Right) as a merged image. White arrows indicate cells expressing both p-56 and VIP in the external
plexiform layer. (Scale bars, 100 um.) (B) Quantitation of p-S6 labeling intensity in the OB. Note that p-S6 level was markedly decreased in the VIP-expressing
layer (EPL) but not in a non-VIP layer (mitral cell layer) in Mtorﬂ’"ﬂ":Vip—Cre mice. (C) Quantitation of p-S6 labeling intensity in the OB. For this experiment,
mice were exposed to an odorant (essence oil) for 15 min at CT15 and killed 45 min after the end of odor exposure. See Materials and Methods for detailed
methods of quantitation. Note that odor evoked significant p-56 up-regulation in the OB of Mtor™/™ mice but not in Mtor™:Vip-Cre mice. For B and C,
data are presented as individual values as well as mean + SEM. Three mice were included in each group and three brain sections were used from each animal.

Liu et al. PNAS Latest Articles | 50f 9

%)
=2
o
a
w
<
=
[

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721578115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721578115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721578115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721578115/-/DCSupplemental

L T

z

1\

BN AS  DNAS P

Mior Mix Mitor " \ip-Cre

No Odor

Odor No Odor _Odor

MO TS

, 100 1P<0.0001
B . P<0.0001
g 807 o . P<0.0001
= .|
£ % TR
2 60 4 F 3 A
0 L4 .I .
o . . -~
Eafs Ths e LT
s % = 5 "f s
2 -i - " =
E Ll
5
=z
NOONOO NOOMNODO NOO NOO
MOB AON PIR
— . o Mtorfix
g i) "
2 40 4 *,if u  Mtor ™™ Vip-Cre
£ :
-l
2 *
o —
S 54 -

water  1:10

1:102  1:10°  1:10%

Fig. 5. Olfactory responses are blunted in Mtor™:Vip-Cre mice. (A and B) Representative bright-field microscopic images of immunolabeling for c-Fos. Low-
magnification images of the main olfactory bulb (A) and piriform cortex (B) from an odor-stimulated Mtor™™ mouse are shown. (Scale bars, 100 pm.) Curved
dashed line indicates the border of the anterior olfactory nucleus. (C) High-magnification images of the MOB, anterior olfactory nucleus, and PIR from the framed
regions in A and B. For this experiment, mice were exposed to an odorant for 15 min starting at CT15 and killed 45 min after the end of odor exposure. Note that
odor evoked significant c-Fos expression in the MOB, AON, and PIR in Mtor™™ mice. c-Fos induction by odor in these regions was abolished in the Mtor™™:vip-Cre
mice. (Scale bars, 100 pm.) (D) A schematic diagram of the olfactory pathway. Briefly, various odorants reach different olfactory receptors on the olfactory receptor
neurons, which project axons to separate glomeruli in the OB and synapse on mitral and tufted (M/T) cells. Olfactory information from the OB is relayed via M/T cell
axons directly to pyramidal cells in the PIR. The AON has reciprocal connections with both the OB and PIR. (E) Numbers of c-Fos—positive cells per mm?Z. See Materials
and Methods for detailed methods of quantitation. Data are presented as individual values as well as mean + SEM for each group. Three mice were included in
each group and three brain sections were used from each animal. NO, no odor; O, odor. (F) Mouse exploratory time in the olfactory sensitivity test. Mice were
exposed to one of four different dilutions of cinnamon extract on filter paper for a 3-min session. Total time spent exploring the filter paper was assessed. Note that

the Mtor™:Vip-Cre mice exhibited decreased olfactory sensitivity compared with the Mtor™™ mice. *P < 0.05, **P < 0.01, ***P < 0.001.

mTOR is ubiquitously expressed in the brain. mTOR signaling
is increasingly found to be involved in unique neuronal activities.
As constitutive mTOR knockout is embryonically lethal, studies
of mTOR functions in the brain rely on conditional mTOR
knockout models. The Cre-LoxP system is commonly used to
circumvent embryonic lethality caused by systemic inactivation of
a specific gene, since deletion of the gene occurs only in cells
where Cre recombinase is expressed. It provides the best ex-
perimental control linking genotypes to phenotypes. In our
study, Mtor™™:Vip-Cre mice were compared with Mror™™ lit-
termates. Of note, Vip-Cre is only expressed at the late embry-
onic to neonatal period, and thus it can be used to manipulate
VIP neurons without disruption of their neural development
(23). Indeed, the Mtor™™:Vip-Cre mice survived without visible
deficits, and their brain histology is largely normal.
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VIP is a peptide of 28 amino acid residues that belongs to a
glucagon/secretin superfamily, the ligand of G protein-coupled
receptors. Vip is expressed in a subset of GABAergic neurons in
the neocortex, SCN, OB, and other midbrain and brainstem
regions as well as the gut and pancreas (39-41). The direct
protein product of the Vip gene is prepro-VIP, a 170-amino acid
peptide. Our previous work discovered that mRNA translation
of Vip is dependent on eIF4E and inhibited by 4E-BPs (20).
Binding of 4E-BPs to eIF4E causes inhibition of cap-
dependent translation initiation and is relieved when 4E-BPs
are phosphorylated by mTOR. Thus, mTOR signaling pro-
motes Vip mRNA translation (20). Knockdown of mTOR in VIP
cells markedly decreased the level of prepro-VIP and VIP.
Consistently, the mice exhibited significant circadian phenotypes,
which largely resemble those seen in Vip or VPAC2 null mice (27,
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Table 1. Antibodies used for immunostaining and Western blotting
Dilution in Dilution in

Antibody Supplier Catalog no. immunostaining Western blotting
VIP Santa Cruz sc-21041 1:200

mTOR Cell Signaling 2983 1:1,000
p-S6 Cell Signaling 2215 1:300 1:1,000
S6 Santa Cruz 74459 1:2,000
PER1 MilliporeSigma AB2201 1:3,000

PER2 Santa Cruz SC-7728 1:300

Prepro-VIP Sigma-Aldrich V0390 1:500
VPAC2 Abcam ab28624 1:1,000
B-Actin Sigma-Aldrich A5441 1:5,000
c-Fos Calbiochem PC38 1:3,000

28, 42, 43) as well as in rats treated with VIP antagonists (44).
These phenotypes are (i) weakened circadian rhythmicity under
constant conditions; (if) disrupted circadian behavior under the
skeleton photoperiod; and (iii ) decreased synchrony among SCN
cells. However, as a residual amount of VIP is still expressed in
Mto™™:Vip-Cre mice (possibly due to other translational con-
trol mechanisms and/or the mosaic pattern of Vip-Cre expres-
sion), the VIP-related circadian phenotypes are not as strong as
those in Vip and VPAC2 null mice.

Interestingly, the mTOR inhibitor PP242 has a similar, if not
stronger, effect on SCN cell synchrony as VIP neuron-specific
knockdown of mTOR. As mTOR inhibition by PP242 leads to
decreased VIP expression (20), the effect of PP242 may be due
to a decreased VIP level in the SCN. However, other mecha-
nisms whereby mTOR regulates SCN cell synchrony cannot be
excluded. For example, mTOR inhibition by rapamycin increases
GABAergic synaptic transmission (45). As endogenous GABA
has been shown to desynchronize circadian cells in the SCN (46),
mTOR may also regulate synchrony through modifying GABAergic
neurotransmission in the SCN.

mTOR regulates the circadian clock through complex mecha-
nisms. In the current study, genetic and pharmacological inhibition
of mTOR activity significantly reduced cellular synchronization as
well as the number of rhythmic cells in the SCN. We previously
demonstrated that rapamycin inhibits light-induced clock protein
PER1 and PER2 expression in the SCN (19). A recent study
pointed to the role for mTOR in regulating proteostasis of the
clock protein BMALL (47). On the other hand, mTOR activity is
rhythmically controlled by the circadian clock in the SCN. mTOR
activity is high during the day and low at night, which is consistent
with close cellular colocalized expression of p-S6 and Per! in the
SCN (18). Light at night rapidly activates mTOR signaling in the
SCN (17). Thus, the circadian clock controls the rhythmicity and
activity of mTOR. In turn, mTOR signaling feeds back to the
circadian clock to regulate its entrainment and synchronization. As
mTOR forms a complex signaling network, further in vitro and in
vivo studies using specific mutants of mTOR targets will be re-
quired to delineate the complex mechanisms whereby mTOR
signaling interacts with the circadian clock.

In the current study, the function of mTOR was studied in the
olfactory system. We found strong mTOR activities in all layers
of the OB as well as in the AON and PIR. Morcover, mTOR
activities are stimulated by odorants, and mTOR knockdown in
VIP cells diminishes odor-evoked c-Fos responses in the olfac-
tory system. The mechanisms whereby mTOR regulates olfactory
c-Fos expression are not clear. A prominent feature of VIP in-
terneurons is their preferential innervation of other interneurons
(48, 49). VIP-containing cells in the EPL form an interneuronal
network that modulates the function of other inhibitory inter-
neurons (33, 50). VIP neurons may be involved in regulating
network excitability and disinhibition of principal cells in the OB,
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which is similar to a role for VIP neurons in the cortex (51, 52).
Thus, the EPL might serve as the “amplifier” of the incoming
olfactory signal. mTOR signaling regulates neuronal excitability
in cultured neurons (53, 54) as well as in epilepsy animal models
(55). mTOR may regulate the excitability of VIP interneurons
and therefore control olfactory input through the VIP inter-
neuron network in the EPL. Further electrophysiological studies
are required to test these hypotheses.

The regulation and functions of mTOR activity exhibit great
similarities between the SCN and OB. First, the base level of
mTOR activities is high in both regions. In the SCN, p-S6 ex-
pression shows circadian rhythmicity, with the peak level at
CT12. Also, the SCN is the only brain region that exhibits a high
level of phospho-4E-BPs, other downstream effectors of mTORCI.
Second, mTOR activities are induced by neuronal activities in both
regions. In the SCN, VIP cells are among the photic recipient
neurons that receive direct synaptic input from the intrinsically
photosensitive retinal ganglion cells. mTOR signaling is rapidly
activated in these neurons by light stimulation at night. Similarly,
odor stimulation activates mTOR in neurons in the OB. Third,
mTOR exhibits similar functions in the SCN and OB in its regu-
lation of neuronal network properties. In the SCN, VIP neurons
are in the ventral region, but they form a neuronal network that
couples and synchronizes the ventral and dorsal regions of the
SCN. In the OB, VIP-expressing interneurons form a network
in the EPL that is critical for controlling olfactory input. Thus,
mTOR signaling regulates properties of structured VIP neuronal
networks in the SCN and OB.

Materials and Methods

Animals. Mtor™™ mice on a C57BL/6 background kindly provided by Sara

C. Kozma, University of Cincinnati, Cincinnati, OH, were crossed to a Vip
promoter-driven Cre-recombinase mouse line (Vip-Cre; Jackson Laboratory) to
generate Mtor™™:Vip-Cre mice. Mice were then crossed with mPER2::LUC
transgenic reporter mice (29) to obtain Mtor™™:Vip-Cre:mPER2::LUC mice.
Mice were maintained in the animal facilities at the University of Minnesota,
Duluth Campus, McGill University, or Concordia University in accordance with
institutional guidelines. All procedures were approved by the Institutional
Animal Care and Use Committees at University of Minnesota, McGill
University, and Concordia University.

Brain Tissue Processing, Inmunostaining, and Microscopic Imaging Analysis.
Under the indicated conditions, the mice were killed and brain tissue was
harvested. Brain sections were processed and immunostained for p-S6, VIP,
and c-Fos as previously reported (45). Bright-field and fluorescent microscopic
images were captured using a digital camera mounted on an inverted DMi8
Leica microscope. Confocal microscopy images were captured using a Zeiss
710 Meta confocal microscope. See Table 1 for antibody information.

All photomicrographic datasets were statistically analyzed using Adobe
Photoshop software (Adobe Systems). For the p-S6 and VIP colocalization
assay, confocal SCN images (40x magnification) of double labeling for p-S6
and VIP were collected. Individual SCN cells were outlined based on DRAQ5
(a cell nuclear dye) staining, and the expression of p-S6 (red), VIP (green), or
both (yellow) was determined based on densitometry values for red (p-S6)
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and green (VIP) channels. The percentages of red, green, or yellow cells were
calculated and compared between the Mtor™™ and Mtor™/™:Vip-Cre mice.

For p-S6 intensity analysis, 20x fluorescent microscopic images of the main
olfactory bulb (MOB) were acquired using a Leica DFC3000 G camera. All
imaging parameters (exposure time, light intensity, etc.) were held constant
for all datasets from the same experiment. Three digital squares (size
50 x 50 pixels) were randomly placed in VIP-positive or -negative regions
and the mean labeling intensity of the three squares was determined. A
digital square (size 50 x 50 pixels) was then placed in the outer layer of the
cortex, where no p-S6 was expressed, to determine the intensity of non-
specific background staining. The background value was subtracted from
the p-S6 labeling value to obtain the normalized p-S6 intensity. Three brain
sections were used from each animal and three mice were used in each
group.

For c-Fos—positive cell counting, 20x bright-field microscopic images were
acquired from the MOB, AON, and PIR regions. Three digital squares (size 50 x
50 pixels) were randomly placed in one of these regions and an intensity
threshold filter was applied to eliminate nonspecific background labeling. The
total number of detectable signals within the square (indicating the number
of positive cells) was determined by ImageJ (NIH), and the mean number from
the three squares was used for each brain section. Three brain sections were
used from each animal and three mice were used in each group.

Protein Extraction and Western Blotting Analysis. Total forebrain tissue was
homogenized with a pestle grinder (Fisher Scientific) and lysed using a lysis
buffer as previously reported (20). Western blotting analysis was performed
and the intensity of the blots was analyzed as described (56). See Table 1 for
antibody information.

Circadian Behavioral Assay. Eight- to 10-wk-old male mice were individually
housed in cages equipped with running wheels. Wheel rotation was recorded
using the VitalView program (Mini Mitter) or ClockLab software (Actimetrics)
(45). The animals were entrained to a 12-h/12-h light/dark cycle for 9 d, re-
leased into constant dark for 7 d, and transferred back to 12-h/12-h LD for
10 d. On the 11th day the LD cycle was advanced 8 h, and animal behavior
was recorded for 21 d following the LD cycle shift before the LD cycle was
delayed for 8 h. Ten days later, animals were transferred to constant light
and kept in LL (200 Ix) for 35 d. In another experiment, the animals were
entrained in a 12-h/12-h LD cycle for 10 d and transferred to a skeleton
photoperiod consisting of two 11-h dark periods per d separated by 1-h light
pulses. After 28 d in the skeleton photoperiod, mice were put into DD for
21 d. The actograms of wheel-running activities were analyzed using Acti-
View software (Mini Mitter) or ClockLab software.

To analyze activities in LL, a discrete wavelet transform (DWT) was applied to
decompose time series into circadian and ultradian components, as described
(57), using the WMTSA package (Charles R. Cornish; https://atmos.washington.
edu/wmtsa/). The DWT partitions the variance into circadian (17 to 32 h) and
ultradian (0 to 16 h) scales. The proportion of variance accounted for by the
circadian scale indicates how well-consolidated activity is as a circadian rhythm.
The time between peaks in the DWT circadian component can be used to
estimate cycle length on each cycle; the SD of these cycle lengths indicates the
variability in period over time. The DWT was applied to 21 d of activity under
LL, starting 2 wk after mice were first transferred to LL.

Explant Culture, Kinetic Bioluminescence Imaging, and Data Analysis. Explants
of SCN tissues from Mtor™:Vip-Cre:mPER2::LUC and Mtor™:mPER2::LUC

. Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and metabolism.
Cell 124:471-484.

. Saxton RA, Sabatini DM (2017) mTOR signaling in growth, metabolism, and disease.
Cell 168:960-976.
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70K S6 kinase. Identification of in vitro 40 S ribosomal S6 phosphorylation sites. J Biol
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4. Pende M, et al. (2004) S6K1(-/-)/S6K2(—/-) mice exhibit perinatal lethality and
rapamycin-sensitive 5’-terminal oligopyrimidine mRNA translation and reveal a mitogen-
activated protein kinase-dependent S6 kinase pathway. Mol Cell Biol 24:3112-3124.

5. Weng QP, et al. (1998) Regulation of the p70 S6 kinase by phosphorylation in vivo.
Analysis using site-specific anti-phosphopeptide antibodies. J Biol Chem 273:
16621-16629.

. Lipton JO, Sahin M (2014) The neurology of mTOR. Neuron 84:275-291.
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mice were dissected and cultured as reported (26). For cellular-resolution
real-time assays, coronal sections containing SCN were imaged as pre-
viously described (26). Briefly, sections containing SCN (150 um) were col-
lected, cultured on a membrane (Millicell CM; Millipore) in 1.2 mL of air-
buffered media containing 0.1 mM beetle luciferin (Gold Biotechnology),
and imaged for 5 d using a Stanford Photonics XRIMEGA-10Z cooled in-
tensified charge-coupled device camera. For pharmacological experiments,
the mTOR inhibitor PP242 or DMSO was added to respective culture media
and dishes were imaged simultaneously.

Rhythmic parameters of PER2::LUC expression were calculated for each
slice and for cell-like regions of interest (ROIs) within each slice using MATLAB
(MathWorks)-based computational analyses as described previously (46).
Briefly, phase maps of slices were constructed by generating a 4-d time series
for each 12-pixel-diameter region of the image that met the criteria for
circadian rhythmicity, namely a peak autocorrelation coefficient significant
at alpha = 0.05 and associated with lag between 18 and 34 h. To locate and
extract data from cell-like ROIs, an iterative process was employed after
background and local noise subtraction of a slice image summed across 24 h
of bioluminescence (26). The synchronization index R is computed as in
equation 6 of ref. 30, using 2-d segments. To assess overall rhythmicity in
each slice, 4-d time series were extracted for each of the 20% brightest pixels
in each processed image (with bioluminescence summed across 24 h; a total
of 5,369 pixels used for each slice) and evaluated for rhythmicity using the
same criteria as above. The percentage of these pixels associated with a
significantly rhythmic time series is used as a general estimate of what
proportion of the slice is rhythmic. Because of small sample sizes and non-
normal distributions, permutation tests were used to test for significant
difference in mean between groups. Raster plots show 36 cell-like ROls
chosen by sorting the first peak times and selecting 36 evenly spaced ROIs
from the sorted list to obtain a more representative sample.

Odor Stimulation. Six- to 8-wk-old mice were entrained to a 12-h/12-h LD
cycle for 14 d and transferred to constant darkness for 48 h. At CT15 the
following day, mice were given olfactory stimulation consisting of a 15-min
exposure to the odor of eucalyptus essential oil. Mice were killed 45 min
after odor stimulation and brains were harvested and processed for
immunostaining.

Olfactory Behavioral Test. Olfactory sensitivity was tested as described pre-
viously (38). Briefly, at zeitgeber time (ZT)15, 6- to 8-wk-old mice were ex-
posed to one of four different dilutions of cinnamon extract (Watkins) or
water on filter paper for a 3-min session. Total time spent exploring the filter
paper was assessed.

Statistical Analysis. Values are presented as the mean + SEM or percentage.
Statistical analysis was performed using SPSS software (SPSS). Mean values
from multiple groups were compared via one-way ANOVA, followed by
Bonferroni's multiple comparisons. Mean values from two groups were
compared via Student'’s t test. P < 0.05 was considered statistically significant.
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