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The Role of Hypothalamic Mammalian Target of Rapamycin
Complex 1 Signaling in Diet-Induced Obesity
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The mammalian target of rapamycin (mTOR) kinase is a key regulator of several cellular functions, including cell growth and differen-
tiation. Because hypothalamic mTOR complex 1 (mTORC1) signaling has been implicated as a target of leptin in the regulation of energy
balance, we investigated its role in obesity-induced leptin resistance. In contrast to rats maintained on a low-fat (LF) diet for 3 weeks, rats
maintained on a high-fat (HF)-diet had no anorexic response to intracerebroventricular leptin. Western blot analysis revealed that leptin
was unable to modulate hypothalamic mTORCI signaling in the HF group, whereas it significantly induced phosphorylation of both S6
kinase 1 (S6K1) and S6 ribosomal protein (S6) in the LF group. Similar to leptin, the cytokine ciliary neurotrophic factor (CNTF) induces
hypophagia and increases signal transduction activator of transcription 3 phosphorylation. However, CNTF and its analog CNTF, ;5
activate leptin-like pathways in the hypothalamus, even in leptin-resistant states, including diet-induced obesity. Intracerebroventricu-
lar CNTF,, 5 decreased 24 h food intake and body weight in rats on HF or LF diets and increased the phosphorylation of hypothalamic
S6K1 and S6 in a comparable way in both diets. Importantly, mice lacking the expression of S6K1 (S6KI ~'~) did not respond to the
anorectic action of either leptin or CNTF,, 5, implying a crucial role for S6K1 in modulating the actions of these two cytokines. Finally,
exposure to HF diet decreased mTORCI signaling within the hypothalamus. Overall, these findings point strongly to the possibility that
reduced hypothalamic mTORCI1 signaling contributes to the development of hyperphagia, weight gain, and leptin resistance during

diet-induced obesity.
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Introduction

In apparent contradiction to the normally accurate matching of
caloric intake and expenditure, subjects chronically exposed to a
high level of dietary fat become obese because the consumption
of such a diet undermines the negative feedback system regulat-
ing body weight (Hill et al., 2003). For instance, maintenance on
high-saturated-fat diets causes resistance at the level of the CNS
to key feedback hormones including leptin and insulin (El-
Haschimi et al., 2000; Clegg et al., 2005), which provide informa-
tion about the status of stored fuel in the form of adipose tissue in
the periphery (Seeley and Woods, 2003).

Leptin activates a number of key intracellular signaling path-
ways that are important to its anorectic effect, including signal
transduction activator of transcription 3 (STAT3) (Miinzberg
and Myers, 2005). Similar to leptin, the cytokine ciliary neuro-
trophic factor (CNTF) also induces hypophagia by activating
STAT3-related signaling (Lambert et al., 2001). However, unlike
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leptin, CNTF, as well as its analog CNTF, s, activates leptin-like
pathways in the hypothalamus even in leptin-resistant states, in-
cluding diet-induced obesity (DIO) (Lambert et al., 2001; Blither
et al., 2004).

The mammalian target of rapamycin (mTOR) is an atypical
serine/threonine kinase, whose activity affects several physiolog-
ical functions (Wullschleger et al., 2006) including CNS regula-
tion of energy balance (Cota et al., 2006; Ropelle et al., 2008).
mTOR exists in two complexes (MTORC1 and mTORC2), which
are distinguished by sensitivity to rapamycin and by the associa-
tion of the mTOR kinase with specific regulatory proteins
(Bhaskar and Hay, 2007). mTORCI is a nutrient-sensitive com-
plex, which regulates protein synthesis by inducing phosphory-
lation of ribosomal S6 kinase 1 (S6K1) and translation inhibitor
factor 4E-binding protein 1. These proteins, in turn, control
downstream targets, such as e[F4B and S6 (Bhaskar and Hay,
2007).

We have found recently that mTORCI1 signaling plays a role in
the hypothalamic mechanisms that respond to nutrient availabil-
ity, regulating food intake and body weight (Cota et al., 2006).
Moreover, similar to STAT3, mTORCI is critically involved in
mediating leptin-induced anorexia (Cota et al., 2006). A key
question is the degree to which mTORCI1 activity in the hypothal-
amus can be altered by exposure to a high-fat (HF) diet and
whether changes in the activity of this intracellular signaling cas-
cade might participate in the development of leptin resistance
that occurs on an HF diet. In the present series of experiments, we
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therefore compared the action ofleptin to that of CNTF, which is
known to circumvent and hence overcome CNS resistance to an
HF diet, to gain further insight into mechanistic differences char-
acterizing the ability of these two cytokines to modulate food
intake during DIO.

Materials and Methods

Animals

Adult male Long—Evans rats (Harlan), male S6K1 ~/~ mice, and their
wild-type (WT) littermates were used for the experiments. Rats and mice
were housed individually in standard plastic rodent cages and main-
tained on a 12 h light/dark cycle. They had ad libitum access to water and
pelleted rodent chow (Harlan-Teklad), a high-fat butter diet (Research
Diets; 4.54 kcal/g; 40% butter), or a carefully matched low-fat butter diet
(LF; Research Diets; 3.81 kcal/g; 9% butter) for differing periods of time.
All animal protocols were approved by the University of Cincinnati In-
stitutional Animal Care and Use Committee.

Feeding behavior studies
For all experiments, food intake was recorded at 1, 4, and 24 h, and body
weight was measured immediately before and 24 h after the treatments.

Surgery. Under ketamine and xylazine anesthesia, rats had 22-gauge
cannulas implanted in the third cerebral ventricle (Cota et al., 2006).
Correct placement of each cannula was confirmed by intra-third-
ventricular (i.c.v.) administration of 10 ng angiotensin in 2 ul of 0.9%
physiological saline. Rats that failed to drink a minimum of 5 ml of water
within 60 min after the administration of angiotensin were removed
from the studies.

Drugs. Drugs were administered through an intracerebroventricular
cannula for rats and intraperitoneally for mice (2 ml/100 g of body
weight). The CNTF analog CNTF,, 5 was kindly provided by Mark W.
Sleeman (Regeneron Pharmaceuticals, Tarrytown, NY) and dissolved in
PBS (0.1 M, pH 7.4). Leptin (EMD Bioscience) was dissolved in saline
when administered intracerebroventricularly, or in PBS when given
intraperitoneally.

Intracerebroventricular administration of leptin or CNTF,,,. Before
beginning the studies in HF- and LF-treated rats, two different doses of
CNTF,,,5 (1.5 and 3.0 pg in 2 ul) were administered just before dark
onset to chow-fed rats to find behavioral effects that were comparable
with those induced by central leptin administration under the same
conditions.

The leptin and CNTF,, 5 experiments began after 3 weeks of exposure
to the HF or the LF diet. On the day of the experiment, the hoppers with
HF or LF were removed from the cages 1 h before the infusion of leptin
(10 pgin 2 ul) or saline, which occurred 4 h before dark onset (Air et al.,
2002). CNTF,,;5 (1.5 pg in 2 ul) or PBS was administered just before
dark onset.

Intraperitoneal administration of leptin or CNTF,,, 5. S6KI ~/~ mice
(n = 8) and their WT controls (n = 11) were used for the leptin experi-
ment. On the day of the experiment, the hoppers with chow were re-
moved from the cages 1 h before the administration of leptin (5 mg/kg)
or PBS, which occurred 4 h before the onset of the dark (Air et al., 2002).
Ten S6K1~/~ and 14 WT mice were used for the CNTF,, 5 experiment.
On the day of the study, hoppers were removed 3 h before the adminis-
tration of the drug. CNTF, 5 (0.6 mg/kg) or PBS was administered just
before dark onset.

Body composition analysis

A mouse-specific nuclear echo magnetic resonance imaging whole-body
composition analyzer (EchoMedical Systems) was used to assess body fat
and lean mass in conscious mice, as described previously (Strader et al.,
2004).

Western blot analysis

Rats were killed 1 week after the feeding behavior studies, thus, after 4
weeks of exposure to an HF or LF diet. A new group of rats was killed after
1 d of exposure to an HF or LF diet. Brains were removed 2 h after
intracerebroventricular leptin or CNTF,, 5 or their respective vehicles.
For the preliminary analysis of the effects of intracerebroventricular
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CNTEF,,,5 on the mTORCI1 pathway, brains were removed 45 min and
2 h after the central administration of the compound in lean, chow-fed
rats. After removal, brains were snap frozen, and a wedge of the medio-
basal hypothalamus was excised (Cota et al., 2006). Samples were pro-
cessed as described previously (Cota et al., 2006). Briefly, proteins were
separated by electrophoresis and transferred to nitrocellulose mem-
branes. The membranes were then incubated for 1 h at room temperature
with 5% fat-free milk in Tris-buffered saline containing Tween 20 (TBS/
T). The membranes were then incubated overnight at 4°C with one of the
following primary antibodies: phospho-S6K1 (Thr 389; 1:500; Cell Sig-
naling Technology), phospho-S6 (Ser 240/244; 1:1000; Cell Signaling
Technology), or phospho-STAT3 (Tyr 705; 1:1000; Cell Signaling Tech-
nology). Notably, the phosphorylation status of S6K1 is one of the mark-
ers commonly used to evaluate mTORCI activity in vivo (Bhaskar and
Hay, 2007). After washing in TBS/T, the membranes were incubated for
1 hat room temperature with secondary antibody conjugated with horse-
radish peroxidase (goat anti-rabbit; 1:2000; Cell Signaling Technology).
The immunoblotted proteins were detected using enhanced chemilumi-
nescence reagents (Western lightening chemiluminescence reagent plus;
PerkinElmer) and the membranes were exposed on radiographic films
(Denville Scientific). After protein detection, membranes were stripped
with 2-mercaptoethanol and reblotted with rabbit anti B-actin antibody
(1:1000; Cell Signaling Technology), rabbit anti S6K1 (1:500; Cell Signal-
ing Technology), and rabbit anti S6 (1:2000; Cell Signaling Technology).
The optical densitometry of immunoreactive bands was measured using
the National Institutes of Health program Scion Image.

Statistical analysis

All values are reported as means = SEM. For multiple group designs, the
data were analyzed by two-way ANOVA, followed by Tukey’s post hoc
tests. For designs with only two groups, statistical validity was assessed
with unpaired ¢ tests. p values <0.05 denote statistical significance.

Results

During exposure to an HF diet, leptin is unable to modulate
either food intake or hypothalamic mTORCI signaling

We have demonstrated previously that in rats maintained on
standard rodent chow, intra-third-ventricular (i.c.v.) adminis-
tration of leptin activates the mTORCI signaling, and pharma-
cological inhibition of mTORCI blunts the anorectic effect of
leptin (Cota et al., 2006). Several studies have reported that, dur-
ing exposure to HF diets, animals not only gain weight, but also
become resistant to the anorectic action of leptin (El-Haschimi et
al., 2000; Woods et al., 2003). To determine whether intracere-
broventricular administration of leptin is still able to activate the
hypothalamic mTORC1 pathway after exposure to an HF diet,
rats were maintained on an HF or a carefully matched LF diet,
respectively, for a period of 4 weeks. After 3 weeks, rats fed the HF
diet weighed significantly more than the LF control group (HF
group, 447.0 £ 13.1 g vs LF group, 406.7 = 8.6 g; p < 0.05). As
expected, intracerebroventricular leptin significantly decreased
caloric intake and body weight over 24 h in rats consuming the LF
diet, whereas rats on the HF diet developed resistance to the
central anorectic action of leptin (Fig. 1 A, B). Western blot anal-
ysis performed on the hypothalami of rats kept for 4 weeks on the
HF or LF diet demonstrated that intracerebroventricular leptin
was still able to significantly increase phosphorylation of STAT3
during exposure to either diet (Fig. 1C—F). Similarly to what has
been reported during consumption of chow (Cota et al., 2006),
leptin treatment significantly increased phosphorylation of
mTORCI1 downstream targets S6K1 and S6 in animals fed the
LF diet (Fig. 1C,D). However, in rats fed the HF diet, leptin
was unable to modulate the phosphorylation of these proteins
(Fig. 1E,F).
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Figure1.

Error bars indicate SEM. *p << 0.05 versus saline condition.

S6K1~'~ mice do not respond to the anorectic action

of leptin

To further verify the role of the mTORCI signaling in modulat-
ing the actions of leptin, we used mice lacking S6K1 (S6KI1 /")
and their WT littermates. This animal model is characterized by
smaller body size caused by the lack of functional S6K1 (Shima et
al., 1998). S6K1 /" mice used for this study had significantly
lower body weight than age-matched WT controls (WT, 24.7 =
0.9 gvs S6KI 7, 21.5 + 0.6 g; p < 0.05). However, body com-

Il HF/leptin

During exposure to an HF diet, leptin is unable to modulate either food intake or hypothalamic mTORC1 signaling. A,
B, Effect of intracerebroventricular leptin (10 .gin 2 wl saline) on 24 h food intake (4) and body weight (B) of rats maintained on
an HF or LF diet for 3 weeks (mean == SEM of 47 rats used for each treatment group). *p << 0.05 versus saline-treated rats; “p <
0.05 versus HF/leptin-treated rats. C, Intracerebroventricular leptin increases hypothalamic mTORC1 signaling on an LF diet.
Representative Western blots from the hypothalami of saline-treated (5) or leptin-treated (5) rats are shown. 3-Actin was used
asaloading control. D, Quantification by image analysis of hypothalamic STAT3, S6K1, and S6 phosphorylation. Error bars indicate
SEM. *p << 0.05, **p << 0.005 versus saline condition. E, Intracerebroventricular leptin does not affect hypothalamic mTORC1
signaling on an HF diet. Representative Western blots from hypothalami of saline-treated (5) or leptin-treated (7) rats are shown.
[B-Actin was used as a loading control. F, Quantification by image analysis of hypothalamic STAT3, S6K1, and 56 phosphorylation.
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increases mTORCI signaling

CNTF and its analog CNTF,, 5 are both
capable of potently suppressing food in-
take by modulating leptin-like pathways in
the hypothalamus (Lambert et al., 2001;
Blither et al., 2004). To evaluate the ability
of CNTF,,;5 to alter phosphorylation of
hypothalamic S6K1 and S6, we first deter-
mined a dose of CNTF, 5 that, when ad-
ministered intracerebroventricularly in
rats fed a standard chow diet, would re-
duce food intake and body weight compa-
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weight in DIO (Blither et al., 2004). Indeed,
in rats maintained for 3 weeks on either HF
or LF diets, intracerebroventricular CNT-
Faqs induced comparable anorexia and
body weight loss in both groups (Fig. 3A, B).
Whereas the ability of leptin to modulate
S6K1 and S6 is void when animals are fed an
HF diet, CNTF,,,5 induced phosphoryla-
tion of STAT3, S6K1, and S6 to the same
degree in both diets (Fig. 3C-F).

The ability of CNTF,, ; to reduce food

intake depends on functional S6K1
As described previously for leptin, to further determine whether
mTORCI signaling represents an important intracellular target
for the effects of CNTF ;5 on energy balance, we tested the abil-
ity of CNTF,, 5 to reduce food intake in S6K1 ~/~ mice. As ex-
pected, the administration of CNTF,,, 5 significantly decreased
24 h food intake and body weight in WT mice (Fig. 44, B). Con-
versely, the anorectic response of S6KI ~/~ mice was significantly
blunted compared with that of WT controls and was associated
with a nonsignificant decrease in body weight (Fig. 4A, B). Thus,
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Figure2.  S6K7 /" mice donotrespond to the anorecticaction of leptin. A, S6K7 /™ mice,
although smaller, have a body composition comparable with WT mice when expressed as a
percentage of body weight. Eight S6k7 "~ mice and 11 WT were used. B, C, Leptin (5 mg/kg,
i.p.) does not affect either food intake (B) or body weight change (C) in S6K7 /" mice. Four to
six mice (mean = SEM) were used for each treatment group. *p << 0.05, ***p << 0.001 versus
WT/PBS condition.

intact mTORCI signaling seems to be required for the full ability
of CNTF, 5 to reduce food intake.

Exposure to an HF diet directly affects CNS

mTORCI signaling

Recent reports have described increased phosphorylation of
mTOR and S6K1 in the liver and muscle of diet-induced obese
rats (Khamzina et al., 2005). Thus, we investigated whether ex-
posure to an HF diet might also modulate the pathway within the
hypothalamus. After 4 weeks on the HF or LF diet, phosphoryla-
tion of S6K1 was significantly decreased within the hypothalamus
of rats consuming the HF diet, relative to rats on the LF diet (Fig.
5A, B). HE-diet exposure resulted in a small but statistically sig-
nificant reduction in the phosphorylation of hypothalamic S6
(pS6/S6 LF diet, 100.0 = 3.9% vs pS6/S6 HE diet, 83.8 * 4.2%;
p < 0.05). Conversely, in rats maintained on an HF diet, extra-
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hypothalamic areas such as the hippocampus were characterized
by a significant increase in S6K1 phosphorylation (pS6K/S6K LF
diet, 100 * 24.9% vs pS6K/S6K HF diet, 245.3 = 19.9%; p <
0.001), although no significant changes occurred in the levels of
phosphorylation of S6 (data not shown). In fact, even 1 d expo-
sure to an HF diet, which is associated with a significant increase
in caloric intake when compared with intake on the LF diet (1 d
consumption: HF diet, 127.41 = 11 kcal vs LF diet, 93.8 = 5.5
keal; p < 0.05), causes a decrease in hypothalamic levels of phos-
phorylation of S6K1 (Fig. 5C,D) and is associated with a strong
trend toward decreased S6 phosphorylation (pS6/S6 1 d LF diet,
100 = 7.8% vs pS6/S6 1 d HF diet, 83.44 = 1.7%; p = 0.06).

Discussion

Although genetic factors are known to participate in the propen-
sity of an individual to become obese (Farooqi and O’Rahilly,
2007), diet composition seems to be particularly important in
determining metabolic changes that might lead to weight gain,
insulin resistance, and development of diabetes and cancer (Pop-
kin, 2007). Obesigenic diets are therefore thought to override
CNS regulatory circuits otherwise assuring the maintenance of
energy balance. A phenomenon usually associated with DIO is
the development of CNS leptin resistance. Although leptin itself
might promote the development of leptin resistance (Zhang and
Scarpace, 2006), the characterization of the underlying molecular
mechanisms and the temporal changes that lead to this event are
not yet completely understood.

Here, we confirm that rats on an HF diet become resistant to
the central anorectic action of leptin, and that this resistance is
associated with the inability of the hormone to increase the activ-
ity of hypothalamic mTORCI signaling. In fact, the ability of
leptin to modulate food intake and body weight is dependent on
the presence of functional S6K1, because S6K1 ~/~ mice are re-
sistant to the anorectic action of leptin. Noteworthy, after 4 weeks
on the HF diet, intracerebroventricular leptin, although not
modulating hypothalamic mTORCI signaling, was still able to
induce phosphorylation of STAT3. Leptin-induced STAT3 acti-
vation within the hypothalamus was comparable between
HF- and LF-fed rats (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). This last finding thus
seems to suggest that STAT3 and mTORCI signaling might work
in a parallel manner and that the latter changes its level of activity
more readily than the former during DIO.

Several studies have identified the hypothalamic signaling
through STAT3 as a critical player for the ability of leptin to
regulate energy balance (Bates et al., 2003). However, data illus-
trating the action of leptin in modulating hypothalamic STAT3
on an HF diet have been controversial. Some reports indicate that
after extended (several weeks) exposure to an HF diet, the ability
of leptin to induce STAT3 phosphorylation is impaired (El-
Haschimi et al., 2000; Metlakunta et al., 2008). One study re-
ported that leptin fails to induce STAT3 phosphorylation specif-
ically in the arcuate nucleus of the hypothalamus as soon as 6 d
after exposure to an HF diet (Miinzberg et al., 2004). However,
several other reports have found that short-term exposure to an
HF diet resulted in no alteration in the ability of leptin to induce
STAT3 phosphorylation (El-Haschimi et al., 2000; Pocai et al.,
2005). The present data agree with these last studies. We observed
that central leptin administration is able to increase hypotha-
lamic STAT3 phosphorylation after a relatively short period of
HF feeding, although, at the same time, it fails to modulate
mTORCI signaling and reduce food intake.

The results from the experiments with CNTF, ;5 present an
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Our findings point to a component of the
mTORCI1 pathway, or to an as-yet uniden-
tified factor(s) interacting with this signal-
ing cascade, as possible cellular targets
whose activity can be directly modulated
via administration of CNTF, ;.

In addition to the disparate actions of
central leptin and CNTF,,,5 on hypotha-
lamic mTORCI1 signaling during DIO, ex-

e 0 posure to an HF diet dampens S6K1 phos-
phorylation within the hypothalamus.
E F Given that we can observe this phenome-
HF/PBS HF/CNTF 5,15 [JHF/PBS -HF/CNTFAx15 non in as few as 24 h after exposure to the
- | o o pSTAT3 705 diet, it would appear not to be secondary
300 Y 160 to increased body weight or circulating
— D400)  4u : - :

= Hﬁ - ~|pSGK1‘“‘389 Yy Q0 *k%k leptin levels, events both associated with
@ 2501 %%% 5 300 @120 prolonged HF feeding. More likely is that
|- L H— [l o] |36K1 %5 200 X o there are direct effects of nutrients or nu-

° = © trient overload which might downregulat
e - g gulate
|---||'-.|p8653'240/244 :’:;150 200 R 60 the activity of the mTORCI pathway
l- ” | k100 Q @ within the hypothalamus. Particularly rel-
bt | bt e - X100 © 40 evant is that this is an event restricted to
; Q ) this brain area, because other brain regions

ey “-- | -actin [ = ) ree

| —ew -’ 0 0 0 such as the hippocampus have increased

Figure3.

0.001 versus PBS condition.

important contrast to those with leptin. Like leptin, CNTF, 5
potently reduces food intake and increases phosphorylation of
STATS3, S6K1, and S6 in the hypothalamus of rats fed an LF diet.
Like leptin, CNTF, ;5 is less effective at reducing food intake in
S6KI /" mice, implicating an important role for mTORCI sig-
naling in the anorectic effect of CNTF,,,s. However, despite
these important similarities, one of the interesting things about
CNTF,,,5 is that its ability to reduce food intake is maintained
even under conditions of obesity after exposure to an HF diet, a
time when resistance to leptin has developed (Lambert et al.,

During exposure to an HF diet, CNTF,, ;s induces anorexia and increases hypothalamic mTORC1 signaling. A, B, Effect
ofintracerebroventricular CNTF,,5 (1.5 g in 2 wl of PBS) on food intake (A) and body weight (B) of rats maintained on an HF or
LF diet for 3 weeks. Six to seven rats (mean == SEM) were used for each treatment group. C, E, Intracerebroventricular CNTF ;5
increases hypothalamic mTORC1 signaling on the LF and HF diets. Representative Western blots from PBS- or CNTF,,s-treated
rats are shown. Seven brains were examined in each condition. 3-Actin was used as a loading control. D, F, Quantification by
image analysis of hypothalamic STAT3, S6K1, and S6 phosphorylation. Error bars indicate SEM. *p << 0.05, **p << 0.005, ***p <

S6K1 phosphorylation during exposure to
an HF diet, similar to what is observed in
peripheral tissues of obese rats (Khamzina
et al., 2005). Thus, reduced activity of
mTORCI1 signaling within the hypothala-
mus points to the unique nature of the
pathway and of its regulation within this
brain region. How the diet might directly
affect mTORCI signaling in vivo and why
these region-specific changes occur within the brain is currently
unclear. However, what we have observed is consistent with the
recent observation that the activity of hypothalamic phosphoino-
sitide 3-kinase (PI;K), which is upstream from mTOR, is reduced
after 4 weeks on an HF diet (Metlakunta et al., 2008). Thus,
modulation of hypothalamic mTORC1 signaling possibly hap-
pens in conjunction with alteration of other intracellular path-
ways, such as PI;K (Metlakunta et al., 2008) and AMPK (Martin
et al., 2006). Overall, given that hypothalamic activation of the
mTORCI1 pathway results in decreased food intake and body
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Figure 4.  The ability of CNTF,, to reduce food intake depends on functional S6K1. 4, B,
CNTFq5 (0.6 mg/kg, i.p.) does not affect either food intake (A) or body weight change (B) in

$6K1 /"~ mice. Five to seven mice (mean = SEM) were used for each treatment group. **p <
0.005 versus WT/PBS condition.
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weight (Cota et al., 2006; Ropelle et al., 2008), the current find-
ings strongly point to the possibility that reduced hypothalamic
mTORCI signaling contributes to the development of hyperpha-
gia, weight gain, and leptin resistance during exposure to an HF
diet, thus, further emphasizing the crucial role played by this
pathway in the CNS regulation of energy balance as well as in the
development of disease.
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