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Rictor/mTORC2 facilitates central regulation of
energy and glucose homeostasis
Heidi E. Kocalis 1,8, Scott L. Hagan 7, Leena George 3, Maxine K. Turney 3, Michael A. Siuta 6,7,
Gloria N. Laryea 6, Lindsey C. Morris 3, Louis J. Muglia 5, Richard L. Printz 1, Gregg D. Stanwood 4,
Kevin D. Niswender 2,1,3,*
ABSTRACT

Insulin signaling in the central nervous system (CNS) regulates energy balance and peripheral glucose homeostasis. Rictor is a key regulatory/
structural subunit of the mTORC2 complex and is required for hydrophobic motif site phosphorylation of Akt at serine 473. To examine the
contribution of neuronal Rictor/mTORC2 signaling to CNS regulation of energy and glucose homeostasis, we utilized Cre-LoxP technology to
generate mice lacking Rictor in all neurons, or in either POMC or AgRP expressing neurons. Rictor deletion in all neurons led to increased fat
mass and adiposity, glucose intolerance and behavioral leptin resistance. Disrupting Rictor in POMC neurons also caused obesity and hy-
perphagia, fasting hyperglycemia and pronounced glucose intolerance. AgRP neuron specific deletion did not impact energy balance but led to
mild glucose intolerance. Collectively, we show that Rictor/mTORC2 signaling, especially in POMC-expressing neurons, is important for central
regulation of energy and glucose homeostasis.

Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. INTRODUCTION

Mammalian target of rapamycin (mTOR) exists in two functionally
distinct multi-protein complexes, mTORC1 and mTORC2, both of which
are involved in cell survival, growth and metabolism, but are regulated
very differently [1]. The mTORC1 complex is composed of rapamycin-
sensitive partner of TOR (Raptor), mLST8, PRAS40, and mTOR and
regulates protein synthesis in response to nutrients [2]. Rictor (rapa-
mycin-insensitive companion of TOR) is a component of the mTORC2
complex, composed of mSIN1, mLST8 and mTOR that is required for
phosphorylation and activation of AGC kinase family members [3],
including Akt (also known as Protein Kinase B), serum/glucocorticoid
regulated kinase 1 (SGK1) and protein kinase C a (PKCa) [1]. Akt is a
downstream signaling target and mediator of insulin’s glucoregulatory
effects in peripheral tissues [4,5]. Insulin also activates Akt in the
central nervous system (CNS), where insulin action is critical for
neuroendocrine and homeostatic responses involved in energy bal-
ance, hepatic glucose production, hypoglycemic counter-regulation,
peripheral fat metabolism, and reproduction [6e9]. Evidence from
rodent models of diet-induced obesity (DIO) suggests that dietary fat
exposure is associated with CNS insulin resistance, which may
contribute to the development of obesity and diabetes following con-
sumption of a high-fat diet [10e12].
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Neuronal subsets found within the arcuate nucleus express receptors
for insulin and the adipocyte hormone leptin, are differentially regulated
by these two adiposity signals, and function as primary neurons in
distributed neural circuits that control food intake and energy expen-
diture [13]. Two of the better characterized populations are orexogenic
neuropeptide Y (NPY) and agouti-related protein (AgRP) coexpressing
neurons [14,15], and anorexigenic proopiomelanocortin (POMC) and
cocaine and amphetamine related transcript (CART) coexpressing
neurons [16,17]. These act as first-order neurons that assimilate and
integrate information about adipose stores (long term energy avail-
ability) and meal-related signals, in the form of circulating nutrients and
hormones, and orchestrate hormonal and autonomic responses via
differential regulation of downstream neurons in the hypothalamus,
brain stem and other brain regions [18]. Rodent models of DIO rapidly
develop CNS resistance to insulin and leptin in response to dietary fat
exposure [19e22]. Mice with genetic mutation of the insulin receptor
(IR) or its downstream signaling mediators in the CNS display an obesity
phenotype characterized by hyperphagia, increased adiposity, reduced
energy expenditure and impaired glucose homeostasis [6,23,24].
The specific events involved in insulin signal transduction in hypo-
thalamic neurons are well characterized (reviewed in [25,26]). For
example, insulin binding to IR expressed on the cell surface promotes
receptor auto-phosphorylation at intracellular tyrosine residues,
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resulting in recruitment of downstream effector molecules, including
insulin receptor substrate protein 2 (IRS2). IRS2 in turn activates the
SH2 (Src-homology 2) domain-containing protein phosphoinositide
3’OH-kinase (PI3K), leading to release of the p110 catalytic subunit and
3’OH phosphorylation of membrane bound phosphoinositol bisphos-
phate, converting it to phosphatidylinositol (3,4,5) trisphosphate (PIP3)
(reviewed in [25]). PI3K can be activated by both insulin and leptin
signaling [27], and in response to PI3K activation, Akt is recruited to the
plasma membrane through an association between its N-terminal
Pleckstrin homology domain and membrane bound PIP3. Akt is
phosphorylated by 3’-phosphoinositide-dependent kinase 1 (PDK1) at
threonine 308 (T308) within the activation T-loop of the catalytic
domain and at serine 473 (S473) on the carboxyl terminal hydrophobic
domain by the mTORC2 complex [28,29]. Once phosphorylated, Akt
may translocate to the nucleus, where it phosphorylates and promotes
exclusion of forkhead box protein O1 (FOXO1) from the nucleus,
resulting in inactivation of FOXO1-dependent target gene regulation
[29e31]. In NPY/AgRP arcuate neurons, Akt-mediated phosphorylation
of FOXO1 results in transcriptional inactivation of orexogenic NPY and
AgRP gene expression leading to a reduction in food intake [32].
Rictor is required for mTORC2 signaling and Akt activation in a wide
variety of tissues and is implicated in cellular and systemic growth and
metabolism [5,33e36]. Rictor is indispensable for embryonic develop-
ment and global ablation leads to embryonic lethality at E.11 [37].
Conditional deletion of Rictor in skeletal myocytes, hepatocytes,
pancreatic b cells and adipocytes impairs insulin signaling and leads to
systemic metabolic defects in glucose and lipid homeostasis [5,33e36].
Substantially less is known about mTORC2 signaling and its function in
cellular activities in the CNS that underlie complex neurological pro-
cesses. Rictor has been implicated in monoamine turnover and dopa-
mine signaling within brain regions involved in cognition and reward
[38e40]. Conditional genetic deletion of Rictor in neurons results in
behavioral abnormalities, including hyperactivity, decreased anxiety and
impaired sensorimotor gaiting [40], suggesting a role for Rictor/mTORC2
signaling in the neurological processing defects that occur in psychiatric
and neurodegenerative diseases [39]. Thus, evidence indicates that
Rictor/mTORC2 activity is a critical mediator of cellular, tissue and
organismal homeostasis, including in the CNS.
The role that Rictor/mTORC2 signaling plays in CNS regulation of energy
homeostasis is not known. Here, we hypothesized that Cre-LoxP-
mediated neuronal Rictor deletion would, independent of dietary-fat
exposure, phenocopy the effects of a high-fat diet, inducing obesity,
insulin resistance, and glucose intolerance, to the extent that mTORC2
dysfunction is involved in the development of DIO and diabetes.

2. METHODS AND MATERIALS

2.1. Experimental animals
Neuronal Rictor knockout mice have been described previously [39].
Briefly, Rictorflox/flox mice [37] were crossed with neuronal nestin Cre
(Nes-Cre) þ/þ mice [41] resulting in F1 generation offspring of the ge-
notype Nes-Creþ/�; Rictor flox/WT (where WT is wild type). Mice lacking
Rictor in either POMC neurons or in AgRP neurons were generated by
crossing Rictorflox/flox mice with mice homozygous for the Cre recombi-
nase transgene expressed under the control of either the POMC (POMC-
Cre) or AgRP (AgRP-Cre) promoter [16]. Double heterozygote male mice
were crossed with Rictorflox/flox dams to obtain the following knockout
lines: neuronal Rictor knockout (NRic-KO) mice of genotype Nes-Cre þ/�;
Rictorflox/flox, POMC-specific Rictor knockout (POMC Ric-KO) mice of
genotype POMC-Creþ/�; Rictorflox/flox and AgRP-specific knockout (AgRP
Ric-KO) mice of genotype AgRP-Cre þ/�; Rictorflox/flox and their Cre
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negative, floxed littermate controls. Male NRic-KO mice were studied
from the age of 6e30 weeks of age. POMC Ric-KO and AgRP Ric-KO
mice were studied at 8 and 22 weeks of age, as well as 50 weeks of
age in the case of POMC Ric-KOs. Genotyping of mice for the “floxed”
Rictor allele and respective Cre transgenes was performed by PCR using
DNA extracted from tail clippings by the Hot Shotmethod [42]. All parental
mouse lines were backcrossed to C57BL/6 mice for at least 8
generations.

2.2. Animal care
Mice were housed in a temperature (22 �C) and light (12 h light/dark
cycle) controlled room with free access to standard laboratory rodent
chow diet (#5001, LabDiet; St. Louis, MO) and water except where
indicated. All studies were approved by the Vanderbilt University
Institutional Animal Care and Use Committee and were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals.

2.3. Food intake and body composition analysis
Mice were grouped by genotype and housed 3 to a cage. Body weight
was determined once per week, on a standard balance. Body
composition was measured by nuclear magnetic resonance (NMR) in a
Bruker Body Composition Analyzer (Bruker Optics; Billerica, MA).
Adiposity (% body fat) was calculated as ((fat mass/total body
weight)�100). Caloric intake (kcal) was determined from bi-weekly
measurements of food intake in genotype matched, group housed
mice between the ages of 8e30 weeks of age. Feed efficiency is the
ratio of weight gained (total body weight, fat and lean), divided by
calories consumed (kcal) over the indicated period.

2.4. Behavioral leptin sensitivity
Nine-week-old mice were housed individually and acclimated to
intraperitoneal (IP) injections (saline, 300 ml) for 7 days. On the day of
the study, food was withdrawn at 2:00 PM andmice were fasted for 4 h.
A known quantity of food was placed in the cage at the onset of the dark
period (6:00 PM), at which time mice received an IP injection of leptin
(5 mg/g body weight) (ProSpec; East Brunswick, NJ) or vehicle (saline,
300 ml). Total caloric intake and caloric intake normalized to body
weight were determined for the 24 h period after leptin treatment.

2.5. Indirect calorimetry
Indirect calorimetry was performed to assess energy expenditure in
NRic-KO mice at 12 weeks of age, and in POMC Ric-KO mice at 50
weeks of age. Mice were placed into individual Columbus Instruments
Comprehensive Lab Animal Monitoring System chambers (Oxymax/
CLAMS) (Columbus Instruments; Columbus, Ohio) with free access to
food and water. VO2 and VCO2 (mL/h) were measured after a 24 h
acclimation period and calculated based on the input and output rates
of O2 consumption and CO2 production. The respiratory exchange
ratio (RER) (RER¼VCO2/VO2) and heat production (kcal/
h¼(3.815þ1.232�RER)�(VO2)) were calculated using software
provided by the manufacturer (Columbus Instruments; Columbus,
Ohio). Data were normalized to body weight (g) and also lean mass (g)
measured by NMR on the day mice were placed in the chambers.

2.6. Glucose tolerance test
Glucose tolerance tests were performed in 9 week-old NRic-KO, and
in POMC Ric-KO and AgRP Ric-KO mice at 18 weeks of age. Mice
were fasted for 4 h prior to receiving an IP glucose bolus injection
(D-glucose, 1 g/kg body weight in 200 mL saline). Blood glucose
was measured using a Freestyle handheld glucometer (Abbott Labs;
Abbott Park, IL) in blood obtained from a small incision made at the
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Figure 1: Neuronal Rictor expression is required for hypothalamic Akt and PKCa signaling.
Mediobasal hypothalamic total protein extracts from NRic-KO mice and control mice were
subjected to Western blot analysis and probed with the indicated primary antibodies. Levels of
heat shock cognate protein 70 (HSC70) were determined and used as a loading control.
Phosphorylated and total protein levels were determined by densitometry and used to calculate
the phosphorylation index of activation for Akt and protein kinase C alpha (PKCa). Values
represent the mean�SEM of 6e8 animals of each genotype. * p<0.05.
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tip of the tail with a sterile razor blade. Readings were made at
baseline and 0, 15, 30, 60, 90 and 120 min after glucose was
administered.

2.7. Hypothalamicepituitaryeadrenal axis function
Plasma corticosterone levels were assessed as previously described in
18 week-old mice [43]. Mice were housed individually for 7 days prior
to sample collection. Blood samples were collected from the sub-
mandibular vein (>100 mL) every three days. Nadir samples were
collected at 8:00 AM and peak samples were collected three days later
at 5:00 PM. Stress induced corticosterone levels were assessed after
another 3 day recovery period at the nadir time point, in mice subjected
to one minute of mild handling stress. Following handling, mice were
returned to their home cages for 30 min prior to sample collection.
Plasma corticosterone levels were measured by radioimmunoassay
(RIA) as previously described [43].

2.8. Plasma hormones and metabolites
Trunk blood was collected from non-fasted 9 week-old mice and
plasma was separated by centrifugation and stored at�80 �C. Plasma
concentrations of insulin and leptin were measured by RIA (Hormone
Assay & Analytical Services Core, Vanderbilt DRTC). Plasma tri-
glycerides (TG) and free fatty acid (FFA) levels were measured using
kits from Waco Diagnostics (Richmond, VA).

2.9. Western blot analysis
Mediobasal hypothalamus dissection was performed as described [44]
from 60-week-old NRic-KO and control mice following a 4 h fast.
Frozen samples were sonicated in cold TPER buffer (10 mL/mg tissue,
Thermo Scientific; Rockford, IL) with added protease and phosphatase
inhibitors (Promega; Madison, WI). Protein levels were measured with
the Micro BCA Protein Assay Kit (Thermo Scientific; Rockford, IL). For
Western Blot analysis, a total of 20 mg of each protein sample was
subjected to denaturing electrophoresis on a 4e12% Tris Acetate gel
with XT Tricine Running Buffer using the Bio-Rad XT Criterion System
(Bio-Rad; Hercules, CA). Protein was transferred to 0.2 mm nitrocel-
lulose (Millipore; Billerica, MA) membranes using the Criterion Blotter
module, according to the manufacturer’s instructions (Bio-Rad; Her-
cules, CA). Membranes were blocked in Blocking Buffer (5% BSA and
0.2% Tween 20) for 1 h at room temperature and incubated overnight
with primary antibodies (diluted 1/1000 in blocking buffer) detecting
Rictor (Bethyl Laboratories, Inc., #A300-459 A-2; Montgomery, TX),
Raptor (Cell Signaling #2280), mTOR (Cell Signaling #2983), phos-
phorylated Akt (p’Akt) (S473) (Cell Signaling #9271), p’Akt (T308) (Cell
Signaling #2965), total Akt (Cell Signaling #4691), p’protein kinase Ca
(p’PKCa) (S638) (Santa Cruz #SC-12356) and total PKCa (Santa Cruz
#SC-8393). Levels of heat shock cognate protein 70 (HSC70) (Enzo Life
Sciences #ADI-SPA-816) were used as a loading control. Membranes
were incubated with species-specific horse radish peroxidase-
conjugated secondary antibodies (Promega; Madison, WI) in blocking
buffer for 1 h at room temperature then washed (3�10 min) in TBS-T
(150 mM sodium chloride, 0.1% Tween 20, 20 mM Tris, pH 7.6).
Antibody detection was performed with Western Lighting Plus ECL
(PerkinElmer; Waltham, MA) and GeneMate Blue Ultra film (BioExpress;
Kaysville, UT). Band intensity from X-ray film detection was analyzed
by densitometry using ImageJ software from the National Institutes of
Health.

2.10. Statistical analysis
Data are reported as group mean�SEM. Statistical analysis of dif-
ferences was performed using GraphPad Prism version 5.0 for
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Windows (San Diego, CA). The two-tailed student׳s t-test for non-
paired values was used for two group comparisons. Two or more
groups were compared using a one-way ANOVA followed by post hoc
Tukey׳s multiple comparison test. A p-value <0.05 was considered
statistically significant.

3. RESULTS

3.1. Neuronal Rictor deletion impairs hypothalamic Akt and PKCa
signaling
The impact of Rictor deletion on hypothalamic mTORC2 function was
assessed by Western Blot analysis of hypothalamic protein extracts
from NRic-KO and control mice. Conditional neuronal deletion of the
floxed Rictor allele lead to an 86% reduction in Rictor protein levels in
hypothalamus of NRic-KO mice (Figure 1; p<0.001). Levels of both
mTOR and the mTORC1 binding partner Raptor were not altered
(Figure 1). Deletion of Rictor led to a 71% reduction in basal Akt
phosphorylation at the serine 473 residue (Akt S473) (Figure 1;
p<0.001), whereas phosphorylation of Akt at threonine 308 (T308),
which is mediated by PDK1, was largely intact in the absence of Rictor
(Figure 1). Total levels of Akt protein were not altered in NRic-KO mice
(Figure 1). Phosphorylated levels of PKCa, an additional downstream
effector of mTORC2 signaling were reduced by 43% in NRic-KO ani-
mals (Figure 1; p<0.001) [45]. Additionally, total levels of PKCa
protein content were reduced by 70% (Figure 1; p<0.001) in the
absence of Rictor protein expression.

3.2. Neuronal Rictor deletion reduces lean mass and increases
adiposity
At 5 weeks of age, NRic-KO mice were smaller, weighing 37% less
than littermate control mice (Figure 2A: control 19.03�0.55 g vs.
NRic-KO 11.99�0.52 g, p<0.001). Although noticeably smaller at
weaning, NRic-KO mice rapidly gained weight, and eventually attained
a normal body weight by 12 weeks of age (Figure 2A). Following the
rapid growth phase (5e12 weeks) NRic-KO mice gained body weight
and maintained a similar body weight as control mice through 30
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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weeks of age (Figure 2A). Consistent with lower total weight, lean
mass was reduced by 34% in 5-week-old NRic-KO mice (Figure 2B:
control 15.77�0.38 g vs. NRic-KO 10.35�0.83 g, p<0.001), which
was maintained but to a lesser degree through 30 weeks (Figure 2B:
control 20.91�0.38 g vs. NRic-KO 18.72�0.60 g, p<0.05).
Loss of neuronal Rictor expression led to profound obesity in NRic-KO
mice. Despite lower total and lean mass at baseline, fat mass was
greater by 1.5-fold in 5-week-old NRic-KO mice (Figure 2C:
1.18�0.09 g vs. NRic-KO 1.75�0.04 g, p<0.001) and was 2.0-fold
higher at 30 weeks, relative to control mice (Figure 2C: control
2.31�0.20 g vs. NRic-KO 4.48�0.18 g, p<0.0001). Increased fat
mass in the face of lower lean and equivalent total mass, translated to
2.1-fold higher adiposity in NRic-KO animals (% body fat¼(fat mass
(g)/total body weight (g))�100) (Figure 2D: control 8.47�0.64 vs.
NRic-KO 17.75�0.59, p<0.001).

3.3. Neuronal Rictor deletion has little effect on food intake, but
enhances weight gain and feed efficiency
Food intake, weight gain and feed efficiency were evaluated in control
and NRic-KO mice from 8e30 weeks of age (Figure 3A and B).
Consistent with smaller body size, NRic-KO mice consumed fewer
calories at 8 weeks of age (Figure 3A: p<0.05). Over the period of 10e
15 weeks of age during which NRic-KO mice exhibited rapid weight
gain, food intake increased to the level of control mice and remained
similar to intake of the control group up to an age of 30 weeks
(Figure 3A). Collectively, total food intake was not different during the
growth period (8e15 weeks) or steady state period (15e30 weeks)
(Figure 3B) resulting in similar cumulative food intake in NRic-KO and
control mice over the experimental period of 8e30 weeks of age
(Figure 3B).
In spite of similar food intake, NRic-KO mice gained 2.0-fold, or
5.6 g more total body weight (Figure 3C: p<0.001) from 8e30
weeks of age. NMR analysis of body composition showed this was
due to significant increases in both fat (Figure 3C: p<0.001) and
Figure 2: Regulation of body weight and adiposity by neuronal Rictor. (A) Body weight was measu
weeks of age. (B) Lean and (C) total body fat mass were determined by NMR. (D) Adiposity (% body
animals of each genotype. * p<0.05.
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lean mass (Figure 3C: p<0.001). Feed efficiency (change in total
body weight, fat or lean mass (g)/(cumulative kcal consumed)) was
increased by 1.8-fold for total weight gain in NRic-KO mice
(Figure 3D: p<0.01). NRic-KO mice gained 1.7 g, or 2.9-fold, more
fat mass (Figure 3C: p<0.001) and 3.4 g, or 1.8-fold, more lean
mass (Figure 3C: p<0.001) than control mice. NRic-KO mice were
much more efficient at storing calories as fat mass; feed efficiency
for conversion of consumed calories to fat mass was increased by
2.6-fold in the absence of neuronal Rictor expression (Figure 3D:
p<0.001). The ability to accrue lean mass was elevated by 1.9-fold
in NRic-KO mice (Figure 3D: p<0.05). Thus, NRic-KO mice gain
more weight despite equivalent food intake, suggesting that lower
energy expenditure was a factor associated with excess fat and total
weight gain.

3.4. Effects of neuronal Rictor deletion on the respiratory exchange
ratio and energy expenditure
Indirect calorimetry was performed when mice were 12-weeks-old to
determine if neuronal Rictor deletion influences energy expenditure and
macronutrient utilization. During the calorimetry, food intake was similar
between NRic-KO and control animals (Figure 4A, Supplemental data,
Table 1). Energy expenditure (heat production; kcal/24 h) was reduced
by 22% in NRic-KO mice relative to controls (Figure 4B, Supplemental
data, Table 1: p<0.001). There were no differences in activity be-
tween the groups, in either the light or dark period (Figure 4C,
Supplemental data, Table 1). The respiratory exchange ratio (RER)
(VCO2/VO2) was significantly decreased in NRic-KO mice in both the light
and dark phases (Figure 4D, Supplemental data, Table 1: p<0.01)
relative to control mice. To correct for differences in metabolically active
lean mass between NRic-KO and control mice, food intake and calo-
rimetry data were normalized to both total body weight and lean mass
(Supplemental data, Table 1). Food intake was not different when
normalized to body weight although NRic-KO mice exhibited reduced
energy expenditure for their body mass, relative to control mice
red in NRic-KO (filled circles) and control mice (open circles) at the indicated ages, from 5e30
fat) was calculated ((fat mass/total body weight)�100). Values represent the mean�SEM of 6e8
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Figure 3: Energy intake and weight gain in NRic-KO mice. (A) Food intake was measured in NRic-KO (filled circles) and control mice (open circles) and is expressed as the average daily intake of
genotype matched, group housed mice (2e3 mice/cage). (B) Cumulative food intake (kcal) over 22 weeks (8e30 weeks of age) is shown as well as for young mice (8e15 weeks of age) and adults
(15e30 weeks old) (n¼3/group). (C) Weight gained between the ages of 8e30 weeks is shown for total body, fat and lean mass by mice of the indicated genotypes. (D) Feed efficiency over the
corresponding 22 week period was calculated (change in total body weight, fat or lean mass (g)/(cumulative kcal consumed)) for mice of the indicated genotypes. Values represent the mean�SEM of
6e8 animals of each genotype. *** p<0.001, ** p<0.01, * p<0.05.

Original article
(Supplemental data, Table 1). When corrected for differences in lean
mass, NRic-KO compared to control mice consumed more calories (kcal/
g lean mass) but had similar energy expenditure per gram lean tissue
(Supplemental data, Table 1). Core body temperature was also reduced
in NRic-KO relative to control mice (Figure 4E, control 37.00�0.11 �C
vs. NRic-KO 36.16�0.22 �C, p<0.01).
Figure 4: Assessment of energy balance parameters in NRic-KO mice. (A) Daily food intake is illustr
was monitored using the Oxymax/CLAMS indirect calorimetry system in 12-week-old mice of the ind
depicted. (D) Respiratory exchange ratio (RER) (VCO2/VO2) during the light and dark periods is shown
Values represent mean�SEM of 4e5 animals of each genotype. *** p<0.001, ** p<0.01, *
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3.5. Neuronal Rictor KO mice exhibit impaired behavioral leptin
sensitivity and elevated hypothalamic orexigenic neuropeptide
expression
Increased adiposity in 9-week-old NRic-KO compared to control mice
was accompanied by a 3.0-fold elevation in leptin levels (Figure 5A:
control 2.26�0.32 ng/mL vs. NRic-KO 6.89�0.88 ng/mL, p<0.001).
ated for individually housed, 12-week-old NRic-KO and control mice. (B) Daily energy expenditure
icated genotypes. (C) Total activity in light and dark periods in mice of the indicated genotypes is
. (E) Core body temperature measured during the light phase in mice of the indicated genotypes.
p<0.05.
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Because hyperleptinemia is indicative of leptin resistance, we evalu-
ated the behavioral effects of exogenous leptin treatment on food
intake over a 24-h period. In order to correct for small differences in
body size, we normalized food intake to body weight. Peripheral leptin
(5 mg/kg) treatment reduced the amount of food consumed by control
mice over the preceding 24-h period by 18% (Figure 5B: p<0.01) but
failed to reduce food intake in NRic-KO mice (Figure 5B: p¼0.08, n¼8-
10 mice). Whether food intake was corrected for body weight or not,
the NRic-KO mice did not lower food intake in response to leptin, which
together with hyperleptinemia, suggests that NRic-KO mice have leptin
resistance. While modest, leptin resistance may have resulted directly
from mTORC2 dysfunction, or as a result of obesity.
The PI3K-Akt-FOXO pathway is an important mediator of the tran-
scriptional effects of insulin and leptin on anorectic and orexogenic
neuropeptide gene expression in hypothalamic neurons [46e48].
Real-time PCR analysis of hypothalamic neuropeptide expression in
NRic-KO mice revealed a 1.7-fold increase in NPY mRNA levels,
relative to controls (Figure 5C; p<0.05), consistent with impaired Akt-
FOXO signaling in the absence of Rictor/mTORC2 function [29].
Neuronal deficiency of Rictor did not significantly affect the expression
of another orexogenic neuropeptide, AgRP, or the anorexigenic neu-
ropeptides, POMC and CART (Figure 5C).

3.6. Glucose homeostasis, plasma hormone and metabolite levels
as well as HPA axis function are altered in NRic-KO mice
Insulin signaling in hypothalamic neuronal populations has been shown
to regulate peripheral glucose homeostasis, through effects on insulin
secretion and hepatic glucose production [26]. To investigate the role
of neuronal Rictor in these effects, we next evaluated the glucodynamic
responses of control and NRic-KO animals through an IP glucose
Figure 5: Leptin sensitivity and hypothalamic neuropeptide mRNA expression. (A) Plasma leptin le
performed in 9-week-old mice of the indicated genotypes. Following leptin treatment (5 mg/g bod
normalized to body weight. (C) Hypothalamic neuropeptide mRNA levels of mice of the indicated geno
and then expressed relative to that of the control group. Values represent the mean�SEM of 5e7
genotype matched vehicle control.
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tolerance test (IP-GTT). At 9 weeks of age, NRic-KO mice exhibited
slight hyperglycemia in the basal, non-fasting state (Figure 6A: control
163.8�4.2 mg/dl vs. NRic-KO 197.8�8.6 mg/dl, p<0.01) despite
1.6-fold greater insulin levels than control mice (Figure 6C: control
0.56�0.04 ng/ml vs. NRic-KO 0.91�0.14 ng/ml, p<0.05). Glucose
tolerance was also mildly impaired in NRic-KO mice, resulting in a 25%
increase in the area under the curve (AUC) value after a glucose
challenge (Figure 6B: p<0.001). Hyperinsulinemia with impaired
glucose tolerance suggests that the NRic-KO animals have peripheral
insulin resistance.
Circulating concentrations of FFAs, an indirect marker of lipolysis and
insulin sensitivity in adipose tissue, were decreased by 60% in NRic-
KO mice, relative to control animals (Figure 6D: control 0.43�0.07 mM
vs. NRic-KO 0.17�0.05 mM, p<0.05). These lower FFA levels in
NRic-KO mice would be predicted given their higher levels of insulin
(Figure 6C), if adipose tissue insulin sensitivity was maintained. We
also determined triglyceride (TG) levels in plasma of 4-h fasted mice,
as an indirect measure of the ability of insulin to repress hepatic tri-
glyceride production [49,50]. TG levels were not significantly different
between control and NRic-KO mice (Figure 6E), despite the higher
insulin levels in NRic-KO mice, which suggests some degree of hepatic
insulin resistance.
To better understand the causes of drastic differences in body
composition and growth in NRic-KO animals, we assessed plasma
levels of insulin-like growth factor 1 (IGF-1), a hormone implicated in
the maintenance of lean mass, and the stress hormone corticosterone,
implicated in glucose intolerance and abdominal obesity. Plasma IGF-1
levels were similar in 12-week-old control and NRic-KO mice
(Figure 6F), as were the nadir levels of corticosterone (Figure 6G), but
peak corticosterone values were increased by 2.0-fold in NRic-KO
vels of 9-week-old NRic-KO and control mice were measured. (B) Leptin tolerance tests were
y weight, IP), food intake was measured in individually housed mice over 24 h and is shown
types were measured. Target gene mRNA levels were normalized to endogenous RPL13A levels,
animals of each genotype. (A and C) ** p<0.01, * p<0.05 vs. control or (B) * p<0.05 vs.
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Figure 6: Glucose homeostasis, plasma hormone and metabolite levels as well as HPA axis function in NRic-KO mice. (A) Glucose tolerance tests were performed in 9-week-old NRic-KO (filled circle)
and control mice (open circles). (B) Quantitation of area under the glucose curve (AUC) analysis is shown from glucose tolerance testing. (C) Non-fasting plasma insulin, (D) free fatty acid (FFA), and (E)
triglyceride (TG) levels of 9-week-old mice of the indicated genotypes were measured. (F) Insulin-like growth factor 1 (IGF-1) levels were measured in 18-week-old mice of the indicated genotypes. (G)
Circadian and handling stress induced plasma corticosterone levels of 18-week-old mice of the indicated genotypes were measured. Nadir (8 am), peak (5 pm) and mild handling stress induced
samples were collected 3 days apart. Values represent the mean�SEM of 6e8 animals of each genotype. *** p<0.001, ** p<0.01, * p<0.05.
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mice (Figure 6G: control 47.9�8.8 ng/ml vs. NRic-KO 96.0�15.6 ng/
ml, p<0.05). Mice were subjected to mild handling stress to evoke a
physiological rise in nadir plasma corticosterone levels. Stress-induced
corticosterone levels were 2.4-fold higher in NRic-KO mice, relative to
control mice (Figure 6G: control 58.2�8.2 vs. ng/ml vs. NRic-KO
140.6�4.5 ng/ml, p<0.001).

3.7. The role of Rictor in POMC and AgRP hypothalamic neurons
We investigated the specific role of Rictor/mTORC2 signaling in distinct
hypothalamic neuronal populations involved in the regulation of energy
400 MOLECULAR METABOLISM 3 (2014) 394e407 Published by Elsevier GmbH
balance and glucose homeostasis. AgRP Ric-KO and POMC Ric-KO
mice were viable and did not display noticeable phenotypic abnor-
malities. We first evaluated the contributions of POMC and AgRP
neurons to the body composition phenotype of NRic-KO mice by
comparing body weight, lean and fat mass, and adiposity, of each KO
line and control animals at two ages; in young, 8 weeks of age, and
then again when these mice were adults, at 22 weeks of age. Body
weight, lean mass, fat mass and adiposity of AgRP Ric-KO mice were
similar to control levels at 8 and 22 weeks (Figure 7AeD). At 8 weeks,
body weight of POMC Ric-KO mice was not different from control mice,
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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however by 22 weeks, POMC Ric-KO mice were 12% heavier than
control mice (Figure 7A: p<0.05). Loss of Rictor in POMC neurons did
not alter lean mass which was similar to control mice at both time
points (Figure 7B). However, fat mass of POMC Ric-KO mice was
increased by 1.4-fold at 8 weeks of age and was increased by 2.5-fold
at 22 weeks of age (Figure 7C: p<0.05). Higher fat mass but similar
lean mass in POMC Ric-KO mice was reflected in a drastic increase in
adiposity, which was elevated by 1.4-fold at 8 weeks of age and was
increased by 2.0-fold, reaching the level of adiposity in NRic-KO mice,
at 22 weeks of age (Figure 7D: p<0.001). Over the study period AgRP
Ric-KO mice gained similar amounts of total weight, lean and fat mass
as control mice (Figure 7E). POMC Ric-KO mice gained a similar
amount of total body weight and lean mass as control mice (Figure 7E),
but fat mass gained by POMC Ric-KO was similar to that of NRic-KO
mice (Figure 7E). When compared to NRic-KO mice, POMC Ric-KO
Figure 7: Regulation of adiposity and glucose homeostasis by Rictor in POMC neurons. (A) Body w
weight)�100), and (E) increase in total body, fat and lean mass was measured in NRic-KO, POMC Ri
blood glucose levels of mice of the indicated genotypes are shown. (G) Glucose tolerance tests were p
mice (open circles). (H) Quantitation of area under the glucose curve (AUC) analysis from glucose tol
(AeE) The a indicates p<0.05 vs. control and b indicates p<0.05 vs. NRic-KO. (FeH) * indica
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mice gained a similar amount of fat mass but less lean mass,
resulting in lower overall weight gain (Figure 7E).
Hypothalamic insulin signaling regulates peripheral glucose homeo-
stasis and hepatic glucose production [7]. We next determined if loss of
Rictor signaling in either POMC or AgRP neurons contributed to the
hyperglycemia and glucose intolerance we observed in NRic-KO ani-
mals. Adult AgRP Ric-KO and POMC Ric-KO mice exhibited mild hy-
perglycemia in both the non-fasted (Figure 7F: p<0.01) and fasting
states (Figure 7F: p<0.05). An IP-GTT revealed modest glucose
intolerance in AgRP Ric-KO mice resulting in a 1.4-fold increase in the
AUC (Figure 7G and H: p<0.05). During the GTT, POMC Ric-KO mice
exhibited more profound hyperglycemia, with significantly elevated
blood glucose levels 5, 15, 60, 90 and 120 min after glucose was
administrated (Figure 7F: p<0.05 for all), resulting in a 2.2-fold
elevation in the AUC compared to control mice (Figure 7G: p<0.01).
eight, (B) lean mass, (C) fat mass and (D) adiposity (% body fat, calculated as (fat mass/total body
c-KO, AgRP Ric-KO and control mice at 8 and 22 weeks of age. (F) Random fed and 24-h fasting
erformed in 18-week-old POMC Ric-KO (gray squares), AgRP Ric-KO (black squares) and control
erance testing is illustrated. Values represent the mean�SEM of 4e8 animals of each genotype.
tes p<0.05 vs. control.
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3.8. Loss of Rictor in POMC neurons leads to hyperphagia and
obesity
To evaluate the contribution of Rictor signaling in POMC neurons to the
impaired energy balance of NRic-KO mice, we assessed energy intake
and expenditure of 50-week-old POMC Ric-KO and control mice using
indirect calorimetry. There were no differences in RER values between
POMC Ric-KO and control mice, in either the light or dark period
(Figure 8A). Energy expenditure (kcal/mouse/day) was not different
(Figure 8B), although POMC Ric-KO mice consumed 40% more calo-
ries per day than control mice (Figure 8C: p<0.01). Fasting evoked a
similar hyperphagic response in both groups; relative to their ad libitum
intake, resulting in POMC Ric-KO mice consuming more energy than
controls during the refeeding period (Figure 8C: p<0.001). Fasting
resulted in similar total weight loss in both groups (Figure 8D); how-
ever, POMC Ric-KO mice lost 56% less fat mass than control mice
(Figure 8D: p<0.05). Therefore, while energy expenditure was not
altered by loss of Rictor in POMC neurons, hyperphagia coupled with a
decreased rate of fat loss may contribute to obesity in POMC Ric-KO
mice.

4. DISCUSSION

The regulation of energy balance is complex and involves many brain
regions and neurobiological systems [51]. Of these, the hypothalamus
is involved in the sensing of nutrients, hormones and metabolites that
all serve to generate neuronal responses to changes in energy avail-
ability [13]. Mediobasal hypothalamic neurons then coordinate, via
Figure 8: Assessment of energy balance parameters in POMC Ric-KO mice. Fifty-week-old POMC
respiratory exchange ratio (RER) (VCO2/VO2) during the light and dark periods and (B) daily energy e
24 h of fasting in 50-week-old mice of the indicated genotypes was measured over 24 h. (D) Perc
indicated genotypes. Values represent the mean�SEM of 4e6 animals per genotype. * p<0.05
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projections to numerous other brain areas, the regulation of food
intake, energy expenditure and glucose homeostasis [52]. Two key
long-term regulators of energy balance, the adiposity negative feed-
back signals, insulin and leptin, signal via a range of intracellular signal
transduction mechanisms, including PI3K-Akt and JAK-STAT pathways
[8,27,53e55]. We hypothesized herein that defects in Akt activation
generated by genetic inactivation of mTORC2 signaling would lead to
an obesity phenotype on a chow-diet, similar to high-fat diet-induced
obesity, where acquired defects in neuronal sensitivity to adiposity
negative feedback signals are hypothesized to have a role in the
pathogenesis of weight gain and increased adiposity. Neuronal dele-
tion of Rictor indeed impaired Akt activation and led to a rather
remarkable obesity syndrome that shares some features of typical DIO,
but is also unique in several aspects. In mice with targeted deletion of
Rictor in POMC or AgRP neurons, we also show that Rictor/mTORC2
signaling has divergent roles in these neuronal subsets, in the regu-
lation of energy balance and glucose homeostasis.

4.1. Neuronal Akt activation
Two mTOR kinase complexes, mTORC1 and mTORC2, participate in
distinct aspects of insulin signaling. These two mTOR complexes have
distinct modes of regulation. Compared to mTORC1, relatively less is
known about upstream activators of mTORC2 signaling and its function
in cellular processes [1]. Rictor is a key component of the mTORC2
complex that phosphorylates the hydrophobic motif site S473 of Akt in
response to insulin and growth factor signaling [56]. We first examined
the biochemistry of various signal transduction pathways in
Ric-KO and control mice were monitored for 48 h using Oxymax/CLAMS cages to assess the (A)
xpenditure during calorimetry in mice of the indicated genotypes. (C) Food intake of fed and after
entage of total body weight and fat mass lost following a 24-h fast in 50-week-old mice of the
vs. control.
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mediobasal hypothalamic extracts given that this brain region is
notably involved in energy balance regulation [13]. Neuronal deletion of
Rictor was sufficient to reduce phosphorylation of the Akt hydrophobic
motif site S473 by 75%, while total Akt levels remained unchanged. It
is noteworthy that the biochemical signaling changes were observed in
the context of hyperinsulinemia and occurred despite normal PDK1-
dependent phosphorylation of Akt at T308, in agreement with other
Rictor knockout models, where activation of the T308 site is not altered
[5,57]. By inference, our findings suggest that Rictor/mTORC2 medi-
ates full Akt activation.
mTORC2 is also known to couple insulin/growth factor signaling with
activation of PKCa, another member of the AGC family of serine/
threonine kinases [58,59]. Rictor regulates cytoskeleton remodeling
through PKCa modulation of actin dynamics [28], which has been
implicated in the maintenance of dendritic arbor morphology of hip-
pocampal neurons [60] and Purkinje cells [61], as well as hippocampal
long-term memory formation [62]. Following neuronal Rictor deletion,
phosphorylated as well as total levels of PKCa were drastically reduced
within the hypothalamus of NRic-KO mice. This is consistent with
reports that Rictor regulates PKCa phosphorylation, protein maturation
and stability [45], and agrees with data from other mutant mouse
models of neuronal Rictor deletion that exhibit similar alterations in
PKCa protein expression levels and activation [40,61].

4.2. Body weight and body composition
Although NRic-KO mice were initially smaller than controls, they rather
rapidly catch up in growth and ultimately maintain a normal body
weight. Lean mass remained slightly lower, while fat mass and
adiposity were dramatically elevated in adults. Major defects in the
growth hormone axis do not appear to play an important role in the
phenotype, as IGF-1 levels were not different between the groups. Fuel
partitioning can occur through several mechanisms that include alter-
ations in adipose and lean mass metabolism and function. In adipose
tissue, fat mass can accumulate due to differences in the rate of uptake
of fatty acids from circulating triglycerides in lipoproteins, increased
rates of lipogenesis or decreased lipolysis whereby lipid is retained in
adipose tissue due to decreased release of stored fatty acids from
triglyceride. NRic-KO mice were insulin resistant and exhibited hyper-
glycemia and hyperinsulinemia; however, levels of circulating FFAs
were reduced by 61%, suggesting that insulin sensitivity may be pre-
served in adipose tissue of NRic-KO mice, despite the development of
insulin resistance in other tissues. Reduced FFA levels also raise the
possibility that autonomic outflow promoting adipose lipolysis may be
impaired in the absence of CNS Rictor/mTORC2 signaling [63].
In many respects the phenotype of NRic-KO mice is comparable to what
has been reported for other genetic mouse models of defective neuronal
insulin signaling and impaired energy balance regulation. First described
by Bruning et al., neuronal insulin receptor knockout (NIRKO) mice exhibit
an adiposity phenotype on chow diet andmild, diet-sensitive hyperphagia
and obesity [6]. Neuronal IRS2 knockout mice are hyperphagic and
develop obesity with elevated body weight, fat mass and adiposity on a
normal chow diet [23]. Ultimately, in terms of body composition, a similar
increase in adiposity following deletion of IR, IRS2 and Rictor in neurons is
consistent with the hypothesis that a reduction of Rictor/mTORC2 acti-
vation resulting from these genetic defects in CNS may mediate the ef-
fects on accrual and/or maintenance of fat mass.

4.3. Energetics: caloric intake
While initially smaller, NRic-KO animals had daily food intake levels
that were similar to controls and cumulative food intake was not
different over the entire study period. However, when accounting for
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lower total body weight and lean mass, the NRic-KO animals
consumed more calories than control mice. When weight gain over the
entire study is considered, neuronal NRic-KO mice gain more total
weight, fat and lean mass per calorie consumed than did the controls.
Thus, normalized food intake and feed efficiency were significantly
increased in NRic-KO animals, suggestive of reduced energy expen-
diture. Indeed, indirect calorimetry revealed that NRic-KO animals had
significantly lower energy expenditure and reduced body temperature.
NIRKO mice also exhibit increased feed efficiency and adiposity on a
chow diet [6], while loss of IRS2 in neuronal populations that express
the long form of the leptin receptor (LepRb) leads to obesity resulting
from hyperphagia and reduced energy expenditure [24].

4.4. Hormone sensitivity and glucodynamics
CNS resistance to adiposity negative feedback signals is thought to be
important in the development of obesity. The hyperleptinemia observed
in NRic-KO mice was consistent with increased fat mass, which in the
setting of similar or slightly elevated food intake, suggests the pos-
sibility of leptin resistance. We sought to determine whether genetic
impairment in Akt activation would similarly yield leptin resistance, by
treating mice that were conditioned to handling and injections with IP
leptin and subsequently assessing 24 h food intake. Whereas control
animals displayed a reduction in food intake, leptin treatment failed to
cause a statistically significant reduction of food intake in NRic-KO
mice. The adiposity and hyperleptinemia phenotype resulting from
neuronal deletion of Rictor resembles that reported in NIRKO mice [6],
likewise following genetic mutation of IRS2 in all neurons [23], or
specifically in cells expressing the long form of the leptin receptor
(LepRb) [24]. Our results, however, do not discriminate whether rictor
deletion directly resulted in modest leptin resistance, or whether the
resistance is due to obesity induced by other mechanisms. Chemical
inhibition of PI3K signaling in rodents blunts the ability of ICV insulin to
reduce food intake and Akt has been implicated in insulin’s ability to
modulate feeding [8,19,21,22]. Neuronal rictor animals would,
therefore, be a good model in which to determine if insulin has any
non-Akt mediated effects on feeding.
The effect of Rictor deletion on leptin sensitivity contrasts with the
evidence that mutation of IRS2 does not alter sensitivity to the
behavioral effects of exogenous leptin on food intake [23,24], since
both insulin and leptin activate IRS2-PI3K signaling within mediobasal
hypothalamic neurons [8,17]. The effects of CNS insulin and leptin
action on regulation of autonomic outflow and peripheral glucose
homeostasis are dependent on PI3K-mediated modulation of ATP-
sensitive potassium (KþATP) channels and neuronal firing [64],
through a process that also requires cytoskeletal remodeling [55].
More work is needed to determine if leptin resistance is a secondary
consequence of the rather profound obesity in this model or if Rictor/
mTORC2 signaling, potentially acting through additional AGC kinases
such as PKCa, influences leptin sensitivity in neurons.
Hyperinsulinemia in the NRic-KO mice suggests insulin resistance, not
surprising in the context of such excess adiposity. We screened glu-
codynamic responses to an intraperitoneal glucose bolus and observed
that NRic-KO animals compared to controls had slightly higher baseline
blood glucose and insulin levels, a greater excursion of plasma glucose
levels from basal, and a larger AUC for the glucose excursion curve.
The degree of glucose intolerance of NRic-KO mice is comparable to
what has been reported for neuronal IRS2 KO animals, which exhibit
fasting hyperglycemia, hyperinsulinemia and impaired glucose toler-
ance [23]. Hypothalamic insulin action controls glucose homeostasis
via autonomic circuits that regulate insulin secretion and hepatic
glucose production [7,65,66].
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Relative to a role for PI3K-Akt in hypothalamic neurons in adiposity
negative feedback and nutrient signaling [8], the obesity observed in
NRic-KO animals is generally consistent with what would be expected
from neuronal dysfunction in this brain area. Rictor/mTORC2 is
required for Akt signaling to FOXO1 [29], which in the unphosphory-
lated state stimulates transcription of NPY/AgRP gene expression [46].
Thus, loss of Rictor/mTORC2 function would be expected to prevent
insulin and/or leptin repression of orexogenic neuropeptide gene
expression [20,32]. Indeed, NPY expression levels were elevated in
hypothalami of NRic-KO mice, despite pronounced hyperinsulinemia
and hyperleptinemia. An elevation in NPY expression could potentially
explain the greater food intake seen, when food intake is normalized to
either body weight or lean mass, and the reduction of energy expen-
diture that was observed in these animals [67e69]. Elevated levels of
hypothalamic NPY expression may also explain the inability of insulin
action to suppress hepatic TG [49,50] and possibly glucose production
[70] in NRic-KO mice.
Altered body composition and impaired glucose homeostasis sug-
gested the involvement of endocrine abnormalities in the phenotype of
NRic-KO mice. IGF1 levels were not altered in NRic-KO mice indicating
that defects in the growth hormone-IGF1 axis cannot explain the
phenotypic abnormalities seen in adult mice. Excess fat accumulation,
muscle atrophy and metabolic derangements observed in NRic-KO
mice may, however, be explained by glucocorticoid excess. Assess-
ment of HPA-axis function revealed that both peak and stress induced
corticosterone levels were elevated in NRic-KO mice. The metabolic
derangements observed in NRic-KO mice are consistent with the
systemic effects of glucocorticoid action to increase hepatic TG [71]
and glucose production [72], and promote insulin secretion [73].
Reduced energy expenditure and lower RER, together with decreased
body temperature, observed in NRic-KO mice are also consistent with
the reported actions of corticosterone to promote preferential oxidation
of fat over glucose in muscle [74], while simultaneously decreasing the
rate of fat oxidized through non-shivering thermogenesis in brown
adipose tissue [75]. Glucocorticoid excess also promotes muscle
proteolysis and breakdown [76] and may contribute to muscle atrophy
in NRic-KO mice. Disruption of hypothalamic glucocorticoid receptors
leads to hyperactivation of the HPA axis and excess adiposity in mice
[77], In humans, glucocorticoid excess associated with Cushing’s
Disease leads to similar metabolic abnormalities, including visceral
adiposity, reduced lean mass and impaired glucose homeostasis [78].
In NRic-KO mice, nadir plasma corticosterone levels were not altered
and corticosterone levels exhibited diurnal rhythmicity suggesting that
activation of the HPA-axis in response to physiological and/or psy-
chological stress may be augmented, which could culminate in excess
glucocorticoid action.

4.5. Targeted deletion of Rictor in POMC and AgRP neurons
Comparing phenotype among the crosses generated, the obesity
phenotype resulting from loss of Rictor in all neurons resembles that of
deletion in POMC neurons while loss of Rictor in AgRP neurons did not
impact energy balance. Similar to the effects of deleting Rictor in all
neurons, loss of Rictor only in POMC neurons led to elevated fat mass
and adiposity; however, lean mass was not altered in POMC Ric-KO
mice. We did not detect differences in energy expenditure, which
suggests mild hyperphagia in these mice promotes excess fat mass
gain and obesity. POMC Ric-KO mice exhibited a glucose intolerance
phenotype that was nearly as severe as NRic-KO animals. Further
studies will be required to determine whether Rictor/mTORC2
dysfunction in hypothalamic POMC neurons directly contributes to
impaired glucose homeostasis or if glucose intolerance is a secondary
404 MOLECULAR METABOLISM 3 (2014) 394e407 Published by Elsevier GmbH
consequence of corticosterone excess or the rather profound obesity
associated with this model.
Our findings contrast with reports that deletion of IR and IRS2 spe-
cifically in POMC expressing neurons does not lead to a discernible
energy balance or glucose homeostasis phenotype [23,79]. A potential
explanation for this discrepancy is that the PI3K signaling pathway can
be activated by a number of other stimuli including leptin and cytokines
[8,16,55,80,81]. Such non-canonical activation of PI3K-Akt signaling
in neurons where IR or IRS2 has been deleted may be sufficient to
maintain the function of POMC neurons in the regulation of glucose
homeostasis in response to central insulin action in these models. IR-
mediated activation of PI3K signaling and subsequent hyperpolar-
ization of POMC neurons may directly influence neuronal sensitivity to
the acute effects of leptin on food intake, but it could be less important
for the long term regulation of energy balance [82]. Collectively, this
evidence together with our findings suggests an important role for
Rictor in POMC neurons in the regulation of food intake and glucose
homeostasis.
The obesity phenotype of POMC Ric-KO mice does resemble the initial
phenotype resulting from ablation of Akt T308 phosphorylation via
genetic disruption of PDK1 in POMC neurons; however, POMC PDK1
KO mice exhibit progressive hypocorticosteronemia resulting from loss
of POMC-derived adrenocorticotropic hormone (ACTH) gene expression
in pituitary corticotropes [31,83]. Coexpression of transactivation-
deficient FOXO1 rescues the obesity phenotype but does not prevent
HPA axis dysfunction or correct corticosterone deficiency in POMC-
specific PDK1 null mice [31,83]. We did not observe evidence of
hypocorticosteronemia in POMC Ric-KO mice, which displayed pro-
nounced obesity through 50 weeks of age. Furthermore, hypothalamic
POMC mRNA levels were not altered and peak and stress induced
corticosterone levels were increased, rather than decreased in NRic-
KO mice. This evidence suggests divergent, Akt-dependent and Akt-
independent roles for Rictor directed mTORC2 and PDK1, within
POMC neurons in regulation hypothalamic-pituitary corticotroph and
HPA axis function.
Lack of a body composition phenotype in Ric AgRP-KO mice indicates
that Rictor is not important for the regulation of energy balance in AgRP
neurons. Deletion of PDK1 in AgRP neurons reduces food intake, and
leads to reduced body weight, lean mass and lower adiposity [47].
Expression of dominant negative FOXO1 rescues the metabolic
phenotype of PDK1 deletion in AgRP neurons but interestingly, this
occurs independent of changes in neuropeptide expression [47],
potentially consistent with evidence that Rictor is necessary for Akt-
FOXO1 signaling [29]. The increase in NPY expression in NRic-KO
mice might, therefore, suggest an indirect effect of neuronal Rictor
deletion on NPY neurons and NPY expression.
Drastic differences in fat mass and body composition between mice
lacking Rictor in all neurons, or in POMC neurons, would be predicted
to have implications for glucose homeostasis and insulin sensitivity.
Although AgRP-specific deletion of Rictor was not associated with an
energy balance phenotype, AgRP Ric-KO mice displayed mild fasting
hyperglycemia and slight glucose intolerance. This contrasts with
evidence that loss of IRS2 or PDK1 in AgRP neurons does not lead to a
discernible glucose homeostasis phenotype [23,47]. However, the
results of our study are consistent with reports that link IR function in
AgRP neurons to CNS regulation of hepatic glucose production and
glucose homeostasis [79,84].

4.6. Conclusions
Collectively, our findings reveal Rictor to be important in CNS
regulation of energy balance and glucose homeostasis. We
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observed that loss of Rictor in neurons results in an obesity
phenotype that is similar to that observed in NIRKO and neuronal
IRS2 KO mice, suggesting Rictor/mTORC2 activation is a point of
convergence for IR-IRS2 signaling and potential mediator of
neuronal responses to insulin activation of the PI3K signaling
pathway on energy homeostasis. Phenotypic differences resulting
from targeted CNS deletion of Rictor and those reported following
deletion of PDK1 in distinct hypothalamic neuronal subtypes in-
dicates divergent roles for these two Akt kinases, in the regulation
of body composition, glucose homeostasis and HPA axis function. A
number of phenotypic abnormalities observed in NRic-KO mice can
be explained by changes associated with elevated corticosterone
and NPY, and these systems may act in concert through a reciprocal
positive feedback loop to promote and maintain the observed dis-
turbances in energy and glucose homeostasis [85]. Future explo-
ration of how this signaling molecule and its downstream targets
influence cellular signaling networks and neurological circuits
involved in energy and glucose homeostasis may led to the iden-
tification of novel molecular targets and opportunities for developing
effective treatments and therapies for obesity and diabetes.
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