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Successful development of antiobesity agents requires detailed
knowledge of neural pathways controlling body weight, eating
behavior, and peripheral metabolism. Genetic ablation of FoxO1
in selected hypothalamic neurons decreases food intake, in-
creases energy expenditure, and improves glucose homeostasis,
highlighting the role of this gene in insulin and leptin signaling.
However, little is known about potential effects of FoxO1 in other
neurons. To address this question, we executed a broad-based
neuronal ablation of FoxO1 using Synapsin promoter–driven Cre
to delete floxed Foxo1 alleles. Lineage-tracing experiments
showed that NPY/AgRP and POMC neurons were minimally af-
fected by the knockout. Nonetheless, Syn-Cre-Foxo1 knockouts
demonstrated a catabolic energy homeostatic phenotype with
a blunted refeeding response, increased sensitivity to leptin and
amino acid signaling, and increased locomotor activity, likely
attributable to increased melanocortinergic tone. We confirmed
these data in mice lacking the three Foxo genes. The effects on
locomotor activity could be reversed by direct delivery of consti-
tutively active FoxO1 to the mediobasal hypothalamus, but not to
the suprachiasmatic nucleus. The data reveal that the integrative
function of FoxO1 extends beyond the arcuate nucleus, suggest-
ing that central nervous system inhibition of FoxO1 function can
be leveraged to promote hormone sensitivity and prevent a posi-
tive energy balance. Diabetes 62:3373–3383, 2013

T
he alarming increase in the prevalence of obesity
and the advances in the ability to genetically map
and modify biochemical pathways of hormone
action and nutrient sensing have rekindled in-

terest in understanding how the central nervous system
(CNS) regulates energy homeostasis and metabolism (1).
CNS integration of feeding behavior and nutrient turnover
reveals a complex anatomic and functional architecture,
with redundant control mechanisms and shared functions
that have thus far thwarted attempts at identifying specific
networks that can be pharmacologically engaged to con-
trol body weight.

Key to solving the stalemate is refinement of our
knowledge of the integrated circuitry of CNS metabolic
functions. For example, leptin—the main appetite-suppressing

hormone—acts at multiple CNS sites in qualitatively dif-
ferent fashions, affecting not only neurohormonal aspects
but also reward aspects of feeding (2). Likewise, charac-
terization of specific neuronal populations in areas tradi-
tionally linked to food intake, such as the mediobasal
hypothalamus (MBH), has revealed a complex pattern of
neuronal populations regulating this process as well as
interdependent signaling pathways that regulate the ac-
tivity of these neurons (3,4).

FoxO1 has emerged during the past decade as a critical
node in relaying the hormonal status and nutritional status
of the organism, allowing target cells to implement tran-
scriptional programs that reflect energy conservation or
dispersal. Among its protean functions are the regulation of
hepatic glucose production (5,6) and bile acid synthesis (7),
the integration of different aspects of pancreatic endocrine
function (8), and developmental functions in the differen-
tiation of adipose, muscle, and enteroendocrine pro-
genitor cells (9–11). In the CNS, we and others (12–16)
previously have shown that FoxO1 lies astride of insulin
and leptin signaling in neuropeptide-producing cells of
the arcuate nucleus, orchestrating a complex transcrip-
tional program that includes melanocortin signaling (17)
and orphan G-protein-coupled receptors, and whose ul-
timate outcome is to promote food intake and reduce
energy expenditure (18).

The purpose of the current study was to extend our
knowledge of the actions of neural FoxO1 beyond the
narrow confines of the arcuate nucleus. Impetus for these
experiments was provided by the realization that thera-
peutic modalities based on FoxO1 loss-of-function may be
desirable for weight-control purposes. However, to im-
plement such approaches, one needs to map the gamut of
pathophysiologic FoxO1 actions in the CNS as a way to
ascertain potential liabilities. The studies described in this
article were designed to fill this gap.

RESEARCH DESIGN AND METHODS

Experimental animals. The Columbia University Animal Care and Utilization
Committee approved all procedures. Normal chow diet included 62.1% of
calories from carbohydrates, 24.6% of calories from protein, and 13.2% of
calories from fat (PicoLab rodent diet 20, 5053; Purina Mills); high-fat diet
(HFD) included 20% of calories from carbohydrates, 20% of calories from
protein, and 60% of calories from fat (D12492; Research Diets). We measured
weight and length to calculate BMI, and we estimated body composition by
nuclear magnetic resonance (Bruker Optics). We generated Syn-specific FoxO

single or triple knockouts by mating Syn-Cre transgenic mice with Foxo1
flox/flox

mice or Foxo1
flox/flox

3a
flox/flox

4
flox/flox mice (19) and genotyped them as pre-

viously described (18). We excluded from analyses knockout mice that showed
widespread recombination because of stochastic embryonic expression of
Syn-Cre. We used cohorts of adult male mice, with 6–8 mice per genotype in
most experiments (unless otherwise noted). We used the Rosa-Gfp reporter
mice (B6;129-Gt(ROSA)26Sortm2sho/J; JAX Stock Number 004077) for lineage-
tracing experiments.
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Metabolic analyses. We measured food intake with feeding racks (Firma
Wenzel). For refeeding experiments, we habituated mice to feeding racks for 3
days, fasted them for 18 h, placed feeding racks 2 h after the start of the light
phase, and measured food intake thereafter. We used a TSE Labmaster Plat-
form (TSE Systems) for indirect calorimetry and activity measurements (17).
For mice receiving adenovirus injection, we measured the wheel-running ac-
tivity after the established protocol (20). Briefly, wheel-running activity was
monitored remotely by Vitalview (Minimitter, Bend, OR), with counts col-
lected in 10-min bins, and visualized using double-plotted actograms. We
measured blood glucose by the One-Touch Ultra meter (LifeScan, Milpitas,
CA), insulin and leptin were measured by ELISA, glucagon was measured by
radioimmunoassay (Linco Research, St. Charles, MO), plasma free fatty acids
and cholesterol were measured by nonesterified fatty acid hazard ratio and
cholesterol-E test reagents, respectively (Wako Chemicals, Richmond, VA),
and triglycerides were measured by serum triglyceride determination kit
(Sigma-Aldrich, St. Louis, MO). Body composition was determined using
Bruker Minispec nuclear magnetic resonance (Bruker Optics, Billerica, MA).
We performed euglycemic-hyperinsulinemic clamps as previously described
(21).
Immunostaining. We perfused mice with saline and then with 4% parafor-
maldehyde. We froze brains in Tissue-Tek O.C.T. Compound (Sakura) and cut
30-mm–thick coronal sections for green fluorescent protein (GFP)-specific
immunohistochemistry (Molecular Probes/Invitrogen). We acquired images
with a Nikon eclipse microscope.
RNA procedures. We extracted RNA with Trizol (Invitrogen) and performed
quantitative PCR using SYBR Green I (Roche). Primer sequences are available
on request. We used equal amounts of total RNA for reverse transcription and
measured threshold cycle for each gene. b-Actin was used as an internal
control. Data were quantified by standard delta ratio threshold cycle method.
Hypothalamic neuropeptide assays. We extracted MBH in 0.1 N HCl. We
measured b-endorphin and a-melanocyte–stimulating hormone (MSH) by ra-
dioimmunoassay (17).
Statistical analyses. We analyzed data with Student t test, one-way ANOVA,
or two-way ANOVA. P , 0.05 was considered statistically significant (*P ,
0.05; **P , 0.01; ***P , 0.001).

RESULTS

Generation and analysis of neuronal FoxO1 knockout
mice. To generate neuron-specific FoxO1 knockout mice,
we crossed Foxo1

lox/lox and Syn-Cre mice. Cre-mediated
deletion of the loxP-flanked Foxo1 exon 2 resulted in null

Foxo1 alleles in Synapsin-expressing neurons (hereafter
called Syn-Foxo1). To assess the distribution of Foxo1
ablation in the CNS, we introduced a reporter allele that
encodes GFP as a marker of Cre-mediated recombination.
GFP immunohistochemistry revealed Cre-mediated re-
combination across the brain, including cortex, hippo-
campus, and multiple hypothalamic nuclei. The frequency
of Syn-Cre–mediated recombination varied in different
brain regions. Hippocampus and dorsal medial nucleus
showed the highest fractions of recombined cells, whereas
cortex, ventral medial nucleus, and paraventricular hypo-
thalamic nucleus had fewer GFP+ cells. The arcuate nucleus
showed limited recombination, and the suprachiasmatic
nucleus (SCN) showed little if any recombination (Fig. 1A).
To provide a quantitative assessment of Foxo1 deletion,
we assayed recombination using genomic DNA extracted
from various brain regions. These data are consistent with
the immunohistochemistry and also show extensive re-
combination in the brain stem, but not in peripheral tissues
(Fig. 1B).
Limited Syn-Cre–mediated recombination in NPY/
AgRP and POMC neurons. FoxO1 ablation in MBH
AgRP/NPY and POMC neurons has striking effects on en-
ergy homeostasis and peripheral metabolism (17,18). To
assess potential contributions of FoxO1 ablation in these
neurons to the overall phenotype of Syn-Foxo1 mice, we
determined the extent of Syn-Cre–mediated recombina-
tion in these two neuronal populations. To this end, we
generated double-transgenic mice in which neurons un-
dergoing Syn-Cre–mediated recombination was labeled
red by a Rosa-Tomato allele (Syn-Tom) (22), whereas
NPY/AgRP or POMC neurons were labeled green by Npy-
Gfp or Pomc-Gfp transgenes, i.e., Syn-Tom;Npy-Gfp (Fig.
2A–E) and Syn-Tom;Pomc-Gfp (Fig. 2F–J), respectively.
Double fluorescence demonstrated that Npy-labeled or
Pomc-Gpf–labeled neurons had minimal overlap with Syn-
Tom neurons (Fig. 2A, B, F, and G). We quantified the

FIG. 1. Generation of Syn-Foxo12/2
mice. A: GFP immunohistochemistry in the hypothalamus of Syn-Gfp mice as a reporter of Cre-mediated

recombination (black) in cortex (CX), hippocampus (HPC), and various hypothalamic nuclei (dorsal medial nucleus [DMH], ventral medial nucleus
[VMH], arcuate nucleus [ARC], paraventricular hypothalamic nucleus [PVN], and SCN). B: Detection of recombined Foxo1 allele in brain, including
cortex (cx), hypothalamus (hy), cerebellum (cb), and brain stem (bs), but not in other tissues, including liver (li), skeletal muscle (sm), white
adipose tissue (wa), brown adipose tissue (ba), and pancreas (pa), or in wild-type control (co).
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FIG. 2. Limited Syn-Cre–mediated recombination in NPY-AgRP and POMC neurons. A–J: Fluorescence microscopy of arcuate nucleus from Syn-
Cre;Rosa-Tomato mice carrying Npy-Gfp (A–E) or Pomc-Gfp (F–J) transgene. Neurons exhibiting Syn-Cre–mediated recombination are labeled
red and those expressing Npy-Gfp (A) or Pomc-Gfp (F) are green. Double-positive neurons are yellow. Magnified merged views (B, G) showing
limited overlapping and individual channels for Tomato (C, H), Npy-Gfp (D), Pomc-Gfp (I), and DAPI (E, J). K and L: Representative fluorescence-
activated cell sorting analysis of dissociated hypothalamic neurons of Syn-Cre;Rosa-Tomato;Npy-Gfp mice (B) and Syn-Cre;Rosa-Tomato;Pomc-
Gfp mice (C). The percentage of each quadrant over the total sorted cells is listed. M: Quantification of the percentage of NPY or POMC neurons
with active Syn-Cre by fluorescence-activated cell sorting analysis (n = 3). N: Quantification of the percentage of Syn-Cre–recombined neurons in
the hypothalamus by fluorescence-activated cell sorting analysis (n = 6).
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findings using fluorescence-activated cell sorting in which
double-labeled neurons were distinct from single-labeled
neurons (Fig. 2K and L, upper and lower right quadrants,
respectively). Syn-Tom neurons accounted for ;20% of
NPY neurons, ;20% of POMC neurons (Fig. 2M), and
;40% of hypothalamic neurons (Fig. 2N). We estimated
that NPY and POMC neurons combined constitute ,5% of
total sorted MBH neurons. Thus, we conclude that Syn-
Cre primarily targets neurons other than NPY and POMC
in the hypothalamus.
Increased central hormonal and nutrient sensitivity
in Syn-Foxo1 mice. We evaluated Syn-Foxo1 mice by
measuring plasma metabolites and energy expenditure
with different diets. In chow-fed animals, we did not detect
differences in body weight and composition, or in plasma
triglycerides (Table 1). Measurements of respiratory ex-
changes failed to reveal alterations of VO2 and VCO2, indi-
cating that basal energy homeostasis was unaltered (data
not shown).

However, when we measured the response to fasting
and refeeding, we found that Syn-Foxo1 mice fed signifi-
cantly less after an overnight fast (Fig. 3A). Specifically,
during the 6-h refeeding, wild-type and knockout mice
consumed 0.3831 and 0.2921 kcal/g body weight (calories
normalized by body weight), respectively. To explain this
observation, we measured hormonal sensitivity. Serum
leptin levels were significantly decreased in fasted and ad
libitum–fed Syn-Foxo1 mice (Fig. 3B). We examined leptin
signaling by immunohistochemistry with antiphospho-
Stat3 (pStat3) antibody in refed mice. The number of cells
displaying pStat3 immunoreactivity and the intensity of the
signal increased nearly two-fold in Syn-Foxo1 mice (Fig.
3C). Next, we examined whether the increase in leptin
signaling was cell-autonomous. To this end, we generated
Syn-Foxo1 mice bearing a Rosa-Tom allele and measured
pStat3 immunoreactivity in response to refeeding after an
overnight fast. The expectation of this experiment was that
if the decreased rebound food intake was attributable to
increased leptin sensitivity in FoxO1-deficient neurons,
then knockout mice should show increased pStat3 signal
(green fluorescence) in neurons that were marked by
FoxO1 ablation (red fluorescence), giving rise to yellow
fluorescence. We observed that most of the pStat3 signal
colocalized with recombined neurons, indicating that FoxO1
ablation increases leptin-induced pStat3 generation in a cell-
autonomous manner (Fig. 3D).

Hypothalamic amino acid signaling regulates satiety and
feeding behaviors (23). We measured amino acid sensi-
tivity by immunostaining with antibody to the mTOR sub-
strate, phospho-ribosomal protein S6 (pS6). Syn-Foxo1
mice had increased pS6, predominantly in dorsal medial
nucleus (Fig. 3E), a site of Syn-Cre–dependent recom-
bination (Fig. 1A). Using Syn-Tom to label recombined
neurons, we sought to determine whether the increase of
pS6 was caused by FoxO1 deletion in a cell-autonomous or
cell-nonautonomous manner. We saw that increased pS6
staining occurred equally in FoxO1-deleted and FoxO1-
intact dorsal medial nucleus neurons, indicating that the
effect of FoxO1 ablation is at least partly cell-nonautonomous
(Fig. 3F).
Altered insulin secretion in Syn-Foxo1 mice. The CNS
further regulates pancreatic hormone secretion, especially
through the adrenosympathetic system (24). We therefore
measured insulin secretion induced by the b3-adrenergic
receptor agonist, CL-316243. Activating b3-adrenergic re-
ceptor quickly increases insulin secretion by pancreatic
b-cells and free fatty acid release by adipocytes. After
CL-316243 injection, Syn-Foxo1 mice showed consistently
lower glucose (Fig. 4A), secondary to increased insulin
release (Fig. 4B). Serum free fatty acid levels were com-
parable with those of controls (Fig. 4C), indicating that the
effect of the Foxo1 mutation on insulin release is not
secondary to increased lipolysis with b3-adrenergic re-
ceptor agonist stimulation. Next, we examined insulin se-
cretion in static incubations of purified pancreatic islets
and found small but significant increases induced by low
(5 mmol/L) and high (25 mmol/L) glucose concentrations
(Fig. 4D). Total insulin content and secretion in response
to KCl-induced depolarization were comparable (Fig.
4D). Islet size tended to be larger in Syn-Foxo1 animals,
but not significantly larger (Fig. 4E). These data indicate
that FoxO1 ablation in Syn-Cre neurons increased sym-
pathoadrenal responses. Using the Syn-Tom reporter, we
found no evidence of Cre-mediated recombination in
the pancreas of Syn-Foxo1 animals (data not shown),
effectively ruling out a direct effect of FoxO1 ablation
in b-cells (25). The increased insulin secretion from
b-cells in response to adrenosympathetic stimuli did not
alter fasted and fed glucagon levels (Fig. 4F). However,
Syn-Foxo1 mice exhibited significantly lower circulat-
ing insulin levels (Table 1), indicating increased insulin
sensitivity.

TABLE 1
Metabolic measurements

WT Syn-Foxo1 P

Weight, g 28.64 6 1.27 27.77 6 0.77 NS
Body composition, % Fat mass 12.9 6 2.5 14.3 6 1.1 NS

Lean mass 73.2 6 1.5 73 6 1 NS
Glucose, mg/dL Ad libitum 136 6 10 124 6 3 NS

Fasted 66 6 3 66 6 4 NS
Refed 174 6 14 159 6 5 NS
Fasted (HFD) 87 6 7 68 6 4 ,0.05

Insulin, ng/mL Ad libitum 3.3 6 0.4 1.8 6 0.4 ,0.03
Fasted 0.6 6 0.1 0.5 6 0.1 NS
Refed 7.7 6 1.1 4.7 6 0.7 ,0.05

Triglyceride, mg/dL Ad libitum 117 6 20 165 6 14 NS

Fasting measurements were performed after an overnight fast. Refed measurements were performed 4–6 h after refeeding. Ad libitum samples
were collected 2–3 h after lights-on for 13- to 16-week-old male knockout mice and control littermates fed chow diet unless otherwise
indicated. Data are means 6 SEM. N = 8–10 for each genotype and measurement. WT, wild-type; NS, not significant.
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Increased locomotor activity and melanocortin
signaling in Syn-Foxo1 mice. Male Syn-Foxo1 mice
had increased locomotor activity during the dark phase of
the light cycle (Fig. 5A). Previous studies have shown that
FoxO1 ablation in POMC neurons increased locomotor
activity because of increased a-MSH processing and mela-
nocortin signaling (17). Given that only a minority of
POMC neurons were targeted in Syn-Foxo1 mice (Fig. 2),

the cause of increased locomotion in Syn-Foxo1 mice is
likely different from that for Pomc-Foxo1 knockout mice.
In fact, a-MSH and b-endorphin levels in the MBH were
comparable between wild-type and Syn-Foxo1 mice (Fig. 5B
and C), indicating that processing of POMC-derived hor-
mones occurs normally in the knockout mice. The a-MSH
is rapidly metabolized in vivo by prolyl-carboxypeptidase
(Prcp) (26). The ratio of a-MSH to b-endorphins in Syn-Foxo1

FIG. 3. Increased central hormonal and nutrient sensitivity in Syn-Foxo1 mice. A: Rebound food intake after an overnight fast (n = 6 for each
genotype). B: Serum leptin measured after overnight fasting or refeeding (n = 6–8 for each genotype). C: Quantification of the integrated intensity
of pSTAT3 staining in the arcuate nucleus from refed wild-type and Syn-Foxo12/2

mice (n = 6). D: pStat3 staining (green) in the arcuate nucleus
from refed wild-type (Syn-Foxo1+/+;Rosa-Tomato) and knockout (Syn-Foxo12/2;Rosa-Tomato) mice. Syn-Cre neurons are labeled in red. Nuclei
are staining with DAPI (blue). E: Increased pS6 staining (green) in the hypothalamus from Syn-Foxo1;Rosa-Tomato mice. Syn-Cre–recombined
neurons are labeled in red. Nuclei are staining with DAPI (blue). F: pS6 staining (green) in dorsal medial nucleus of the hypothalamus from Syn-
Foxo1;Rosa-Tomato and control mice. AU, arbitrary units; BW, body weight; KO, knockout; WT, wild-type. *P < 0.05; **P < 0.01; ***P < 0.001.
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mice was slightly higher compared with that of wild-type
mice (0.471 6 0.025 vs. 0.419 6 0.014, respectively; P = not
significant), consistent with the possibility that slower in-
activation of a-MSH may contribute to increased melano-
cortinergic tone. a-MSH signaling exerts negative feedback
regulation on its peptide processing, reducing Pcsk1 ex-
pression (17). Pcsk1 and Prcp expression were signifi-
cantly reduced in the hypothalamus of Syn-Foxo1 mice
during the phase of increased locomotor activity (Fig. 5E
and F). These data suggest that increased melanocortin
signaling in Foxo1 knockout mice contributes to the in-
creased locomotor activity.

We tested this hypothesis by a gain-of-function ap-
proach. We reasoned that if FoxO1 loss-of-function in-
creased locomotor activity, then a gain-of-function mutant
should reverse this phenotype. We injected adenovirus
encoding the constitutively active FoxO1-ADA mutant (9)
into the MBH. After this manipulation, we observed in-
creased hypothalamic Foxo1 when compared with mice

that received control GFP adenovirus (Fig. 5G). After re-
covery, we individually housed mice in activity hotels pro-
vided with a running wheel and monitored wheel rotations
to assess locomotor activity during the 24-h light–dark
cycle. Mice injected with FoxO1-ADA showed less loco-
motor activity during the dark phase (Fig. 5H). Of note, as
a negative control, mice with FoxO1-ADA injection into
the SCN—a site spared by Syn-Cre recombination—
demonstrated no change in activity patterns (data not
shown). The SCN is the site of the master clock of the
brain, and it known for its role in controlling daily rest–
activity rhythms. This result indicates that the activity
phenotype is not caused by changes in SCN.
Single and triple FoxO ablation in neurons protect
equally from HFD-induced weight gain. We next in-
vestigated whether the comparatively mild phenotype seen
in Syn-Foxo1 mice could be explained by compensatory
actions of the two closely related isoforms, FoxO3 and
FoxO4 (19). To this end, we generated triple-knockout

FIG. 4. Altered brain–pancreas axis in Syn-Foxo12/2
mice. Glucose (A), insulin (B), and nonesterified fatty acid (C) levels after b3-adrenergic

receptor agonist injection (n = 7 for each genotype). D: Insulin secretion from islets isolated from Syn-Foxo1 and wild-type mice (n = 8 for each
genotype). Total/2,000: 1:2,000 dilution of islet insulin content obtained by acid extraction. E: Islet size quantification by morphometry (n = 6–8
for each genotype). F: Fasted and fed glucagon levels (n = 6–8 for each genotype). AU, arbitrary units; KO, knockout; NEFA, nonesterified fatty
acid; WT, wild-type. *P < 0.05; **P < 0.01.
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mice using Syn-Cre (Syn-Foxo1,3,4). mRNA measure-
ments in hypothalamus and hippocampus from wild-type
and Syn-Foxo1,3,4 mice revealed significant reductions of
Foxo1 and Foxo3, whereas Foxo4 was undetectable (Fig.
6A). Syn-Foxo1,3,4 and wild-type mice showed compara-
ble body weight when fed the normal chow diet (Fig. 6B).
When fed HFD after weaning, triple-knockout mice gained
less weight compared with wild-type mice (Fig. 6C), likely
because of reduced fat accumulation, as indicated by body
composition studies (Fig. 6D).

Next, we determined whether the knockout protected
from weight gain induced by HFD feeding. We used mice
backcrossed onto B6 background to minimize individual
variation. Wild-type mice rapidly gained weight when fed
HFD, whereas knockout mice consistently maintained a
significantly lower body weight (Fig. 6E). We analyzed
body composition after 4 months of HFD feeding and
found that knockout mice had significantly less fat mass
compared with wild-type mice (Fig. 6F). We compared
these mice with triple Syn-Foxo1,3,4 mice, and we found
that the extent of protection from HFD-induced fat accu-
mulation was the same. The triple-knockout mice fed HFD
had lower body weight than wild-type mice (33.8 6 0.8 g;
knockout mice: 31.3 6 0.7 g; P = 0.035). Then, we analyzed
energy balance in this cohort by indirect calorimetry. In-
terestingly, knockout mice had significantly increased VO2
(Fig. 6G), locomotor activity, and energy expenditure dur-
ing both light and dark phases (Fig. 6H and I). Knockout
mice had respiratory quotients comparable with those of
wild-type mice (Fig. 6J). In conclusion, FoxO1 ablation in
Syn-Cre–expressing neurons increased energy expenditure
in HFD-fed animals and partly offset diet-induced weight
gain.
Distinct energy balance and glucose homeostasis
phenotypes of Pomc;Agrp-Foxo1 mice. POMC and
AgRP neurons in the arcuate nucleus are critical CNS
components for controlling metabolic homeostasis. We
have reported that knocking out FoxO1 in either POMC or
AgRP neurons improves energy and glucose homeostasis
(17,18). Curiously, we found that only few POMC and AgRP
neurons undergo Syn-Cre–mediated recombination (Fig. 2),
yet Syn-Foxo1 mice have an improved metabolic profile
(Fig. 3). To distinguish the collective contribution of POMC
and AgRP neurons from that of other CNS neurons, we
characterized the phenotype of mice with combined FoxO1
knockout in both POMC and AgRP neurons. In contrast to
Syn-Foxo1 mice, Pomc;Agrp-Foxo1 mice fed normal chow
exhibited a lean phenotype, with lower body weight (Fig.
7A), decreased fat mass (Fig. 7B), and increased lean mass
(Fig. 7C). Furthermore, during the 24-h light cycle Pomc;
Agrp-Foxo1 mice showed significantly reduced VO2 (Fig.
7D) and elevated respiratory quotient but unaltered loco-
motor activity (Fig. 7E) compared with wild-type mice.

Considering this energy partitioning phenotype, we an-
alyzed hepatic glucose production in Pomc;Agrp-Foxo1
mice by euglycemic-hyperinsulinemic clamp studies. Glu-
cose infusion rates trended higher in Pomc;Agrp-Foxo1
mice (Fig. 7G), likely because of increased rates of glucose
disposal (Fig. 7H), but neither difference reached statisti-
cal significance. Interestingly, hepatic glucose production

FIG. 5. Locomotor activity and melanocortin signaling in single and
triple Syn-Foxo knockout mice. A: Locomotor activity during the 24-h
light-dark cycle in Syn-Foxo1,3,4 and control wild-type mice (n = 8 for
each genotype). We measured activity by beam breaks in metabolic
chambers used for indirect calorimetry studies. The a-MSH (B),
b-endorphin (C), and a-MSH:BEP ratios (D) in Syn-Foxo1 and control wild-
type mice (n = 8–9 for each genotype) are shown. Pcsk1 (E) and Prcp
(F) mRNA levels during the dark phase of the light cycle (n = 6–8 for
each genotype). G: Foxo1 mRNA in the MBH after delivery of FoxO1-
ADA or GFP adenovirus (n = 6 for each genotype). Data are expressed
as fold-change compared with control (normalized to 1). H: Locomotor
activity after delivery of FoxO1-ADA or GFP adenovirus. Activity was
measured by wheel rotations for each individually housed mouse with
a running wheel during 12-h light/12-h dark cycle or continuous 24-h
dark cycle. We show two representative continuous activity recordings

over 48 h for each genotype. Red asterisk depicts the time of viral in-
jection. AU, arbitrary units; BEP, b-endorphin; D/D, 24-h dark cycle; KO,
knockout; L/D, 12-h light/12-h dark cycle; WT, wild-type. *P < 0.05;
**P < 0.01.
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was unchanged (Fig. 7I), unlike in Agrp-Foxo1 mice (18).
Based on these results, we conclude that FoxO1 function
in POMC and AgRP has concordant effects to increase
energy expenditure but has opposing actions on hepatic
glucose production, as intimated by a previous study (21).
The metabolic functions of FoxO1 in Syn-Cre–expressing
neurons appear to be distinct from those in AgRP and
POMC neurons.

DISCUSSION

In this work, we describe the metabolic and energy bal-
ance phenotypes associated with deletion of transcription
factor FoxO1, a key metabolic sensor, in Syn-Cre–expressing
neurons that are found scattered in the cortex, hippo-
campus, hypothalamus, and brain stem. Syn-Foxo1 mice
display a catabolic energy balance phenotype associated
with increased sensitivity to hormone and nutrient sig-
naling within the CNS and increased locomotor activity,
possibly attributable to low a-MSH turnover leading to
enhanced melanocortin signaling. The heterogeneity of
Syn-Cre–mediated recombination, as assessed by lineage
tracing, limits our ability to assign the observed phenotype
to a specific neuronal subtype. Nonetheless, we used three
alternative approaches to begin to map the functional
neuroanatomy of FoxO functions in the CNS. First, lineage-
tracing approaches show that only ;20% of NPY/AgRP
and POMC neurons display Syn-Cre–dependent recombi-
nation, effectively ruling a major contribution of these key
neuronal populations to the energy balance and metabolic
phenotypes of Syn-Foxo1 mice. We supported this con-
clusion by analyzing mice with combined ablations of
FoxO1 in AgRP and POMC neurons, and by showing that
the phenotypes differ. Second, concurrent ablation in Syn-
Cre neurons of the three insulin-regulated FoxO isoforms,
FoxO1, FoxO3, and FoxO4, also conferred a catabolic en-
ergy expenditure phenotype, with improved glucose me-
tabolism and resistance to HFD, demonstrating that FoxO
functions likely overlap, similar to previous observations
(6,27). Third, we used a gain-of-function approach to map
the increased activity phenotype to the MBH. We conclude
that in addition to their established role in neuropeptide
synthesis and processing, FoxO1, FoxO3, and FoxO4 have
anabolic functions in other areas of the CNS.

A new finding of the present work is the increase in
insulin secretion observed in response to a b3-AR agonist.
This likely reflects an effect of FoxO1 on sympathetic ac-
tivity, possibly because of loss of FoxO1 function in the
brain stem (28,29). Our conclusion is that the integrative
neuronal function of FoxO1 extends beyond the arcuate
nucleus, suggesting that broad-based inhibition of FoxO1
function in the CNS can promote hormone sensitivity and
prevent metabolic disease.

Key components of insulin and leptin signaling pathways
have been studied using pan-neuronal ablation approaches
(30). Our data emphasize that there is no such thing as
a truly pan-neuronal knockout, and that caution should be
exerted in comparing knockouts performed with different
Cre drivers. Mice with Nestin-Cre–driven insulin receptor
knockout (31) develop diet-induced obesity with increases
in body fat, mild insulin resistance, increased plasma lep-
tin, and hypertriglyceridemia, demonstrating that neuronal
insulin receptor function affects energy balance. With the
caveats stated, it is reassuring that the overall direction of
the metabolic changes is consistent with the opposing cel-
lular actions of insulin receptor and FoxO (5), especially

FIG. 6. FoxO ablation in neurons protects fromHFD-induced weight gain.
A: Foxo mRNA levels in the hypothalamus and hippocampus (n = 6–8 for
each genotype). B and C: Growth curve of Syn-Foxo1,3,4 and wild-type
mice fed chow (n = 32–35 for each genotype; B) or HFD (n = 6 for each
genotype; C). D: Body composition of mice fed HFD (n = 6–10 for each
genotype). Body weight (E) and body composition (F) of Syn-Foxo1 and
wild-type mice fed HFD at 11 weeks of age (n = 5–6 for each genotype).
G–J: Indirect calorimetry measurements. Oxygen consumption (mL/h/kg)
(G), locomotor activity (counts) (H), energy expenditure (W/kg) (I), and
respiratory quotient (J) of male mice fed HFD (n = 8 for each genotype).
AU, arbitrary units; BW, body weight; HIP, hippocampus; HYP, hypothal-
amus; KO, knockout; NCD, normal chow diet; RQ, respiratory quotients;
WT, wild-type. *P < 0.05; **P < 0.01; ***P < 0.001.
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because the latter acts as a relay node for multiple extra-
cellular signals (32). Similarly, Syn-Cre neuron–specific
leptin receptor deletion gave rise to obesity associated
with increased plasma glucose, insulin, and leptin in a
manner that was directly related to the extent of hypo-
thalamic leptin receptor ablation (33). These data lend
support to previous work indicating that FoxOs act to in-
tegrate insulin with leptin signaling by virtue of their ability
to antagonize STAT3 signaling in response to decreasing
levels of phospho-Akt (13). Conversely, neuron-specific
knockout or knockdown of protein tyrosine phosphatase-1b,
a negative regulator of insulin and leptin signaling, improves
insulin and leptin sensitivity and protects from diet-induced
obesity (34,35). Nonetheless, there are telling differences
between the phenotypes resulting from protein tyrosine
phosphatase-1b and FoxO ablation, for example, with
regard to peripheral metabolism and locomotor activity.
These data indicate that FoxO relays multiple pathways

acting not only through Akt but also possibly through
other kinases. The nature of these kinases and their target
sites on FoxO1, as well as the physiologic consequences of
their activation on FoxO1 function, represent important
areas for further research. In addition to insulin and leptin,
FoxO1 mediates the effects of other key hormones on
metabolism, such as ghrelin (36). We found in our studies
that the diverse, if internally consistent, effects of FoxO
ablation on energy homeostasis impinge equally on insulin
and leptin signaling, sensitizing the body to both. More
challenging is the question of which cellular mechanisms
and neuronal relay systems are used to effect these actions.

In this study, we found that mice with FoxO1 knockout
in Syn-Cre–expressing neurons have increased melano-
cortin signaling tone, manifested as increased locomotor
activity. The finding that constitutively active FoxO1 ex-
pression in MBH, but not in SCN, reduces locomotor ac-
tivity highlights the physiological importance of FoxO1

FIG. 7. Distinct energy balance and glucose homeostasis phenotypes of Pomc;Agrp-Foxo12/2
mice. Body weight (A), fat content (B), and lean mass

(C) (n = 8–9 for each genotype). Oxygen consumption (D), respiratory quotient (E), and locomotor activity (F) (n = 9 for each genotype). Glucose
infusion (G), glucose disposal (H), and hepatic glucose production (I) during euglycemic-hyperinsulinemic clamps (n = 4–6 for each genotype).
APKO, Pomc;Agrp-Foxo12/2

; GIR, glucose infusion rate; HGP, hepatic glucose production; Rd, glucose disposal; RQ, respiratory quotient; WT, wild-
type. *P < 0.05.
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function in MBH. MBH includes several neuronal pop-
ulations that are critical for metabolic regulation. For ex-
ample, FoxO1 activation in POMC and AgRP neurons results
in anabolic function, but the underlying effectors and
molecular mechanisms are starkly different (12–15,17,18).
In POMC neurons, FoxO1 knockout promotes leanness, de-
creases food intake, increases leptin sensitivity, and increa-
ses melanocortin signaling. We have proposed that the key
effector of these actions is carboxypeptidase, the protease
responsible for cleaving POMC to a-MSH and b-endorphin,
which are normally suppressed by FoxO1 (17). In AgRP
neurons, FoxO1 regulates expression of AgRP itself (13)
and also of the orphan G-protein-coupled receptor Gpr17,
whose pharmacological modulation affects food intake
and, hence, shows promise as a target of antiobesity drugs
(18). Unlike ablation in POMC neurons, ablation in AgRP
neurons also had a substantial effect on hepatic glucose
production, adding one important potential therapeutic
benefit to CNS-targeted FoxO inhibition (18). The ventral
medial nucleus is also a site of FoxO1 action (16). Mice
lacking FoxO1 in ventral medial nucleus steroidogenic
factor-1–expressing neurons are lean because of increased
energy expenditure and have increased insulin sensitivity,
suggesting that the overarching role of FoxO as a mediator
of energy balance extends to multiple CNS sites.

The adult mammalian brain also contains neural stem
cells that can give rise to neurons, astrocytes, and oligo-
dendrocytes (37). FoxO1, FoxO3, and FoxO4 cooperatively
regulate neural stem cell homeostasis and play important
roles in neural stem cell proliferation and renewal, possi-
bly through their regulation of cellular metabolism (27).

FoxO isoforms include FoxO1, FoxO3, and FoxO4. Based
on estimates from quantitative PCR analysis, FoxO1 is the
major isoform expressed in the brain. FoxO3 is expressed
at lower levels, whereas FoxO4 expression is virtually un-
detectable. These different FoxO isoforms could have func-
tional redundancy, and other isoforms may compensate for
the loss of one isoform. For example, this is the case in the
liver, where triple ablation of Foxo genes causes more
pronounced effects than the single FoxO1 knockout with
fasting hypoglycemia, increased glucose tolerance and in-
sulin sensitivity, and decreased plasma insulin levels (6).
This paradigm appears to hold true in the brain, because
our data show that triple FoxO knockouts in the brain are
better protected from weight gain induced by HFD, indi-
cating potentially redundant contributions of other FoxO
genes to CNS regulation of energy balance.

Understanding the integrative function of FoxO1 in the
CNS is crucial for harnessing its therapeutic potential for
metabolic diseases. The data presented in this study are
reassuring in this regard because we observed no unto-
ward effect of single or triple FoxO ablation. Further, we
saw that the effects linked to Syn-Cre ablation are quali-
tatively similar to those observed in more restricted knock-
outs (16–18), allaying fears that broad-based FoxO inhibition
might adversely affect cellular survival, behavior, and overall
energy homeostasis.
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