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In mammals, males consume more food, which is considered a masculinized behavior, but the
underlying mechanism of this sex-specific feeding behavior is unknown. In mice, neonatal testos-
terone (NT) s critical to masculinize the developing brain, leading to sex differences in reproductive
physiology. The proopiomelanocortin (POMC) neurons of the hypothalamic arcuate nucleus (ARC)
are critical to suppress energy intake and POMC innervation of hypothalamic feeding circuits
develops to a large extent neonatally. We hypothesized that NT programs the masculinization of
energy intake by programming POMC neurons. We tested this hypothesis by comparing control
females and control males (CMs) with female mice neonatally androgenized with testosterone
(NTFs). We show that increased food intake in CMs is associated with reduced POMC expression and
decreased intensity of neuronal projections from POMC neurons within the ARC compared with
control females. We found that NTFs display a masculinized energy intake and ARC POMC expres-
sion and innervation as observed in CMs, which can be mimicked by neonatal exposure to the
androgen receptor agonist dihydrotestosterone (DHT). NTFs also exhibit hyperleptinemia and a
decreased ability of leptin to up-regulate POMC, suppress food intake, and prevent adipose tissue
accumulation, independent of signal transducer and activator of transcription 3. However, this
leptin resistance is specific to NTFs, is not a consequence of masculinization, and is reproduced by
neonatal exposure to estrogen but not DHT. Thus, NT programs a sexual differentiation of POMC
neuronsin female mice via DHT but also predisposes to leptin resistance and obesity in an estrogen-
dependent manner. (Endocrinology 152: 1661-1669, 2011)

here are fundamental aspects of energy metabolism,
Tincluding energy intake, that are regulated differently
in males and females (1). In mammals, males consume
more food than females, which is considered a masculin-
ized behavior (2). Although itis assumed that the increased
energy intake of males supports their higher muscle mass,
the underlying mechanism of this feeding-related sex di-
morphism is unknown. In many mammals including hu-
mans, the testis produces two perinatal testosterone surges
that are critical to masculinize the organism (3). Early in
development, the brain, like the reproductive system, is
inherently feminine, disregarding the animal’s genetic sex.
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If the brain is exposed to testosterone during a sensitive
developmental window (either from its own testes in males
or from an exogenous source in females), it will be mas-
culinized (4-9). To study brain sexual differentiation, in-
vestigators have extensively used the model of neonatal
testosterone (NT) exposure in female rodents (4-9). In
females, NT defeminizes and masculinizes the structure
and function of the hypothalamus. There is extensive ev-
idence of sexual dimorphisms in copulatory behavior and
physiology that are secondary to brain programming by

Abbreviations: AR, Androgen receptor; ARC, arcuate nucleus; CF, control female; CM,
control male; DHT, 5a-dihydrotestosterone; E2, estradiol; ER, estrogen receptor; IHC,
immunohistochemistry; MC4R, melanocortin 4 receptor; NDHTF, NTF mice to female mice
neonatally exposed to DHT; NE2F, female mice neonatally exposed to E2; NT, neonatal
testosterone; NTF, female mice neonatally androgenized with testosterone; p, phosphor-
ylated; POMC, proopiomelanocortin; qRT-PCR, real-time quantitative PCR; STAT3, signal
transducer and activator of transcription 3.
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NT (4-9). For example, Kiss1 encodes for kisspeptins that
are instrumental in generating the preovulatory gonado-
tropin surge in females. Males express less Kiss1 in the
hypothalamus, and in females, NT exposure suppresses
Kiss1 expression, thus preventing the preovulatory surge
of gonadotropin (10).

The arcuate nucleus (ARC) is a key hypothalamic area
mediating the inhibition of energy intake by the main ap-
petite-suppressing hormone, leptin. Leptin acts via an-
orexigenic proopiomelanocortin (POMC) neurons, which
express the long form of the leptin receptor (11). InPOMC
neurons, leptin up-regulates the expression of POMC,
which suppresses food intake via its endoproteolitic prod-
uct, a-MSH, the main ligand of melanocortin 4 receptors
(MC4Rs) (12). In rodents, neural projections from the
ARC develop to a large extent during the first 2 wk of
postnatal life to connect with hypothalamic feeding cir-
cuits (13). Thus, during this sensitive period, the perinatal
environment plays a crucial role in programming energy-
balance set points in adults. For example, in mice, neona-
tal leptin acts as a neurotrophic factor, promoting the de-
velopment of projections from the ARC into other
hypothalamic areas (13). This neutrophic action of leptin
is restricted to a critical neonatal period that precedes lep-
tin’s anorexigenic action in adults (13). Similarly, NT me-
diates many aspects of sexual differentiation of the male
rodent brain during a restricted developmental neonatal
period ending on d 10 (4-5). Thus, NT may also program
hypothalamic ARC neurons involved in energy intake.
Still the effect of NT in organizing the ARC POMC neu-
rons is unknown. Here we hypothesized that NT pro-
grams the organization of ARC POMC neurons during the
critical neonatal period of ARC development, thus mas-
culinizing energy intake and sex differences in feeding be-
havior. We tested this hypothesis by comparing control
females (CFs) with control males (CMs) and female mice
neonatally androgenized with testosterone (NTFs). We
studied the central regulation of energy intake and POMC
neuron architecture and function in adulthood.

Materials and Methods

Animals

Neonatally androgenized and estrogenized mice were pro-
duced by injecting C57BL/6 pups with 100 ug testosterone, 100
ug dihydrotestosterone, or 50 pg 17B-estradiol (Steraloids, Inc.,
Newport, RI) sc in sesame oil (Sigma-Aldrich, St. Louis, MO) at
neonatal d 1 and 2. Control pups of the same age were injected
with vehicle in sesame oil. Mice were studied on a standard ro-
dent chow. All animal experiments were approved by North-
western University Animal Care and Use Committee in accor-
dance with the National Institutes of Health Guide for the Care
and Use of Animals.
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Food intake measurement

Animals were housed individually for 1 wk to accommodate
to the new environment. Food intake was measured daily for 1
wk after accommodation. For measurement of food intake after
prolonged fasting, mice were fasted for 24 h and food intake was
measured at the indicated time points.

Serum hormone concentrations measurement

Serum leptin concentrations were measured by ELISA
(Linco Research, Inc., St. Louis, MO). Serum testosterone
(Siemens Medical Solutions Diagnostics, Los Angeles, CA),
estradiol (Beckman Coulter, Inc., Fullerton, CA) and proges-
terone (Siemens Medical Solutions Diagnostics) were mea-
sured by RIA at the core of the University of Virginia Center
for Research in Reproduction.

Gene expression analysis by real-time quantitative
PCR (qRT-PCR)

Gene expression was quantified in tissues by real-time
quantitative PCR (qRT-PCR) (iCycler; Bio-Rad Laboratories,
Hercules, CA) and normalized to B-actin expression. Briefly,
total RNA was extracted in TRIzol Reagent (Invitrogen,
Carlsbad, CA). One microgram of RNA was reversed tran-
scribed using iScript cDNA synthesis kit (Bio-Rad Laborato-
ries) with random hexamers. Primer sequences are available
upon request.

Western blotting

Frozen hypothalami were homogenized in lysis buffer [50
mM HEPES (pH 7.6), 1% Triton X-100, 150 mm NaCl, 100
mM NaF, 50 mMm sodium pyrophosphate, 10 mm EDTA (pH
8.0), 10 ug/ml aprotinin, 10 pg/ml leupeptin, 2 mm phenyl-
methylsulfonyl fluoride, 10 mm Na;VO,, and 2 mMm benzami-
dine], centrifuged at 12,000 X g, and supernatant removed.
POMC was detected with rabbit polyclonal antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Detection was
performed by an enhanced chemiluminescence kit (Pierce,
Rockford, IL).

In vivo leptin stimulation

Mice were separated into individual cages for 1 wk to ac-
commodate to their surroundings. Food intake was measured
daily for 1 wk to obtain basal values. Leptin [(25 ng/20 g ip),
National Hormone and Peptide Program, Torrance, CA] was
injected daily for 4 d during which food intake and body weight
were measured daily. For hypothalamic neuropeptide gene ex-
pression studies, PBS or leptin (3 ug/g) were injected ip after a
24-h fast. Six hours later, mice were killed followed by isolation
of hypothalami.

Free-floating brain immunohistochemistry (IHC)
Mice were fasted for 24 h and exposed to ip PBS or leptin (5
ug/g body weight) for 30 min. Mice were killed after cardiac
perfusion with 10% formalin, and brains were postfixed in 10%
formalin overnight at 4 C and transferred to 30% sucrose solu-
tion. Tissues were frozen on dry ice, cut into 30-um coronal
sections on a sliding microtome, collected, and stored in anti-
freeze solution (50% PBS, 15% ethyl glycol, and 35% glycerol)
at —20 C. Brain sections were used for free-floating IHC. Sec-
tions were washed and pretreated in methanol containing 1%
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H,0,, 0.3% glycine, and 0.03% sodium dodecyl sulfate. Sec-
tions were blocked in 3% normal donkey serum, followed by
incubation with rabbit antiphospho-(Y705)-signal transducer and
activator of transcription 3 (STAT3) (1:1000; Cell Signaling, Bev-
erly, MA) for 3 d at 4 C. After extensive washing, the sections were
incubated with a secondary biotinylated donkey antirabbit anti-
body (1:1000; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA) and finally detected with an avidin-biotin-complex and
developed in a metal-enhanced diaminobenzidine solution
(Thermo Scientific, Rockford, IL) in a peroxide buffer (Fisher
Scientific). For double IHC and the identification of phosphor-
ylated (p) STAT3 colocalization with POMC cell bodies, sections
were further subjected to incubation with rabbit anti-ACTH [1:
100; from the National Hormone and Peptide Program, Tor-
rance, CA] overnight at room temperature and visualized with a
secondary donkey antirabbit-Alexa488 (Invitrogen).

Neuronal cell counts

To analyze for changes in leptin-induced pSTAT3 in POMC
neurons, we quantified the number of colocalized pSTAT3/
ACTH neurons in three sections of the rostral ARC that were
anatomically matched between animals (n = 3-4 per groups).
Images were obtained with a digital camera (DP30W; Olympus,
Tokyo, Japan) under a bright-field or fluorescent microscope
(BX51; Olympus) using a X20 objective or with a confocal micro-
scope for analysis of the ACTH fibers. For better visualization im-
ages, brightness and contrast were adjusted using exact parameters
for all samples. Scale bars indicate 200 wm. Identical images were
captured for pSTAT3 (using bright field) and ACTH (using fluo-
rescent light and appropriate filters), and images were merged using
Adobe Photoshop software (Adobe Systems, San Jose, CA). All ad-
justments for brightness and contrast were kept identical to ensure
comparability. Data were analyzed for the total number of POMC
neurons as well as the total number of pSTAT3/POMC neurons.

Quantification of ACTH fibers

To quantify ACTH fiber density in mouse brains, we took
confocal images (Leica Microsystems, Heidelberg, Germany)
from anatomically closely matched sites of the paraventricular
nucleus and ARC. In each focused image, the gain and offset
was kept constant, and a stack of 75 optical sections was scanned
through a volume of 10.1 pwm covering the florescent signal. Further
image analysis was performed with Image ] (National Institutes of
Health, Bethesda, MD), and three rectangles (identical in size) were
chosen per stack to measure average fluorescence intensity through-
out the individual optical sections. Background signals were sub-
tracted after ensuring that no significant difference in background
signal was found between groups.

Statistical analysis

Results are presented as mean = SEM unless otherwise stated.
Data were analyzed using one-way ANOVA followed by post
hoc analysis using Dunnett’s multiple comparison test or two-
way ANOVA followed by post hoc analysis using Bonferroni test
as appropriate. A value of P < 0.05 was considered statistically
significant.

Results

To address the hypothesis that neonatal androgenization
programs the masculinization of energy intake, we com-
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TABLE 1. Serum sex steroid hormone concentrations

CF NTF ™M
Testosterone 12.83 = 1.13 1549 + 1.81 113.97 + 27.27°
(ng/dl)
17B-Estradiol 42.68 + 3.99 48.17 + 6.74 14.48 = 2.237
(pg/ul)
Progesterone  4.73 = 0.45 1.56 + 0.22° N.D.
(ng/ml)

Values represent mean =+ se. N.D., Not determined.
4P <0.01, NTF, CM vs. CF[n = 3-11 (12 wk old)].
b p<0.001, NTF, CM vs. CF[n = 3-11 (12 wk old)].

pared littermate CF, NTF, and CM mice. NTF mice
showed effective neonatal androgenization as demon-
strated by decreased serum progesterone concentrations
and the constitution of an anovulatory state (Table 1) (14).
Other than that, adult NTFs showed no alteration in se-
rum estradiol or testosterone levels (Table 1).

NT programs energy intake

To determine whether NT programs energy intake, we
monitored food intake in young mice after weaning. Young
NTF mice showed an increase in food intake that reached
significance at 6 wk of age compared with CFs, as observed
in CMs, consistent with a masculinization of food intake
(Fig. 1A). This increase in food intake persisted in adult CMs
and asa trend in adult NTFs (Fig. 1B). When food intake was
normalized to body weight, and consistent with a linear in-
crease in body weight in NTFs and CMs (Supplemental Fig.
1A, published on The Endocrine Society’s Journals Online
web site at http://endo.endojournals.org), the trend to-
ward masculinization was reversed in the three groups of
mice (Fig. 1C).The male response to food deprivation is to
gain fat by increasing energy intake, whereas, conversely,
that of females is to gain fat by decreasing energy expen-
diture (15). Thus, to explore masculinization of feeding
behavior after food deprivation, we studied food intake
after a 24-h fast. During ad libitum refeeding, NTFs fur-
ther increased their food intake to a level equal to that of
CMs, with a maximum between 12 and 16 h (Fig. 1D),
supporting a masculinized starvation behavior in NTF
mice. Furthermore, consistent with brain masculinization,
locomotor activity and energy expenditure were both sig-
nificantly lower in NTFs and CMs compared with CFs
(Supplemental Fig. 1, B and C).

NT programs hypothalamic POMC neurons

We explored the possibility that NT masculinizes energy
intake by programming ARC POMC neurons. The ARC is
a key hypothalamic area that mediates leptin’s anorexigenic
action. It contains first-order, leptin-responsive, anorexi-
genic POMC/cocaine and amphetamine-regulated tran-
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FIG. 1. NT masculinizes energy intake. A, Food intake was measured in young mice at the indicated age (n = 7-17). B, Daily food intake in
12-wk-old mice (n = 10-19). C, Ratio food intake to body weight in mice from B (n = 10-19). D, Cumulative food intake was measured after
refeeding after 24 h fasting in 12-wk-old mice (n = 8—14). Results represent mean = se. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NTF, CM vs. CF.

script neurons and orexigenic neuropeptide Y/agouti-related
peptide neurons (11). In these neurons, leptin up-regulates
POMC/cocaine and amphetamine-regulated transcript an-
orexigenic and down-regulates neuropeptide Y/agouti-re-
lated peptide orexigenic gene expression, thereby suppress-
ing energy intake (11). We quantified ARC neuropeptide
gene expression after refeeding, when leptin levels are at the
highest. We used Kiss1 as a genetic marker of appropriate
masculinization of the hypothalamus. Indeed, NT masculin-
ization of the ARC decreases Kiss1 in female mice (10). Ac-
cordingly, we observed that Kiss1 was suppressed in NTF
mice to levels observed in CMs (Fig. 2A). Furthermore,
POMC gene and protein expression was decreased in the
hypothalamus from NTFs to an extent similar to that of CM
mice (Fig. 2, B and C). Conversely, the expression of Cart,
Agrp, and Npy were not altered between CFs and NTFs
(Supplemental Fig. 2A). We next looked at the possibility
that ARC POMC neuron number and/or architecture had
been altered by NT exposure. Consistent with the decreased
POMC gene and protein expression, we observed a decrease
or masculinization of the intensity of POMC neuronal pro-
jections in the ARC of NTFs and CMs compared with CFs
(Fig. 2D). Together, these data suggest that first, ARC
POMC neurons function and projections are sexually di-
morphic, and second, that they are masculinized in NTFs as
observed in CMs.

NT impairs leptin’s ability to stimulate Pomc and
suppress energy intake

To explore the mechanism underlying NT programming
of hyperphagia and POMC neurons, we measured serum
concentrations of the main appetite-suppressing hormone,
leptin. Adult NTF mice showed hyperleptinemia compared
with CFs and CMs (Fig. 3A), suggesting that they are leptin
resistant. To test that possibility, we studied leptin anorexi-
genic action after peripheral leptin injection. Leptin signifi-
cantly suppressed food intake in CF and CM mice (Fig. 3B).
Conversely, and inconsistent with a process of masculiniza-
tion, leptin’s ability to suppress food intake was dramatically
reduced in NTFs compared with CFs and CMs (Fig. 3B).

Whereas CMs showed an increased reduction of body
weight in response to leptin compared with CFs, conversely,
leptin-induced body weight loss was blunted in NTFs com-
pared with CFs and CMs (Fig. 3C). This leptin resistance was
further reflected in an increased adiposity in NTFs compared
with CFs and CMs (Fig. 3D).

In the hypothalamus, leptin decreases energy intake via
the long leptin receptor isoform. However, Lepr expression
was similar in all three groups (Fig. 4A). We further studied
whether the known effect of leptin to stimulate Pomic ex-
pression was altered in NTF mice. Consistent with leptin
anorexigenic action, peripheral leptin significantly increased
Pomic expression in CFs and CMs (Fig. 4B). Conversely, but
consistent with lack of leptin anorexigenic action, leptin
failed to stimulate Pormic expression in N'TFs (Fig. 4B). Note
that this experiment used fasted animals for vehicle and lep-
tintreatment in contrast to Fig. 3, and thus, in the fasted state,
differences in Pomic expression were no longer present. No
significant difference was observed in leptin suppression of
orexigenic neuropeptides between groups (Supplemental
Fig. 2B).

Thus, NT masculinizes feeding behavior and POMC
expression in females. Conversely, the impaired leptin ac-
tion is specific for NTFs and is therefore inconsistent with
masculinization. This latter observation supports the hy-
pothesis that testosterone induces leptin resistance selec-
tively in females, as further indicated below.

NT programs a novel form of leptin resistance

The best-defined signaling pathway for leptin to stimulate
Pomic expression is the Janus kinase 2-STAT3 pathway (16).
To define the mechanism of the observed leptin resistance in
NTFs, we quantified leptin-induced pSTAT3 in hypotha-
lamic sections. Surprisingly, despite a marked decrease in
leptin sensitivity in NTFs, we were not able to observe any
differences in leptin-induced pSTAT?3 in the ARC or other
hypothalamic sites between NTFs, CFs, or CMs (Supple-
mental Fig. 3). We thus sought to determine whether leptin
signaling via STAT3 was selectively altered in POMC neu-
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expression (18). Similarly, we observed a
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FIG. 2. NT masculinizes POMC neurons. A and B, Kiss7 and Pomc expression was measured
by qRT-PCR in hypothalami from 20-wk-old mice after refeeding (n = 10-26). C, POMC
protein levels were measured by Western blotting in whole hypothalami in fed condition (n =
4). D, Hypothalamic POMC neuron projections were detected by IHC after ACTH staining
followed by quantification as described in Materials and Methods (n = 3). All studies were
performed in 12-wk-old mice. Results represent the mean = se. *, P < 0.05; **, P < 0.01;

*** P < 0.001; NTF, CM vs. CF; VMH, ventromedial hypothalamus.

rons in the rostral part of the ARC, in which most leptin-
responsive POMC neurons are located (17). In leptin-stim-
ulated mice, we observed a similar trend in NTFs and CMs
toward an increase in total number of POMC neurons and
number of POMC neurons coexpressing pSTAT3, sugges-
tive of masculinization in NTFs (Fig. 5). Still leptin-induced
pSTAT3 was not decreased in POMC neurons of NTFs.

Thus, NTFs exhibit a specific form of leptin resistance
to suppress energy intake via a STAT3-independent mech-
anism that is not observed in CMs and is not a mere
masculinization.

NT programs MC4R sensitivity
In diet-induced obese and leptin-resistant mice, the mela-
nocortin system is overresponsive due to increased MC4R

ronc BEBPBEESEE==

ACHn o v -

significant increase in hypothalamic
Mc4rexpression in NTFs compared with
CFs and CMs, suggesting a compensa-
tory increase in sensitivity to residual
* a-MSH (Fig. 6A). Indeed, after ip in-
jection with the MC4R agonist, mela-
notan II, we observed an increased sup-
pression of food intake in NTF
compared with CF and CM mice, con-
firming increased MC4R sensitivity
(Fig. 6B). Thus, NTF mice fail to in-
crease POMC expression in response to
leptin but conversely increase MC4R
expression and sensitivity to respond to
melanocortins.

W

#

NTF Ccm

NT programs POMC neurons and
leptin resistance via distinct
pathways
We finally focused on the receptor un-

derlying NT programming of POMC
neurons and leptin resistance. Testoster-
one is a prohormone that is locally con-
verted to either the pure androgen Sa-
dihydrotestosterone (DHT), the main
ligand of the androgen receptor (AR), or
estradiol (E2) acting on estrogen recep-
tors (ERs) (19). Thus, we sought to de-
& termine whether NT programs POMC
© neurons via ER- or AR-dependent path-
ways. To address this issue, we compared
NTF mice to female mice neonatally ex-
posed to DHT (NDHTF) or E2 (NE2F).
Again, Kiss1 expression was used as a ge-
netic marker of hypothalamic masculin-
ization (Fig. 3B). We observed that
NE2F, but not NDHTF, mice exhibited a
suppression of Kiss1 expression to an extent similar to NTF
mice (Fig. 7A).We next measured food intake after a 24-h
fast. Whereas NE2F mice showed no increase in food intake
after refeeding (Fig. 7B), NDHTF mice were hyperphagic
similar to N'TF mice (Fig. 7B). Consistent with the food in-
take measurement, hypothalamic Pomic expression was nor-
mal in NE2F mice (Fig. 7C). However, in NDHTF mice,
Pomc expression was reduced compared with CFs and as
observed in NTF mice (Fig. 7C). NDHTF mice maintained
normal serum leptin concentrations, in contrast to NTF mice
(Fig. 7D). Conversely, NE2F mice, like NTF mice , showed
hyperleptinemia, suggesting that they are leptin resistant
(Fig. 7D). To test that possibility, we studied the anorexigenic
effect of peripheral leptin. NDHTF mice showed normal lep-
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FIG. 3. NT impairs leptin’s ability to suppress energy intake. A, Fed serum leptin
concentrations were measured in 12-wk-old mice (n = 8-9). Suppression of food intake (B)
and reduction of body weight (C) were assessed daily for 4 d after ip leptin injection (25 ug
per 20 g/d) in 12-wk-old mice. Daily values and 4 d averages are shown (n = 7-10). D, Total
fat pad weights (percent of body weight) were measured in 32-wk-old mice (n = 10-23).
Results represent mean = se. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NTF, CM vs. CF.

tin suppression of food intake (Fig. 7E), and accordingly they
retained normal adiposity (Fig. 7F). Conversely, and consis-
tent with hyperleptinemia, NE2F mice exhibited a failure of
leptin to suppress food intake (Fig. 7E) and developed in-
creased adiposity as observed in NTF mice (Fig. 7F). Finally,
as expected from the leptin resistance data, NDHTF mice
retained normal Mc4r expression, whereas NE2F mice, like
NTF mice, developed a compensatory increased Mc4r ex-
pression (Fig. 7G). Thus, neonatal exposure to DHT pro-
grams Pomc and energy intake, whereas neonatal exposure
to E2 leads to leptin resistance and obesity.

Discussion

Exposure of female mice to testosterone during a critical
neonatal developmental window programs a sexual dif-
ferentiation of hypothalamic POMC neurons. Con-
versely, and inconsistent with a masculinization, NT pro-
grams a developmental failure of leptin to stimulate
hypothalamic POMC production.

The developing brain is feminine by default, regardless
of the animal’s genetic sex. To achieve a male-specific
brain, the differentiated testis produces two perinatal tes-
tosterone surges that program the organization of neural
circuits permissive to the activation of male behavior at
puberty. The sex-specific brain differentiation, however,
can also be achieved by neonatal exposure to exogenous

protein and/or an altered POMC neu-
ron wiring of the ARC. POMC is an
important suppressor of energy intake
(20, 21). Thus, the male-specific differ-
ences in POMC neurons may explain
the elevated energy intake characteris-
tic of males compared with females. We
find that NTF mice have developed a masculinized POMC
neuron architecture and function which may cause NTF
mice increased energy intake in normal feeding conditions
and in response to starvation. Thus, NT has imprinted
male patterns of melanocortin-dependent feeding behav-
ior in female mice. This suggests that first, the POMC
neuron architecture/function is inherently feminine in
mice and can be masculinized by perinatal sex steroids.
Second, this suggests that adult sex dimorphisms in
POMC neurons could be determined neonatally by the
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FIG. 4. NT impairs leptin’s ability to stimulate Pomc. A, Lepr
expression in 12-wk-old mouse hypothalami after refeeding (n = 10—
26). B, Pomc expression in 20-wk-old mouse hypothalami after 24 h
fasting followed by 6 h of 3 ug/g ip leptin (L) or vehicle (V) treatment
(n = 11-13). Results represent mean = se. *, P < 0.05; **, P < 0.01;
NTF, CM vs. CF.
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FIG. 5. NT does not decrease leptin-stimulated pSTAT3 in POMC
neurons. IHC and quantification of pSTAT3/POMC cell number and
total POMC neurons in hypothalami from 12-wk-old CF, NTF, and CM
mice treated with leptin for 60 min (n = 3). 3V, Third ventricle; ME,
median eminence.

testicular testosterone surge acting in the developing cen-
tral nervous system of males. This latter issue has not been
directly addressed in our study, however, and deserves
further investigation. Furthermore, the causality between
masculinization of POMC neurons and increase in food
intake still remains to be established.

Testosterone is a prohormone that is converted to the
more potent androgen DHT that binds the AR. Testos-
terone can also be aromatized to E2, which binds at least
two ERs, ERa and ERB. E2 masculinizes the neonatal
brain, which accounts for most sex differences in neural
structure and behavior (4, 5, 7, 9). Accordingly, we ob-
serve that N'T masculinizes Kiss1 and thus prevents the
preovulatory surge of gonadotropin via aromatization in
E2 acting on ERs because it is recapitulated by neonatal E2
but not DHT. It appears, however, that NT masculinizes
the hypothalamic POMC neurons, via AR action, because

endo.endojournals.org 1667

it is reproduced by neonatal DHT but not E2. This is con-
sistent with the presence of the AR in the mouse neonatal
ARC (22). Thus, the AR seems to have an organizational
function in the hypothalamic melanocortin system. The
mechanism through which the AR programs POMC neu-
rons is still unknown. Gonadal steroids exert permanent
organizational effects on the developing brain of rodents
through alteration in cell death, neuronal connectivity, or
epigenetic changes in gene promoters (6, 23, 24). Because
POMC neuron number is not decreased in NTF females,
the possibility that an AR-dependent pathway promotes
POMC neuron apoptosis is implausible. Rather, the pos-
sibility that the AR influences POMC synaptogenesis in
the ARC or programs epigenetic modification of the
POMC promoter, thus decreasing its expression, deserves
investigation.
NTFs exhibit a defect independent of masculinization:
a failure of leptin to stimulate Pomic expression. We be-
lieve that the decreased ability of leptin to stimulate Pomic
expression is instrumental in the development of obesity in
NTFs. First, POMC neurons are considered to be critical
in mediating leptin’s anorexigenic action (11), and a de-
crease in leptin’s ability to stimulate POMC expression is
expected to favor obesity. Indeed, mice lacking leptin re-
ceptors in POMC neurons exhibit a moderate decrease in
Pomic but still show hyperleptinemia and develop obesity
as can be observed in NTFs (25). Second, NT-induced
leptin resistance is characterized by a defect that is also
observed during high-fat feeding-induced leptin resistance
and obesity (18). This defect is a compensatory increase in
sensitivity of the downstream melanocortin system via
MCA4R up-regulation. Thus, NT-induced leptin resistance
may blunt the increase in POMC when serum leptin rises,
thus favoring adipose accumulation. However, NT-in-
duced leptin resistance also exhibits a specific feature. In
classical forms of leptin resistance such as high-fat feeding
or pregnancy, impairment of leptin’s ability
to suppress food intake and regulate body
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FIG. 6. NT increases MC4R sensitivity. A, Mc4r expression was measured by qRT-
PCR in hypothalami from 20-wk-old mice after refeeding (n = 10-36). B,
Suppression of food intake was measured after ip saline or melanotan Il (1 wg/g)
injection in 20-wk-old mice (n = 5-10). Results represent the mean = se. *, P <

24h ing. STAT3 is the major transcription factor
inducing Pomc via a STAT3 response ele-
ment on the Pomc promoter (16). Still, in
NTF mice, leptin stimulation of pSTATS3 is
normal in POMC neurons, whereas leptin
induction of Pomc is altered. This suggests
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15). C, Hypothalamic Pomc expression was measured qRT-PCR in fed condition in 20-wk-old mice (n = 10-34). D, Fed serum leptin
concentrations were measured in 12-wk-old mice (n = 9-26). E, Suppression of food intake was assessed daily for 4 d after ip leptin injection (25
g per 20 g/d) in 18-wk-old mice. Four-day averages are shown (n = 11-22). F, Total fat pad weights (relative to CF) were measured in 12- to 20-
wk-old mice (n = 8-31). G, Mc4r expression was measured by gRT-PCR in hypothalami from 20-wk-old mice after refeeding (n = 8—14). Results
represent the mean = se. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NTF, NE2F, NDHTF vs. CF. H, Proposed pathways whereby NT programs
energy intake and leptin resistance. NT is metabolized to the potent androgen DHT, and DHT masculinizes POMC neurons via the AR. NT is

aromatized to E2 and programs leptin resistance via ERs.

that NTF hypothalami exhibit a developmental abnor-
mality of a STAT3-independent leptin signaling pathway.
This abnormality in leptin action is programmed in an
ER-dependent manner because the obesity phenotype as-
sociated with hyperleptinemia, leptin resistance, and com-
pensatory increase in MC4R is reproduced by neonatal
E2. Studies using isoform-specific, ER-deficient mice are
ongoing to address this issue.

This study has clinical implications. In mice, the neo-
natal window of developmental plasticity of ARC feeding
circuits (13) shares similarities with ARC synaptogenesis
in humans during the second trimester of pregnancy (28).
Accordingly, in humans, there is evidence of masculiniza-
tion by prenatal testosterone. Females from opposite sex
twin pairs exposed to prenatal testosterone from a male
cotwin develop masculinized eating behaviors as adults
(29), suggesting that our model recapitulates human pa-
thology. Furthermore, evidence suggests that the polycys-
tic ovarian syndrome, the most common endocrine disor-
der of premenopausal women, has a developmental origin
in which maternal androgen excess during pregnancy pro-
grams both the reproductive and metabolic abnormalities

(30, 31). Because the NTF mouse shows both kiss1 sup-
pression with anovulation and metabolic abnormalities,
we speculate that perinatal testosterone excess program-
ming POMC neurons and leptin resistance in female fetus
may participate in the pathogenesis of polycystic ovarian
syndrome.

In summary, NT programs a sexual differentiation of
energy homeostasis in female mice leading to two inde-
pendent types of events: 1) DHT-dependent masculiniza-
tion of hypothalamic POMC neurons associated with el-
evated energy intake; and 2) E2-dependent leptin
resistance which favors obesity. Figure 7H summarizes the
programming effect of N'T on energy homeostasis.
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