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noncontiguous 7-mm-thick slices (with 3.5-mm interslice gaps). In each functional
sequence, eight test and eight control scans alternated for a total of 120 scans. In the test
periods, the above hand identi®cation task was given, with one trial every 2.6 s (Fig. 4i).
The subjects were asked to report the handedness of each stimulus within 2.6 s by pressing
either a head-side or foot-side key on the abdomen with the index ®ngers of both hands
simultaneously. The stimulus disappeared upon response or at the end of the 2.6 s. In the
control periods, the hand stimuli were replaced by scrambled hands (Fig. 4j). The subjects
were asked to report whether the majority of the lines were near oblique or horizontal/
vertical by key pressing. In the left-hand sequence, 81% (13/16) of the stimuli were left
hands, and vice versa in the right-hand sequence. The subjects were tested under both new
and old image instructions for both left and right hand sequences on days 34±38. A post-
test was conducted ®ve months after removal of the reversing spectacles. The post-test was
equivalent to the old-image instruction because the subjects claimed that the new hand
image did not make sense at that time.

All fMRI data were processed using the SPM99 software package (http://www.®l.ion.
ucl.ac.uk). Standard linear image realignment, linear normalization to the stereotactic
anatomical space and spatial smoothing (three-dimensional gaussian kernel, 4.7 mm full-
width at half-maximum) were successively performed for each subject. Then, the data
from subjects were pooled together and group comparisons were performed using the
general linear model. Comparing hand identi®cation with orientation judgement,
signi®cant increases were tested with t statistics and displayed as statistical parametric
maps. Threshold for signi®cance was set at voxel-level P , 0.05, corrected for multiple
comparisons.
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Severe dietary restriction, catabolic states and even short-term
caloric deprivation impair fertility in mammals. Likewise, obesity
is associated with infertile conditions such as polycystic ovary
syndrome1,2. The reproductive status of lower organisms such as
Caenorhabditis elegans is also modulated by availability of
nutrients3,4. Thus, fertility requires the integration of reproduc-
tive and metabolic signals. Here we show that deletion of insulin
receptor substrate-2 (IRS-2), a component of the insulin/insulin-
like growth factor-1 signalling cascade, causes female infertility.
Mice lacking IRS-2 have small, anovulatory ovaries with reduced
numbers of follicles. Plasma concentrations of luteinizing hor-
mone, prolactin and sex steroids are low in these animals.
Pituitaries are decreased in size and contain reduced numbers
of gonadotrophs. Females lacking IRS-2 have increased food
intake and obesity, despite elevated levels of leptin. Our ®ndings
indicate that insulin, together with leptin and other neuropep-
tides, may modulate hypothalamic control of appetite and repro-
ductive endocrinology. Coupled with ®ndings on the role of
insulin-signalling pathways in the regulation of fertility, metabo-
lism and longevity in C. elegans and Drosophila3±5, we have
identi®ed an evolutionarily conserved mechanism in mammals
that regulates both reproduction and energy homeostasis.

Insulin receptor substrate (IRS) proteins undergo rapid tyrosine
phosphorylation in response to insulin and insulin-like growth
factor-1 (IGF-1). The mammalian IRS protein family contains at
least four members: IRS-1 and IRS-2, which are widely expressed;
IRS-3, which is found predominantly in adipose tissue; and IRS-4,
which is expressed in the thymus, brain and kidney6,7. We have
shown, using murine gene deletion, that IRS-2 is critical for
peripheral carbohydrate metabolism and b-cell function8,9. In
addition, IRS-1 mediates embryonic and post-natal somatic
growth8. In C. elegans, the insulin/IGF-1 receptor homologue
DAF-2 through the AGE-1 phosphatidylinositol-3-OH kinase
(PI(3)K), regulates development, reproduction and longevity in
response to environmental signals such as food3. Mutations in these
pathways can induce developmental arrest at the dauer stage, reduce
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fertility and/or extend life-span4,10. Similarly, deletion of CHICO,
the IRS protein of Drosophila, causes female sterility and reduced
somatic growth and increased lipid storage5.

During our analysis of the role of IRS-2 in carbohydrate
metabolism8, we found that matings between IRS-2-/- females and
IRS-2-/- males did not yield a single pregnancy. To characterize the
impaired reproduction, we established controlled breedings using
various IRS genotypes (Fig. 1a). Only 9% of IRS-2-/- females (4±6-
week-old virgins) that mated with wild-type males became pregnant
during an 8-week period, and this was reduced to 0% when IRS-2-/-

females were bred with IRS-2-/- males (Fig. 1a). IRS-2-/- males also
displayed reduced fertility. If mated before the onset of severe
diabetes, however, IRS-2-/- males were adequate breeders. Detailed
analysis of our knockout colony revealed a sexual dimorphism in the
diabetic phenotype: defects in carbohydrate metabolism imposed by
deletion of IRS-2 were less severe in females than in males. Although
IRS-2-/- males were severely glucose intolerant by 6 weeks, IRS-2-/-

females displayed only slightly elevated blood glucose levels and
mildly impaired glucose tolerance (Fig. 1b, c). IRS-2-/- females
maintained fasting glucose levels in the range 120±160 mg dl-1 until
about 4±5 months of age. All females used in the reproductive study
were less than 10 weeks of age and so were relatively euglycaemic and
mildly insulin resistant. It is therefore unlikely that the profound
disturbance in fertility is a direct consequence of abnormal glucose
metabolism in female IRS-2-/- animals.

We monitored IRS-2 matings daily for the presence of vaginal
plugsÐan indication of copulation and indirect evidence for
lordotic behaviour. Copulation plugs were rarely noted in IRS-2-/-

females during the course of this study (18.2% of IRS-2-/- compared
with 100% of wild type). These observations suggest dysregulation
of the oestrous cycle and normal sexual behaviour rather than failed
implantation as the underlying cause of the infertility. Gross
anatomical examination of 6-week-old IRS-2-/-mice revealed
normal development of the external genitalia and the reproductive
tract; however, the ovaries of IRS-2-/- mice were small, contained
very few surface follicles and displayed thickening of the cortex
(Fig. 2a). Histological examination of ovarian sections from

IRS-2-/- females revealed further evidence of anovulation including
thickening of the ovarian stroma and an almost complete absence
of corpora lutea (number of corpora lutea/ovary in wild type, 4.2
6 0.6, n = 9; in IRS-2-/-, 0.4 6 0.2, n = 12) (Fig. 2b, c). Adult ovaries
also contained decreased numbers of primary follicles with few
growing follicles reaching an antral phase of development (Fig. 2c).

Quantitation of primary oocytes from embryos at day 18.5
revealed reduced numbers of these cells in the IRS-2-/- ovary as
compared with wild-type controls (Fig. 2d), suggesting that the
absence of IRS-2 impairs proliferation and/or increases apoptosis in
this cell population during ovarian development. Notably, IGF-I
and activation of PI(3)K have been identi®ed as crucial mediators of
germ-cell survival during murine embryonic oogenesis11. IRS-2 may
therefore represent an important component of IGF-I and/or other
developmental signalling pathways during fetal oogenesis. Both
IRS-1 and IRS-2 were present in normal adult ovaries and phos-
phorylated during insulin stimulation (Fig. 2e). Expression and
insulin-stimulated phosphorylation of IRS-1 in IRS-2-/- ovaries were
comparable to levels detected in control animals (Fig. 2e), suggesting
either that IRS-2 pathways transmit a speci®c function in this tissue
or that normal development and endocrine regulation of ovarian
physiology requires a signalling balance between IRS molecules.

To investigate further the defective reproduction in IRS-2-/-

females, we measured sex steroid hormones and luteinizing hor-
mone levels during stages of the oestrous cycle. Many IRS-2 knock-
outs (61%) failed to cycle but remained permanently in an inactive
or dioestrous state. In both dioestrous and oestrous states, sex
steroid hormones were reduced in IRS-2 knockouts (Fig. 3a).
Normally, if ovarian feedback signals to the pituitary±hypothalamic
axis are removed, as in the case of ovarian failure or ovariectomy,
luteinizing hormone levels are elevated owing to loss of sex steroid
suppression of gonadotropin-releasing hormone. Unexpectedly,
luteinizing hormone levels were low in IRS-2-/- animals, suggesting
that there are defects in production and/or release of this hormone.
Elevated prolactin is commonly associated with human infertility and
we therefore assayed circulating prolactin levels of IRS-2-/-female
mice. Consistent with observations regarding other reproductive

Figure 1 Reproductive and metabolic characteristics of IRS-2-de®cient animals.

a, Percentage of pregnancies. 4±6-week-old females were mated with experienced males

of the indicated genotypes. Matings were monitored for pregnancies during an 8-week

period. MWT, male wild-type; FWT, female wild-type; M2-/-, male IRS-2 knockout; F2-/-,

female IRS-2 knockout; M1-/-, male IRS-1 knockout; F1-/-, female IRS-1 knockout. b,

Blood glucose levels in 6-, 8-, and 12-week-old mice after a 15-h overnight fast. c, Glucose

tolerance tests in fasted 6-week-old mice after intraperitoneal injection of 2 g D-glucose per

kg body weight. Results in b and c are the mean 6 s.e.m. of six mice of each genotype.
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hormones, prolactin levels were reduced in these animals (wild-
type, 10.6 6 2.2 ng ml-1, n = 5 mice; IRS-2-/-, 6.6 6 1.2 ng ml-1, n = 8
mice). IRS-2-/- females were also resistant to exogenous gonado-
tropin stimulation: we retrieved only 0.25 6 0.01 oocytes per animal
(n = 8 animals) from the oviducts of superovulated IRS-2-/- mice,
but 12 6 0.8 oocytes per animal inwild-type controls (n = 6 animals).

The gene for IRS-2 has been implicated as being regulated by
gonadal steroids12. As endogenous levels of oestrogen and proges-
terone are reduced in IRS-2 knockouts, we evaluated their response
to exogenous sex steroids. Ovariectomized 6-week-old mice were
treated for 3 weeks with a daily dose of 1 mg oestradiol or 1 mg
progesterone, or a combination of both hormones. Uterine weight
and morphology of treated knockouts were comparable to control
values under all three experimental conditions, suggesting that
uterine proliferation in IRS-2-/- females proceeded normally
when regulated by exogenous steroids (Fig. 3b; data not shown).
Oestradiol stimulates tyrosine phosphorylation of IRS-1 in uterine
epithelial cells13. Short-term hormonal treatment (24 h) enhanced
phosphorylation of IRS-1 in uterine extracts from IRS-2-/- females
and controls (Fig. 3c). Moreover, hormonal induction of oestrogen
receptor expression in IRS-2-/- tissue was similar to the levels
detected in wild-type animals (Fig. 4c). These experiments show
that tissues of the IRS-2 knockout respond appropriately to exo-
genous sex steroids.

To explore the potential defects of the reproductive axis that
contributed to the low hormone levels, we analysed pituitary
morphology in IRS-2-/- females. Pituitaries were reduced in size

by roughly 30% (pituitary weight: wild-type, 45.6 6 1.2 mg, n = 9;
IRS-2-/-, 31.4 6 2.1 mg, n = 12) (Fig. 4a). Although pituitary size
was globally diminished, disruption of IRS-2 particularly reduced
the intermediate lobe, as visualized by immunostaining with anti-
ACTH (adrenocorticotropic hormone) antibodies (Fig. 4a, b). To
assess the effect of pituitary size reduction on endocrine function,
we immunostained pituitary sections for growth hormone and the
gonadotropins luteinizing hormone and follicle-stimulating hor-
mone (FSH). The number of gonadotrophs was reduced by almost
40% in the IRS-2-/- pituitaries, whereas somatotrophs were equiva-
lent between knockouts and wild-type animals (Fig. 4c). Reduction
of the gonadotroph population implicates IRS-2 pathways in the
development and maintenance of these hormone-producing cells
and provides at least one explanation for the abnormal levels of
luteinizing hormone and FSH in the IRS-2-/- females.

Many studies suggest that insulin serves as a link between the
periphery and the brain at various levels of the neuroendocrine
axis14. The receptors for insulin and IGF-1 show distinct patterns of
expression within the pituitary gland; these receptors are detected
on different subpopulations of secretory cells of the pars distalis15,16.
Moreover, receptors for insulin are expressed by a subset of cells
within the intermediate lobe15. To examine the capacity of IRS-2
to mediate insulin/IGF-1 signals in the neuroendocrine axis, we
collected pituitaries after in vivo insulin stimulation of wild-
type mice. Lysates of these glands were immunoprecipitated with
either anti-IRS-1 or anti-IRS-2 antibodies and subsequently probed
with anti-phosphotyrosine antibodies. Notably, there was tyrosine

Figure 2 Ovarian phenotype of the IRS-2 knockout. a, Ovaries with attached oviducts and

fallopian tubes from 8-week-old mice at ´2 magni®cation. b, Ovaries from 6±8-week-old

mice. Sections were stained with haematoxylin and eosin and viewed at ´20

magni®cation. Representative ovarian sections are from two different animals of each

genotype. c, Antral follicles (200±250 mm) and corpora lutea quanti®ed from

haematoxylin and eosin stained ovarian sections from 6±8-week-old mice viewed at ´20

magni®cation. Results are the mean 6 s.e.m. of at least eight sets of ovaries from each

genotype. d, Quanti®cation of primary germ cells at embryo day 18. Fetal ovaries were

collected and ®xed in 4% paraformaldehyde. Primary oocytes were quantitated from

haematoxylin and eosin stained sections of embryonic ovaries. Results are the mean 6

s.e.m. of three females per genotype. e, Immunoblot of ovarian lysates. After in vivo

insulin stimulation (5 units human insulin), ovaries were collected and homogenized.

Lysates (1 mg total protein) were immunoprecipitated with anti-IRS antibodies as

indicated, and immunocomplexes probed with anti-phosphotyrosine antibodies. Results

are representative of three independent experiments.
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Figure 3 Reproductive hormone levels and response of ovariectomized mice to

exogenous sex steroid stimulation. a, Plasma levels of reproductive hormones. Daily

vaginal smears were used to assess the stage of the oestrous cycle. Serum was obtained

from either pro-oestrous or dioestrous 8-week-old females by retro-orbital bleed.

Wild-type pro-oestrous, n = 6; wild-type dioestrous, n = 8; IRS-2-/- pro-oestrous, n = 6;

IRS-2-/- dioestrous, n = 15. b, Uterine weight. Ovaries were surgically removed from 6-

week-old mice. Mice were allowed to recover for 2 weeks and then given daily

subcutaneous doses of 1 mg oestradiol (E2) or 1 mg progesterone (P4), or both. Control

animals were given vehicle mineral oil. After 21 days mice were killed, and uteri were

dissected, cleared of fat and weighed to evaluate their proliferative response to sex steroid

stimulation. Untreated animals, n = 4 females of each genotype; E2/P4 treated animals,

n = 6 animals of each genotype. c, Immunoblots of uterine extracts. Lysates were

immunoprecipitated for IRS-1, and immunoprecipitates were probed with anti-IRS-1

antibodies. E2 treatment reduced the mobility of IRS-1, indicative of enhanced

phosphorylation. Total lysates (100 mg protein) were also probed for oestradiol-mediated

induction of oestrogen receptor expression.

Figure 4 Pituitary phenotype of IRS-2-/- females. a, Representative pituitaries from

oestrous and dioestrous 6±8-week-old females of each genotype at ´2 magni®cation.

b, Immuno¯uorescent images of pituitary sections at ´20 magni®cation. Sections (1 mm)

were co-immunostained for antibodies to growth hormone (GH), adrenocorticotropic

hormone (ACTH), follicle stimulating hormone (FSH) and luteinizing hormone (LH).

c, Quantitation of somatotrophs and gonadotrophs. Pituitary sections from 6±8-week-old

females were co-immunostained for growth hormone, ACTH and FSH/LH. Results are

mean 6 s.e.m. of four mice from each genotype. d, Immunoblot of wild-type pituitary

lysates after acute in vivo insulin stimulation (5 units, 10 min). Lysates (0.5 mg total

protein) were immunoprecipitated with anti-IRS antibodies as indicated, and

immunoprecipitates were probed with anti-phosphotyrosine antibodies. Pituitary lysates

were pooled from three untreated or three insulin-stimulated mice. Results are

representative of two independent experiments.
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phosphorylation of IRS-2, but not of IRS-1 (Fig. 4d). Both mole-
cules were present and tyrosine phosphorylated in liver lysates from
these stimulated animals (data not shown). These results therefore
suggest that IRS-2 pathways, based on either a distinct pattern of
expression or a unique signalling capacity, may regulate normal
development and function of the pituitary.

In C. elegans and Drosophila, homologues of the insulin/IGF-1/
IRS signalling network have been implicated not only in the
regulation of reproduction but also in the maintenance of fuel
homeostasis3±5. In addition, insulin acts centrally to regulate appe-
tite in mammals14,17,18. We therefore looked for evidence that IRS-2-
dependent mechanisms might co-ordinate reproduction with
energy balance. Monitoring of food intake showed that IRS-2-/-

mice consumed 30% more chow than control animals (IRS-2-/-,
4.5 6 0.30 g day-1 per mouse; wild-type, 3.1 6 0.19 g day-1 per
mouse) (Fig. 5a). Furthermore, this increased food intake was
re¯ected by abnormalities in fuel storage; IRS-2-/- mice weighed
20% more and stored two times more body fat than age-matched
controls (Fig. 5b, c).

Circulating leptin levels were elevated more than 5-fold in the
8-week-old IRS-2-/- females as compared with controls, consistent
with their increased adiposity (Fig. 5d). Moreover, leptin levels in
IRS-2-/- females were elevated 2.5-fold (IRS-2-/-, 6.1 6 0.8 ng ml-1;
wild-type, 2.4 6 0.4 ng ml-1) as early as 4 weeks of age, before the
onset of abnormal glucose tolerance. Leptin transmits critical
signals regarding weight regulation to the central nervous
system14,19±21. Genetic leptin resistance resulting from mutations in
the murine leptin receptor (db/db mice) is associated with hyper-
phagia, weight gain and female infertility22±24. The elevated leptin
levels and feeding abnormalities implicate leptin resistance as one
explanation for the dysregulated energy homeostasis in IRS-2-/-

females. We therefore assayed STAT3 phosphorylation in the
hypothalamus of mice treated with an acute intravenous dose of
leptin (0.5 mg g-1 body weight). Leptin receptor activation in the
hypothalamus stimulates phosphorylation and nuclear transloca-
tion of STAT3; dysregulation of this pathway is associated with

leptin resistance in db/db mice25,26. Hypothalamic lysates were
immunoprecipitated with anti-STAT3 antibodies and immuno-
complexes were subsequently probed with phosphospeci®c-STAT3
antibodies. Leptin stimulated phosphorylation of STAT3 in wild-
type hypothalami (Fig. 5e); however, leptin-treated IRS-2-/- females
displayed little or no activation of this pathway (Fig. 5e). Hypotha-
lamic expression of STAT3 was equivalent between wild-type and
knockout animals (Fig. 5e). These results show that IRS-2-/- females
have hypothalamic resistance to leptin, and suggest that in the
absence of IRS-2 pathways homeostatic mechanisms required for
leptin sensing and/or signalling are impaired. Leptin has been
reported to activate some components of the insulin signalling
including IRS-1 and IRS-2 (refs 27±29), suggesting functional
interactions between the insulin and leptin pathways.

Our results implicate IRS-2 pathways in the coordination of
reproduction and energy homeostasis. Female IRS-2-/- mice have
defects at more than one level of the hypothalamic±pituitary±
ovarian axis, coupled with increased food intake and fat storage.
IRS-2 may have evolved a unique role in this regulation, as IRS-1-/-

mice do not present severe abnormalities in reproductive physiol-
ogy (Fig. 1a; unpublished data). In addition to its classical metabolic
effects, insulin, as well as IGF-1, may modulate ovarian function1.
The IRS-2 model provides an important tool to unravel the complex
pathogenesis of human infertility associated with insulin-resistant
states such as polycystic ovarian syndrome2. Dysregulated IRS-2
expression or function may represent one underlying molecular
defect responsible for these human endocrine disorders.

The feeding abnormalities of IRS-2-/- mice provide a molecular
basis for the observation that intracerebroventricular administra-
tion of insulin decreases food intake in mammals14,17. Peripheral
insulin resistance caused by deletion of IRS-2 (ref. 8) is probably
accompanied by a loss of sensitivity to insulin in critical brain
regions. Consistent with this hypothesis, obesity in IRS-2-/- mice
occurs despite elevated leptin levels, suggesting that this hypotha-
lamic leptin resistance is associated with both peripheral and central
nervous system resistance to insulin action. Identi®cation of

Figure 5 Analysis of feeding and energy homeostasis. a, Daily food intake. Female

animals (6 weeks) were maintained on ground, normal mouse chow and monitored for 14

days. b, Body weight. Mice were weighed weekly from postnatal day 21 until 8 weeks of

age. c, Body fat. Composition was determined by alkaline hydrolysis of carcasses and

extraction of total lipids. d, Plasma leptin. Serum was collected by heart puncture and

circulating leptin was measured by radioimmunoassay. Measurements were made on the

same cohort of female mice in a±d; data are the mean 6 s.e.m. of eight animals per

genotype. e, Immunoblot of hypothalamic lysates. Eight-week-old mice were fasted

overnight for 14±16 h. Anesthetized mice were then injected intravenously with a bolus of

leptin (0.5 mg g-1 body weight). Untreated controls received an injection of saline. Two

animals of each genotype were used for each condition. After 15 min, hypothalami were

dissected and lysed. Lysates were immunoprecipitated with anti-STAT3 antibodies, and

immunoprecipitates were then probed using phosphospeci®c STAT3 antibodies. Results

represent two independent leptin stimulation experiments.
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hypothalamic IRS-2 dependent signalling pathways will provide
insights into the mechanisms of body weight regulation, and
identify targets of therapeutic bene®t. Our ®ndings coupled with
observations regarding insulin signalling pathways in C. elegans and
Drosophila reveal an evolutionarily conserved mechanism by
which neuroendocrine regulation of reproduction is coupled to
appropriate energy metabolism. M

Methods
Mice

The generation of IRS-1 and IRS-2 knockout mice has been described8,9. Both mouse lines
were maintained on a mixed C57Bl/6 ´ 129Sv genetic background. Genotyping of
embryos and 3-week-old animals was done by Southern blotting as described8. Mice were
maintained on normal light/dark cycle and handled in accordance with Joslin Diabetes
Center Care and Use Committee protocols. Mating cages were monitored by 8:00 each day
for the presence of vaginal plugs.

Hormone assays

To assess oestrous stages, we carried out daily vaginal smears. We collected blood for
hormone assays by retro-orbital bleeds on anaesthetized mice or by tail bleeds. Murine
luteinizing hormone and prolactin were measured by radioimmunoassay by T. Nett
(Endocrine Laboratory of Colorado State University, Fort Collins). Sex steroids were
assayed by the endocrine laboratory of the Brigham and Women's hospital and the
laboratory of D. Hess (Oregon Regional Primate Center, Beaverton, OR). We determined
leptin levels by radioimmunoassay using a mouse leptin standard (Linco).

Histology and immunostaining

We removed ovaries and uteri from adult animals and placed them in 10% buffered
formalin. Tissues were embedded in paraf®n, and 5-mm sections were prepared.
Embryonic ovaries were collected in 4% paraformaldehyde. Pituitaries were ®xed over-
night in 4% paraformaldehyde and processed for electron microscopy. One-micron
sections were stained with antibodies to growth hormone (Dako), and luteinizing
hormone, FSH and ACTH, (A. F. Parlow, NIDDK, National Hormone and Pituitary
Program). Detection was carried out using either rhodamine or ¯uoroscein antibodies
(Jackson Immoresearch). For quantitation of ovarian follicles and pituitary cells, sections
were viewed using a Zeiss Axiovert S100 microscope and video camera. Each section was
covered systematically by accumulating non-overlapping ®elds of 1.5 ´ 106 mm2. Counts
and analysis were performed using Openlab image analysis software (Improvision
Imaging).

Ovariectomy and sex steroid treatment

Ovariectomies were performed on 6-week-old virgins by veterinary services at Taconics
Inc. Mice were allowed 2 weeks to recover from surgery. Subsequently, animals were given
daily subcutaneous injections (100 ml) of 1 mg oestradiol or 1 mg progesterone, or a
combination of both hormones for a period of 3 weeks. An immulsion of these hormones
for injection was prepared in mineral oil. Control animals were injected daily with vehicle.

Superovulation and oocyte retrival

We induced 6-week-old virgins to ovulate by hormonal treatment. Animals were injected
intraperitoneally with 10 units of pregnant mare horse serum (Boehringer-Mannheim) in
sterile saline, and 35±40 h later with 15 units of human gonadotropic hormone (Sigma).
We collected oocytes from oviducts the following morning.

In vivo hormone stimulations and immunoblotting

For in vivo stimulations with either insulin or leptin, animals were fasted overnight (14±
16 h). After anesthesia with sodium amobarbital (100 mg kg-1, intraperitoneal), a bolus of
insulin (5 units regular human insulin) or leptin (0.5 mg g-1 body weight) was injected
through the inferior vena cava. Controls received a comparable amount of diluent. Tissues
(ovary, uterus and pituitary) were removed at times consitent with hormone action and
homogenized at 4 8C as described8. Homogenates were allowed to solubilize for 1 h on ice
and clari®ed by centrifugation at 16,000 g for 30 min. For detection of insulin-stimulated
tyrosine phosphorylation, supernatants containing total protein (2 mg) were immuno-
precipitated with an anti-IRS-1 or anti-IRS-2 antibodies8. Immunoblots were probed with
anti-phosphotyrosine antibodies and detected by 125I-protein A (ICN biochemicals). Blots
were subsequently stripped and re-probed to reveal expression of IRS proteins. To assess
activation of leptin pathways, we incubated hyptholamic lysates (0.5 mg) with antibodies
to STAT3 (New England Biolabs) and then probed immunocomplexes with phosphos-
peci®c antibodies (New England Biolabs). For detection of the oestrogen receptor, 100 mg
of tissue lysates was separated by SDS±PAGE and transferred to nitrocellulose. Membranes
were probed with mouse monoclonal anti-ER antibodies (Neomarkers). Detection was by
125-I protein A.

Metabolic measurements

Blood glucose levels were determined from mouse tails using a Glucometer Elite (Bayer).
Glucose tolerance tests were carried out on mice after a 16-h fast as described8.

Food intake and body composition analysis

Body weight was measured twice each week beginning on postnatal day 21. For
measurement of food consumption, 6-week-old female mice were housed individually
and food intake and body weight were assessed daily between 9:00 and 11:00 for a period of
14 days. Water and food were available ad libitum. Food consumption was deduced from
the weight of chow remaining in wire-mesh feeding jars. Animals received a standard
laboratory diet (Purina Mouse Chow) consisting of 6.5% (wt/wt) fat, 47% carbohydrates,
and 23.5% protein. Animals were killed at 8 weeks of age and blood was obtained for
metabolic measurements (leptin, insulin, triglycerides) by cardiac puncture. Carcasses
were digested by alcoholic potassium hydroxide hydrolysis at 60 8C overnight and body
lipid was analysed as described30.
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