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Maternal diabetes is a common complication of pregnancy, and the offspring of diabetic mothers

have a higher risk of developing obesity and type 2 diabetes later in life. Despite these observations,

the precise biological processes mediating this metabolic programming are not well understood.

Here, we explored the consequences of maternal diabetes on the organization of hypothalamic

neural circuits involved in the regulation of energy balance. To accomplish this aim, we used a

mouse model of maternal insulin deficiency induced by streptozotocin injections. Maternal dia-

betes was found to be associated with changes in offspring growth as revealed by a significantly

higher pre- and postweaning body weight in the offspring of insulin-deficient dams relative to

those of control mice. Mice born to diabetic dams also showed increased fasting glucose levels,

increased insulin levels, and increased food intake during their adult lives. These impairments in

metabolic regulation were associated with leptin resistance during adulthood. Importantly, the

ability of leptin to activate intracellular signaling in arcuate neurons was also significantly reduced

in neonates born to diabetic dams. Furthermore, neural projections from the arcuate nucleus to the

paraventricular nucleus were markedly reduced in the offspring of insulin-deficient dams. To-

gether, these data show that insulin deficiency during gestation has long-term consequences for

metabolic regulation. They also indicate that animals born to diabetic dams display abnormally

organized hypothalamic feeding pathways that could result from the attenuated responsiveness

of hypothalamic neurons to the neurotrophic actions of leptin during neonatal development.

(Endocrinology 152: 4171–4179, 2011)

Abnormal maternal glucose regulation occurs in

3–10% of pregnancies (1). In addition to adversely

affecting the health of the mother, epidemiological and

animal studies indicate that maternal diabetes has delete-

rious health effects on offspring (2). Remarkably, insulin

deficiency (type 1 diabetes mellitus) and insulin excess

(type 2 diabetes mellitus) during pregnancy both increase

the risk that offspring will develop obesity and type 2

diabetes (3–5). These observations provide evidence that

a balanced perinatal hormonal environment is an impor-

tant determinant of future weight gain, adiposity, and

other physiological properties.

The signals that mediate the effects of maternal meta-

bolic disorders in offspring have not been identified, but

hormones, such as insulin and leptin, and nutrients, such

as glucose, may influence perinatal development. For ex-

ample, maternal hyperglycemia (induced by either insulin

deficiency or insulin resistance) is associated with fetal and

early postnatal hyperglycemia, which in turn may cause

elevations in perinatal insulin levels, leading to an increase
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in fetal growth and adiposity (6, 7). Thus, an abundance

of evidence suggests that alterations in the perinatal hor-

monal environment and subsequent postnatal growth can

predispose an individual to obesity and diabetes. Studies

that have investigated the possible mechanisms mediating

this disturbance in metabolic regulation have largely fo-

cused on peripheral measures and outcomes (see Ref. 8).

Nevertheless, a growing body of evidence suggests that

developmental programming of neuroendocrine systems

by the perinatal environment could cause these diseases.

Appetite and energy expenditure are carefully regu-

lated by a complex neuronal network (for review, please

see Refs. 9–11). The important components of this net-

work include neurons located in the arcuate nucleus of the

hypothalamus (ARH) and particularly neurons producing

proopiomelanocortin (POMC) and neuropeptide Y

(NPY)/agouti-related peptide (AgRP). Each of these neu-

ronal populations provides overlapping projections to

other key parts of the hypothalamus, including the para-

ventricular nucleus of the hypothalamus (PVH), exerting

opposing effects on appetite regulation. POMC neurons

represent important anorectic regulators and NPY/AgRP

neurons act as major orexigenic signals.

ARH neural circuits involved in appetite regulation de-

velop primarily during the first 3 wk of postnatal life in

rodents (12–14) under the control of both genetic and

environmental factors. In particular, experiments carried

out in leptin-deficient mice have provided compelling ev-

idence that leptin is required for the proper development

of ARH projections through direct action on the brain

(15). Importantly, the developmental actions of leptin also

appear to contribute to the ultimate phenotype of the or-

ganism (15–17), suggesting the importance of leptin-reg-

ulated arcuate circuit formation to future energy balance.

Although perinatal hormones appear to be important

determinants of optimal physiological regulation, the pre-

cise neurobiological mechanisms that contribute to the

programming effects of hormones are not well under-

stood. In the present study, we used a commonly used and

well-described rodent model of insulin-deficient diabe-

tes induced by streptozotocin (STZ) injections (18 –24)

to determine whether changes in maternal insulin levels

during a critical period of development influence leptin

sensitivity in progeny and have enduring consequences

on the organization of appetite-regulating hypotha-

lamic neural circuits.

Materials and Methods

Animals
Adult C57BL/6 mice (Charles River, L’Arbresle, France) were

housed in individual cages under specific pathogen-free condi-

tions, maintained in a temperature-controlled room with a 12-h
light, 12-h dark cycle, and provided ad libitum access to water
and standard laboratory chow (Special Diet Services, Comme-
nailles, France). The protocols used here were approved by the
Institut National de la Santé et de la Recherche Médicale guide-
lines for the Care and Use of Laboratory Animals. The animals
used and experiments conducted in this study were in accordance
with the European Communities Council Directive of November
24th, 1986 (86/609/EEC) regarding mammalian research. Only
male offspring were studied.

Induction of maternal insulin-deficient diabetes by

STZ injection
This study used a mouse model of maternal insulin deficiency

induced by STZ injections. STZ is a pancreatic �-cell toxin that
is widely used to experimentally manipulate insulin levels (19–
24). Adult female mice were mated with males and checked for
a vaginal plug the next day [gestation day (G)0.5]. On G5.5,
pregnant females (n � 6) received a single ip injection of freshly
prepared STZ (200 mg/kg; Sigma, Saint-Quentin Fallavier,
France) dissolved in ice-cold 50 mM sodium citrate (pH 4.5). An
additional group of mice (n � 6) received vehicle injections [50
mM sodium citrate (pH 4.5)]. The rationale for injecting STZ at
G5.5 was primarily to prevent the occurrence of anovulation and
miscarriages that are often observed when diabetes is induced
just before or at conception (i.e. before embryo implantation).
Maternal glycemia was assessed during pregnancy by testing tail
blood samples with a glucometer (One Touch Ultra; Johnson &
Johnson, Issy-les-Moulineaux, France). Three litters per group
were used for neonatal studies, and three separate litters per
group were used for adult studies.

Insulin immunohistochemistry and analysis
Twenty-two days after parturition (weaning), dams (n � 4

per group) were anesthetized and perfused transcardially with
4% paraformaldehyde. Pancreases were frozen, sectioned, and
then processed for immunostaining. Briefly, sections were incu-
bated overnight in a guinea pig antiinsulin antibody (1:50; Ab-
cam, Paris, France). The primary antibody was detected with
horseradish peroxidase-conjugated goat antiguinea pig IgG (1:
200; Millipore, Molsheim, France). Horseradish peroxidase was
revealed using 3,3�-diaminobenzidine. Sections were then coun-
terstained using hematoxylin to visualize cell nuclei and cover-
slipped with buffered glycerol (pH 8.5). For quantification, im-
ages were acquired through the pancreases (four sections per
animal) of the animals of each group using a Zeiss Axio Imager
Z1 microscope equipped with a �20 objective (Zeiss, Jena, Ger-
many). Total cells per islet and insulin-IR cells per islet were
quantified using ImageJ software (ImageJ 1.39 T; National In-
stitutes of Health, Bethesda, MD). The average number of cells
counted from four islets in each mouse was used for statistical
comparisons.

Physiological measures
One day after birth, the litter size was adjusted to six pups

(three males and three females) to ensure adequate and stan-
dardized nutrition until weaning. The body weights of male off-
spring of STZ-treated dams (n � 7 males from three litters) and
vehicle-treated dams (n � 9 males from three litters) were mea-
sured at postnatal days (P)2, P6, P10, P14, P18, and P22 (wean-
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ing) and P63, P70, P80, and P120 (adults) using an analytical
balance. To measure food consumption, P90 mice were housed
individually in cages, and food intake was measured every 24 h
for 3 d from preweighed portions of food dispensed from wire
cage tops. The average daily food intake of each mouse was used
for statistical comparisons. Glucose levels were assessed in adult
(P70) mice after overnight fasting, using a glucometer (One
Touch Ultra; Johnson & Johnson).

Histomorphological assessment of white adipose

tissue (WAT)
Male offspring of STZ-treated dams (n � 7 males from three

litters) and vehicle-treated dams (n � 9 males from three litters)
were anesthetized at P120 of age and perfused transcardially
with 4% paraformaldehyde. Epididymal adipose tissue was fro-
zen, sectioned at 10 �m, and stained with hematoxylin and eosin.
Sections were imaged using a Leica microscope (DMRB) (Leica,
Nanterre, France) equipped with a Leica camera interface (DC
300FX) with a �20 objective. Adipocyte diameter was calcu-
lated using ImageJ software (ImageJ 1.39 T; National Institutes
of Health). The average adipocyte size measured from five sec-
tions in each mouse was used for statistical comparisons.

Serum leptin and insulin levels
Serum leptin and insulin levels were characterized in the two

experimental groups of mice by collecting tail blood samples
from P90 male offspring of STZ-treated dams (n � 7 males from
three litters) and vehicle-treated dams (n � 9 males from three
litters). Additionally, serum insulin levels were measured in dams
by collecting tail blood samples from STZ- and vehicle-treated
dams 10 d after STZ or vehicle treatment. Leptin and insulin
levels in the plasma samples were assayed for leptin and insulin
using multiplex technology (Millipore) with the assistance of the
Assay and Analytical Core Service in the Keck School of Medi-
cine of the University of Southern California.

In vivo leptin sensitivity test
Adult (P80) male offspring of STZ- (n � 7 males from three

litters) and vehicle-treated dams (n � 9 males from three litters)
were injected ip at 0800 and 1630 h with vehicle [5 mM sodium
citrate buffer (pH 4.0)] or leptin (1 mg/kg; PeproTech, Neuilly-
sur-Seine, France), according to the following scheme: vehicle
injections for 1 d followed by leptin injections for 1 d. Animals
were weighed daily during the injection period. Animals were
allowed to recover for 10 d after the last injection and were kept
for further studies.

Phosphorylated form of the signal transducer and

activator of transcription 3 (pSTAT3)

immunostaining and analysis
P10 male offspring of STZ- and vehicle-treated dams were

injected ip with either leptin (10 mg/kg; PeproTech) or vehicle
alone [5 mM sodium citrate buffer (pH 4.0)] (n � 4 males from
three litters for each group) and were perfused 45 min later with
a solution of 2% paraformaldehyde. Frozen coronal sections
were cut at 30 �m and then processed for pSTAT3 immuno-
staining as described previously (25, 26). For quantification, im-
ages were acquired through the arcuate nucleus of the animals
of each group using a Zeiss Axio Imager Z1 apotome micro-

scope equipped with a �20 objective. pSTAT3 immunoposi-
tive cells in the ARH were manually counted using ImageJ
software (ImageJ 1.39 T; National Institutes of Health). The
average number of cells counted in two ARH sections in each
mouse was taken for statistical comparisons.

AgRP and �-melanocyte-stimulating hormone

(�MSH) immunostaining and analysis
Adult male mice of STZ-treated dams (n � 7 males from three

litters) and vehicle-treated dams (n � 9 males from three litters)
were anesthetized and perfused transcardially at P120 with 4%
paraformaldehyde, and then the brains were frozen and sec-
tioned at 30 �m and processed for immunofluorescence as de-
scribed elsewhere (15, 25). Briefly, sections were incubated with
rabbit anti-AgRP (1:4000; Phoenix Pharmaceuticals, Stras-
bourg, France) or sheep anti-�MSH (1:40,000; Millipore). The
primary antibodies were detected with Alexa Fluor 488 goat
antirabbit IgG or Alexa Fluor 568 donkey antisheep IgG (1:200;
Invitrogen, Villebon-sur-Yvette, France). Sections were counter-
stained using bis-benzamide (1:3000; Invitrogen) to visualize cell
nuclei and then coverslipped with buffered glycerol (pH 8.5). For
quantification, images were acquired through the PVH (two sec-
tions per animal) of the animals in each group using a Zeiss Axio
Imager Z1 apotome microscope equipped with a �20 objective.
Image analysis was performed using ImageJ software (ImageJ
1.39 T; National Institutes of Health), as described previously
(14, 15, 25). Briefly, each picture was binarized. The integrated
density was then calculated for each image, which is a figure that
reflects the total number of pixels in the binarized image and is
proportional to the total density of labeled fibers in the image.
The average integrated density measurement in two PVH sec-
tions in each animal was used for statistical comparisons. For
quantification of cell numbers, animals were perfused at P10
(n � 4 males from three litters for each group) with 2% para-
formaldehyde, and brains sections were processed for immu-
nofluorescence as described above. Images were acquired
through the arcuate nucleus of the animals of each group, and
�MSH- and AgRP-immunopositive cells in the ARH were
manually counted using ImageJ software (ImageJ 1.39 T; Na-
tional Institutes of Health). The average number of cells
counted in two ARH sections in each mouse was taken for
statistical comparisons.

Statistical analysis
Data are presented as the mean � SEM. When more than one

animal was used in the litter, values for littermates were aver-
aged, and the mean data for each litter were used for the statis-
tical analysis. Statistical analyses were carried out with Sigma
Stat software (Statistical software 2.0). Before statistical analy-
sis, percentages were subjected to arc-sine transformation to con-
vert them from binomial to normal distributions. The data were
analyzed with Student’s t test. The statistical significance of dif-
ferences in body weight was analyzed using two-way ANOVA.
P � 0.05 indicated statistical significance.

Results

Induction of insulin-deficient diabetes during

pregnancy

To explore the consequences of maternal diabetes dur-

ing pregnancy in the offspring, we used a previously de-
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veloped animal model of insulin-deficient diabetes in-

duced by STZ injection (19–24). As expected, given the

established ability of STZ to destroy �-cells, STZ-treated

dams displayed a 2-fold decrease in insulin-immunoreac-

tive cells in pancreatic islets compared with vehicle-treated

animals (Fig. 1A). A 2-fold decrease in serum insulin levels

was also observed in STZ-treated dams compared with

vehicle-treated animals (Fig. 1B). Consistent with these

observations, a single STZ injection induced a marked

increase in blood glucose levels that began 3 d after injec-

tion and became significantly different 5 d after injection.

Importantly, the elevated levels of glucose observed in

STZ-treated dams persisted throughout gestation (Fig.

1C). In contrast, vehicle-treated animals did not show

any changes in blood glucose levels throughout preg-

nancy (Fig. 1C). Importantly, a dramatic induction of

cell death was exclusively observed in Langerhans islets

of STZ-treated dams (Supplemental Fig. 1, published on

The Endocrine Society’s Journals Online web site at

http://endo.endojournals.org). However, there were no

noticeable differences in cell death between fetuses of STZ-

and vehicle-treated dams (Supplemental Fig. 1), indicating

that STZ selectively destroys �-cells of dams and does not

disrupt organogenesis in the fetuses.

Consequences of maternal

diabetes on metabolic regulation

in offspring

We then used this animal model to

study the impact of maternal diabetes

during gestation on the offspring’s me-

tabolism. Induction of diabetes during

gestation was associated with changes

in offspring growth, as revealed by a

significantly higher pre- and postwean-

ing body weights in offspring born to

STZ-injected dams compared with con-

trol animals (Fig. 2, A and B). Com-

pared with control pups, STZ-derived

pups had heavier body weights as early

as P18 (Fig. 2A). STZ offspring remain

heavier after weaning, and this elevated

body weight persisted into adulthood

(Fig 2B). This increase in body weight

was also associated with an increase in

food intake during adulthood (Fig. 2C).

In addition, fasting blood glucose levels

were also higher in adult animals born

to diabetic dams compared with con-

trol mice (Fig. 2E). Furthermore, serum

insulin levels were 1.5-fold higher in

adult STZ offspring compared with

control animals (Fig. 2F). Glucose- and insulin-tolerance

tests would be necessary to determine the degree of im-

pairment in glucose homeostasis in STZ offspring. Histo-

morphological analysis of epididymal WAT revealed a sig-

nificant increase in the mean adipocyte size in adult mice

born to STZ-treated animals compared with control an-

imals (Fig. 2D). Similarly, serum leptin levels were 2-fold

higher in adult STZ offspring compared with control an-

imals (Fig. 3A). The increased adiposity and leptin levels

observed in animals born to diabetic dams suggest the

possibility that these animals acquired leptin resistance.

Accordingly, we next investigated leptin sensitivity in an-

imals born to diabetic dams and found that the ability of

leptin to induce weight loss was attenuated in the adult

offspring of STZ-treated dams, compared with control

animals (Fig. 3B). However, whether the weight loss ef-

fects of leptin are mediated by changes in food intake re-

main to be investigated.

Altered central leptin signaling in pups born to

diabetic mothers

Adult mice born to diabetic dams were found to exhibit

evidence of leptin resistance, but whether neonates are

similarly affected and whether this leptin resistance occurs

at a central level remains unknown. To determine whether

FIG. 1. STZ injection during gestation induces insulin-deficient diabetes mellitus. A,

Microphotographs and quantification of insulin-immunoreactive cells (brown precipitate) in

the pancreatic islets of dams injected with vehicle or STZ. B, Plasma insulin levels in pregnant

dams 10 d after injection of vehicle or STZ. C, Maternal blood glucose levels in dams injected

with vehicle or STZ at G5.5. The values shown are means � SEM; *, P � 0.05 between vehicle

and STZ (n � 4 dams per group). Scale bar, 320 �m.
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the offspring of diabetic dams display impaired leptin sig-

naling in the ARH, we next evaluated the number of

pSTAT3-IR neurons in the ARH of P10 pups derived from

diabetic and nondiabetic dams 45 min after ip injection

with leptin. This approach is based on the fact that STAT3

is a key component of the intracellular signaling pathway

downstream of the leptin receptor. Leptin treatment

caused a marked increase in the number of pSTAT3-IR

cells in the ARH of control pups (Fig. 4A). However, the

same leptin treatment resulted in significantly fewer

pSTAT3-IR cells in the ARH of pups born to diabetic dams

(Fig. 4A). A quantitative analysis revealed that the number

of pSTAT3-immunoreactive cells in the ARH of pups born

to diabetic dams was reduced by more than 30% com-

pared with control mice (Fig. 4B).

These results suggest that leptin signal-

ing in ARH neurons is impaired during

postnatal development in the offspring

of diabetic dams.

Disrupted organization of

hypothalamic neural projections

in animals born to diabetic dams

Based on previous findings showing

that alterations in leptin signaling dur-

ing early life led to abnormal develop-

ment of the hypothalamic circuits in-

volved in energy balance (15, 25), we

hypothesized that the changes in leptin

sensitivity observed in the ARH of pups

born to diabetic dams may impact the

organization of their ARH neural

projections. Therefore, we performed

immunofluorescent labeling of AgRP

and �MSH (two metabolically relevant

neuropeptide systems produced by

ARH neurons) in brain sections derived

from adult offspring of diabetic and

nondiabetic mice. The density of AgRP-

IR fibers in the PVH of adult animals

born to diabetic mice was half that ob-

served in control animals (Fig. 5A).

Similarly, a 2-fold reduction in the den-

sity of �MSH-immunoreactive fibers

was observed in the PVH of animals

born to diabetic dams compared with

control mice (Fig. 5B). However, the

overall distribution pattern of AgRP-

and �MSH-labeled fibers in the PVH

was similar between animals born to

STZ- and vehicle-treated dams, sug-

gesting that maternal diabetes alters the

density but not the pattern of innerva-

tion. Also, a 1.3-fold increase in the number of �MSH-

containing neurons was observed in the ARH of animals

born to diabetic dams compared with control mice (Fig.

6B). However, the number of AgRP-containing neurons

was identical between animals born to STZ- and vehicle-

treated dams (Fig. 6A). These observations indicate that

the low density of fibers is due to alterations in axon

growth as opposed to a reduction in cell number.

Discussion

Circulating hormones are well established as important

environmental signals that can act directly on the central

FIG. 2. Offspring born to diabetic dams display metabolic dysfunctions. A, Preweaning

growth curves of pups born to control (vehicle) or diabetic (STZ) dams. B, Body weight of

offspring of control (vehicle) or diabetic (STZ) dams at 63, 70, 80, and 120 d of age. C, Food

intake of adult (P90) offspring born to control (vehicle) or diabetic (STZ) dams over 24 h. D,

Quantification of mean adipocyte size in the epididymal WAT of adult (P120) mice born to

control (vehicle) or diabetic (STZ) dams. E, Blood glucose levels in adult (P70) mice born to

control (vehicle) or diabetic (STZ) dams. F, Plasma insulin levels in adult (P90) offspring

of control (vehicle) and diabetic (STZ) dams. The values shown are means � SEM; *, P � 0.05

between vehicle and STZ (n � 7 males from three litters and n � 9 males from three litters for

the STZ and vehicle group, respectively).
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nervous system to regulate its development and activity

(27–29). However, the association between maternal in-

sulin deficiency and the organization of hypothalamic ap-

petite-related circuits has never been examined. The neu-

roanatomical experiments presented here indicate that

animals born to insulin-deficient diabetic dams display

structural alterations in the density of AgRP- and �MSH-

immunoreactive fibers innervating the PVH. Importantly,

these ARH neuropeptidergic projections to the PVH are

known to play a particularly important role in energy bal-

ance regulation (for review, please see Refs. 9–11).

Using a similar animal model, Plagemann et al. (18, 30)

and Plagemann and co-workers (31) previously reported

that rat pups born to STZ-treated dams had an increased

number of NPY- and galanin-containing neurons in the

ARH. In our mouse model, we did not observed any dif-

ference in the number of AgRP neurons in the ARH of

animals born to diabetic dams. However, the number of

POMC neurons was increased in the ARH of pups born to

STZ-treated dams compared with control mice. Consis-

tent with these observations, using a mouse model of ma-

ternal insulin resistance, Carmody et al. (32) showed that

maternal hyperinsulinemia is associated with an increased

number of ARH POMC-expressing neurons in their off-

spring. These data suggest that maternal diabetes can in-

fluence developmental processes that specify cell numbers,

such as neurogenesis, neuron migration, and cell death.

Our data indicate that maternal diabetes causes more

widespread structural alterations than was previously

known, affecting not only hypothalamic cell numbers but

also the density of neural projections involved in appetite

regulation. Importantly, we found that despite an increase

in ARH POMC neurons, pups born to diabetic dams dis-

play a reduction in �MSH fiber density in the PVH, sug-

gesting that the low density of fibers is due to alterations

in axon growth as opposed to a reduction in cell number.

The precise mechanisms responsible for the disruption

in ARH projections remain to be determined. However,

the attenuation in leptin signaling observed in the ARH of

pups born to STZ dams represents a plausible cause for the

perturbed development of ARH projections. Previous

studies demonstrated that altered leptin signaling during

critical postnatal periods is associated with disrupted de-

velopment of ARH projections (15, 25). Notably, we re-

port here that neonates born to insulin-deficient dams

have altered leptin-induced pSTAT3 levels in the ARH at

FIG. 3. Leptin resistance in animals born to diabetic dams. A, Plasma

leptin levels in adult (P90) offspring of control (vehicle) and diabetic

(STZ) dams. B, Body weight changes after ip administration of leptin

(Lep) or vehicle (Ctrl) in adult (P80) offspring of vehicle- or STZ-treated

dams over 24 h. The values shown are mean � SEM; P � 0.05 between

a and b; c and d; and e and f (n � 7 males from three litters and n � 9

males from three litters for the STZ and vehicle group, respectively).

FIG. 4. ARH neurons exhibit a reduced response to leptin in neonates

born to diabetic dams. A and B, Photomicrographs (A) and

quantification (B) of the number of pSTAT3 immunoreactive cells

in the arcuate nucleus (ARH) of P10 pups born to diabetic (STZ) or

nondiabetic (vehicle, Veh) dams, after ip administration of leptin (Lep)

or vehicle (Ctrl). The values shown are mean � SEM; P � 0.05 between

* and ** (n � 4 males from three litters for each group). Scale bar,

120 �m.

4176 Steculorum and Bouret Maternal Diabetes Disrupts Hypothalamic Circuits Endocrinology, November 2011, 152(11):4171–4179

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
2
/1

1
/4

1
7
1
/2

4
5
7
0
6
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



the time when ARH projections develop and before they

become overweight (14). Therefore, suppressed leptin sig-

naling in ARH neurons of pups born to diabetic dams

could contribute to the perturbation of ARH projections.

Equally important would be to measure leptin levels in

pups born to STZ dams to determine whether changes in

neonatal leptin levels could also contribute to early leptin

resistance and disruption of ARH neural projections. Re-

markably, leptin resistance is also

found in the adult offspring of diabetic

dams despite exposure to a healthy

standard diet. Whether this leptin resis-

tance is also associated with increased

fat mass remains to be investigated. In

addition to leptin signaling, changes in

other developmental signals could also

contribute to these alterations of ARH

projections. For example, insulin has

long been associated with brain devel-

opment, and pups born to diabetic and

hyperglycemic mothers display com-

pensatory hyperinsulinemia that may

cause neurodevelopmental defects (6,

7). Consistent with this idea, direct in-

jection of insulin to the region of the

mediobasal hypothalamus in the im-

mediate postnatal period recapitulates

most of the metabolic and structural

abnormalities found in pups born to in-

sulin-deficient dams (18, 33). Although

the precise biological mechanisms responsible for the

structural defects observed in pups born to diabetic dams

remain to be determined, these data suggest that correct

insulin levels and/or leptin signaling during early postnatal

life may be important determinants for proper hypotha-

lamic development.

Previous studies have demonstrated that animals born

to diet-induced obese dams also display abnormally or-

ganized hypothalamic feeding path-

ways (34). Although these results indi-

cate that maternal obesity plays an

important role in neonatal develop-

ment, they do not address the specific

role that it plays. Indeed, prolonged

high-fat feeding in rodents also causes

diabetes, which likely acts in concert

with obesity to influence the develop-

ment of offspring. By examining the in-

fluence of maternal diabetes indepen-

dently of obesity, the present study

showed that maternal diabetes alone

can cause early central leptin resistance

with enduring consequences for the or-

ganization of hypothalamic pathways

involved in appetite regulation. Intrigu-

ingly, both maternal insulin-deficient

diabetes and maternal noninsulin-de-

pendent diabetes are associated with

similar metabolic outcomes, including

overweight status and impaired glucose

FIG. 5. Altered AgRP and �MSH neural projections in adult (P120) offspring of diabetic

dams. A and B, Microphotographs and quantification of AgRP (A) and �MSH (B)

immunoreactive fibers innervating the paraventricular nucleus (PVH) in adult animals born to

control (vehicle, Veh) or diabetic (STZ) dams. V3, Third ventricle. The values shown are

mean � SEM; *, P � 0.05 between vehicle and STZ (n � 7 males from thee litters and n � 9

males from three litters for the STZ and vehicle group, respectively). Scale bar, 130 �m.

FIG. 6. Increased number of POMC neurons in the arcuate nucleus of animals born to

diabetic dams. A and B, Microphotographs and quantification of AgRP (A) and �MSH (B) cell

numbers in the arcuate nucleus (ARH) of P10 animals born to control (vehicle, Veh) or diabetic

(STZ) dams. V3, Third ventricle. The values shown are mean � SEM; *, P � 0.05 between

vehicle and STZ (n � 4 males from three litters for each group). Scale bar, 120 �m.
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homeostasis (18, 30–32). This observation suggests that

the programmed metabolic dysregulation observed in

these individuals may be tied to the same biological mech-

anism. An early hormonal imbalance can have adverse

effects on the development of various organs, thereby ex-

erting an enduring impact on the metabolic status of prog-

eny (19, 27, 35, 36). For example, maternal insulin defi-

ciency and insulin resistance can disrupt the development

of the pancreatic islets, adipose tissue, and the intestine,

each of which plays a key role in metabolic regulation

(37–39). It is also likely that the structural alterations

found in the metabolic hypothalamus of animals born to

either insulin-deficient dams (the present study and Refs.

18, 30, 31) or insulin-resistant dams (32) may contribute

to the development of metabolic dysfunction. However, it

is clear that there are also marked metabolic differences

between type 1 and type 2 diabetes, including lipid and

cytokine profiles, and future work will be required to ad-

dress how maternal type 2 diabetes may, independently of

obesity, impact developmental events.

In conclusion, these experiments show that maternal

insulin-deficient diabetes results in early hypothalamic

leptin resistance and is associated with lifelong disorga-

nization of the hypothalamic pathways that control feed-

ing and energy balance. These findings also support the

emerging concept that changes in the perinatal hormonal

environment during this critical period of development

can have permanent structural effects that may contribute

to the development of diseases later in life.
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