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ABSTRACT: Neonatal manipulations (10 min of maternal separa-
tion plus s.c. sham injection, daily for the first 21 d of life) determine
overweight in male adult mice. In this work, we investigated the
mechanisms underlying mild obesity and the alteration of caloric
balance. Neonatally manipulated mice become overweight after onset
of maturity, showing increased fat tissue and hypertrophic epididy-
mal adipocytes. Increase in body weight occurs in the presence of a
small increase in daily food intake (significant only in the adult
period) and the absence of a decrease in spontaneous locomotor
activity, while the calculated caloric efficiency is higher in manipu-
lated mice, especially in adulthood. Fasting adult animals show
hyperglycemia, hyperinsulinemia, hypertriglyceridemia, hypercho-
lesterolemia, and hyperleptinemia. Soon after weaning and in the
adulthood, plasma corticosterone and adrenocorticotropin (ACTH)
are also significantly increased. Thus, neonatal manipulations in
nongenetically susceptible male mice program mild obesity, with
metabolic and hormonal alterations that are similar to those found in
experimental models of diabetes mellitus, suggesting that this meta-
bolic derangement may have at least part of its roots early on in life
and, more interestingly, that psychological and nociceptive stimuli
induce these features. (Pediatr Res 59: 111–115, 2006)

In recent years, several animal studies and human epidemi-
ologic data support the notion that fetal and neonatal events

may have long-term or permanent effects and become char-
acteristic of the individual. These observations have been
proposed to exemplify the phenomenon of “programming,”
whereby a stimulus and/or stressor acting in critical periods
during early life can alter the development of organs, causing
permanent dysfunction and ultimately resulting in disease (1).
In men, many observations suggest that two and possibly three
critical periods exist for the development of obesity and its
complications in the adulthood. These include gestation and

early infancy, the period of adiposity rebound that occurs
between 5 and 7 y of age, and adolescence (2). Obesity has
epidemic diffusion and obese adults are nearly twice as likely
to suffer from chronic disease (3). Moreover, obesity is the
main force in accelerating the increased incidence of type 2
diabetes mellitus, being the single most effective contributor
to the pathogenesis of the disease: obesity and type 2 diabetes
mellitus have epidemic diffusion and their incidence is rapidly
increasing (4). One of the major determinants is a genetic
predisposition; nevertheless, genetically susceptible individu-
als may not develop the disease, provided that they avoid
certain risk factors (5). Among these risk factors, the impor-
tance of manipulations that induce modification of the meta-
bolic programming such as growth deficit, determined by
malnutrition during fetal and neonatal life, has been shown
(6). This is in line with the fact that most pancreatic islet
growth in both humans and rodents takes place during the fetal
and neonatal periods, as well as maturation patterns of the
hypothalamic-pituitary-adrenal axis (HPA) (6–8). Indirect ev-
idence of these relationships is underlined by the fact that an
occult Cushing syndrome has been shown in type 2 diabetes
mellitus patients (9).
Some authors emphasize the importance of the central

nervous system in the development of obesity or overweight
connected with the metabolic syndrome and type 2 diabetes
mellitus (10). Indeed, mice without brain insulin receptors are
obese and have high plasma levels of insulin, leptin, and
triglycerides (11). In addition, animals bearing lesions on the
ventromedial hypothalamic nuclei (VMH) have hyperinsulin-
emia with normoglycemia, hypertriglyceridemia, and hyper-
cholesterolemia (12). Furthermore, Obici et al. (13) showed
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that hypothalamic insulin signaling is required for the inhibi-
tion of glucose production. Impaired insulin signaling in the
hypothalamus can play a role in the development of obesity
in Zucker rats, which is a model of insulin resistance (14).
Indeed, Das (10) suggests that a close association exists
between hypothalamus islet function and cytokines. Previ-
ously, we showed that male adult mice submitted to neonatal
manipulations are overweight and their splenocytes produce
more interleukin-2, interferon gamma, and tumor necrosis
factor � (TNF-�) (15,16). This is probably because obesity is
associated with chronic mild inflammatory response, and in
this contest, the overexpression of TNF-� can contribute to
insulin resistance (17).
Considering that the development of obesity in adult hu-

mans may have its roots in early life events (1,2,6,18), con-
sidering that chronic stress and obesity are bound together
through several hormonal and metabolic mechanisms, and
considering that obesity is the leading determinant in the
development of type 2 diabetes mellitus, it seems interesting
to evaluate whether the association of psychological and
nociceptive manipulations in neonatal life may produce obe-
sity and hormonal/metabolic derangement features in male
adult mice (1,2,15,16).

METHODS

All procedures were carried out in accordance with the guidelines of the
Council of European Communities and the approval of Bioethical Committee
of the Italian National Institutes of Health

Animal general procedures. All mice were housed in a central facility and
maintained under controlled conditions of normal humidity and temperature,
with standard alternating 12-h periods of light and darkness. Different series
of pregnant multiparous Laboratory-born CD-1 mice (Charles River Italia,
Calco, Italy) arrived at the d 14 of gestation in the vivarium where all animals
were kept. Animals had free access to water and food. Mucedola S.r.l.
(Settimo Milanese, Italy) supplied the diet, which contained 3.95 kcal/g
equivalent to assimilable 2.7 kcal/g. All experiments were performed in
winter to avoid seasonal variation in receptors sensitivity (16).

Prenatal and neonatal procedures. The experimental procedures were
performed according to Loizzo et al. (16). Briefly, starting on the 19th day of
pregnancy, females were examined twice daily (at 08:00 and 16:00) for the
presence of pups. In about 12 h from the detection of the pups, litters of
homogeneous size (13 � 1 subjects) were put together and randomly culled
to six male pups so that all pups were randomly cross-fostered. In addition,
male pups have a homogeneous weight to avoid interference induced by
impairment of growth, which is an important determinant in the onset of type
2 diabetes mellitus in adults (6). To avoid manipulation of control mice, we
preferred to adopt the protocol with complete litters receiving the same
treatment to the alternative, in which half the litter would receive one
treatment, and the other half a different treatment. The litters were randomly
assigned to one of the following groups (each group consisting of two litters
at least): 1) control group: the pups were left undisturbed, but pups and dams
were removed at the same time and put in a clean cage twice weekly; 2)
manipulated mice: for 21 d, the pups were removed daily (10 min) from the
home cage and grouped in a container with fresh bedding material. During the
period of maternal deprivation, each pup was gently picked up with a gloved
hand, weighed, and injected subcutaneously in the back with sterile saline

solution (1 mL/kg) with a microsyringe (26-gauge needle). After this, they
were returned to the home cage with the mother. Procedures were always
performed by the same experimenter.

Ten minutes of maternal separation alone was unable to induce overweight
in adult mice. In fact at 135 d of age, the body weight (grams) of the maternal
separated mice and of controls was 51.8 � 1.0 and 52.5 � 1.3, respectively,
while manipulated mice (mice that underwent maternal separation plus injec-
tion) had a mean body weight of 61.8 � 0.9 g (Table 1). Therefore, the
maternal separated/not injected mice group was dropped from final experi-
ments.

Postweaning protocol. At postnatal d 21, animals were rehoused in
postweaning cages, three animals in each cage to avoid isolation-induced
stress. Animals were weighed every week and used at the ages indicated in the
figures and tables.

Locomotor activity. After a 120-min habituation session in their home
cages, motor activity of the three animals was performed according to Heal
(19). A modified intruder alarm device, based on a microwave Doppler
system connected with a computer, to count the number of the movements per
time unit and to store the data, monitored the motor activity. The time
constant was minimized and pulse former was introduced so that the move-
ment of its head, but not the flick of its ear triggered the meter. The succession
of cages was randomly generated in each session (30 min), which was
performed between 09:00 and 12:00 h and between 18:00 and 21:00 h,
respectively.

Daily food and water intake and body weight and length. Daily food and
water intake and body weight were measured at the times indicated in tables.
The mice were presented with the same amount of food, and their intake was
measured the following day by subtracting the uneaten food and correcting
the food intake for spillage. We preferred the less precise measure of group
(three mice) food consumption because isolation is considered a potent
stressor. Caloric efficiency was also computed, as the body weight gained in
grams divided by the estimated cumulative food ingested in grams from d
23 to d 118 of life (20). At 135 d old, one set of animals was anesthetized and
killed with an overdose of sodium pentobarbital, and body length was
measured from the nose to the anus.

Morphometric image analysis. In the other groups of 120-d-old mice,
epididymal fat pads were dissected and washed in warm saline, blotted, and
weighed. Then they were fixed in 4% paraformaldehyde for 24 h, included in
paraffin and sliced in 10-�m thick sections. These sections were mounted onto
gelatin-coated glass slides. The morphometric imagine analysis of tissue was
performed with VIDAS-VIDEOPLAN 2.4 (Kontrol-bildanalyse GmbH, Mu-
nich, Germany) connected to a light microscope. Two slices for each animal
and six randomly selected fields per slice were considered. Data analyses give
the following parameters: minimum and maximum adipocyte diameters, mean
area, and estimated mean volume.

Plasma glucose, insulin, lipids, leptin, corticosterone, and ACTH. At
120 d of life, trunk blood samples were collected, between 09:00 and 12:00
h, after rapid decapitation and after 14 h of fasting. Blood was collected in
heparinized or EDTA tubes centrifuged at 3500 � g for 10 min and kept at
�80°C until analysis. For the dose of leptin, ACTH, and corticosterone, the
blood samples were placed on ice; these parameters were performed on
nonfasted mice to avoid the stress due to the fasting condition. Glucose, total
cholesterol, triglycerides, and phospholipids were measured in duplicate with
a commercial kit (Boehringer Mannheim GmbH). The plasma insulin level
was determined in duplicate, using commercial radioimmunoassay (RIA) kits
(Linco Research, St. Charles, MO). Intra- and interassay coefficients of
variation were �4.5%. Plasma leptin levels were determined in triplicate,
using commercial RIA kits (Linco Research). Intra- and interassay coefficients
of variation were �10%. Corticosterone levels were assayed in duplicate in a
single assay using an RIA kit (ICN, Costa Mesa, CA) with intraassay
coefficients of variations �2%. The plasma levels of immunoreactive ACTH
were measured by RIA with a double-antibody precipitation assay; we used
human ACTH antiserum and human ACTH standard obtained from Dr. A.F.
Parlow (Harbor-UCLA Medical Center) and [125I]iodotyrosyl 2–ACTH-(1-
39) (Amersham Biosciences, Milan). The antibody recognizes mouse ACTH-

Table 1. Body weight (grams) at different ages (in days) in the two experimental groups

Group 25 d 60 d 95 d 120 d 135 d

Controls 23.3 � 0.4 45.5 � 0.6 49.2 � 0.5 51.1 � 0.6 52.5 � 1.3
Manipulated animals 24.5 � 0.4 48.4 � 0.8* 54.6 � 0.8† 58.7 � 1.0† 61.8 � 0.9†

Values are mean � SEM of 12 animals.
* p � 0.05.
† p � 0.001 versus respective controls.
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(1-39), and there is no cross-reactivity with other peptides derived from the
proopiomelanocortin precursor.

Statistical analysis. Values are expressed as mean or median � SEM The
differences were tested by analysis of variance (ANOVA) and analyzed using
Dunnett’s comparison tests. Cell volume distribution was evaluated through
�2 analysis. The difference among groups of data were considered significant
when p � 0.05.

RESULTS

Body weight, food and water intake, body length, epi-
didymal fat pad, caloric efficiency, and spontaneous motor
activity. At weaning, both groups did not show significant
differences in body weight (Table 1). Indeed, manipulated
mice weighed significantly more that did control mice at
approximately 60 d of age and thereafter (Table 1), but at
135 d of age, they did not present any significant differ-
ences in body length, which was 11.7 � 0.1 cm (n � 20) and
11.7 � 0.1 cm (n � 20) in control and manipulated groups,
respectively. Moreover, no significant changes in water con-
sumption were observed (data not shown). At 135 d of age, the
manipulated mice had larger epididymal fat pads (2.5 � 0.2 g)
than controls (1.2 � 0.3 g) (n � 12 for each group; p � 0.001)
and a significant increase in volume of epididymal adipocytes
when compared with control animals is recorded in Table 2.
To understand the source of mild obesity, three conditions

were evaluated, i.e. the daily food consumption, the caloric
efficiency, and spontaneous locomotor activity. As a whole,
the cumulated food intake was not consistently different in
the two groups (Table 3). From d 23 to d 118 of age, the
difference between manipulated and control animals in total
estimated food intake was 5.1 g, which means an average
increase of 0.054 g/d per single manipulated mouse over
control. Considering that this minute amount of food was
equivalent to 0.15 kcal (mouse food produces 2.7 kcal/g), the
average gap in caloric intake was about 14 kcal at 95 d of
life, which means an elevation of stored fat of about 1.6 g.
This could justify 20% of the total weight increase of 7.6 g
average difference at 120 d of life (Table 1). However, when
the adult period (78–118 d) was considered, the estimated
food consumption was significantly different in manipulated
animals (p � 0.02).
Another important determinant in the control of body

weight is the energy cost of food assimilation; therefore, the
caloric efficiency (grams of body weight gained divided by
grams of food ingested) was calculated. From d 23 to d 118 of
life, the overall caloric efficiency was 0.041 � 0.002 and
0.051 � 0.002 in controls and manipulated mice, respectively.
Indeed, before the onset of frank overweight (23–58 d of age),
there is an increase, being 0.096 � 0.005 and 0.101 � 0.004
in control and manipulated mice, respectively. After the onset
of overweight (78–118 d of age), the caloric efficiency was
almost doubled in manipulated animals (0.025 � 0.003) in

comparison with controls (0.012 � 0.001) (p � 0.001). These
results show the same temporal trend as the above data found
for food consumption and confirm these data from another
point of view.
The energy cost for physical activity is another important

clue for controlling body weight; therefore, the spontaneous
locomotor activity was examined before the onset of over-
weight (d 44), near the onset of overweight (d 51) at the
beginning of the overweight (around d 58) and in adult mice
(78- to 118-d-old mice). In the light phase, motor activity of
manipulated animals was not significantly reduced (about
4.8%) versus controls. No changes were detected during dark
phase. Thus, sum of total locomotor activity of control and
manipulated mice was 8954 � 5123 and 8623 � 3709 (arbi-
trary units), respectively (n � 3 cages for each group; p � not
significant).
Plasma levels of glucose, insulin, lipids, leptin, corticoste-

rone, and ACTH. In 120-d-old manipulated mice, fasting
plasma glucose was significantly elevated at about 71% (Table
4). Triglycerides and total cholesterol were significantly in-
creased by about 33% and 13%, respectively (Table 4) in the
absence of significant changes of phospholipid levels. Impor-
tant changes were found in plasma levels of hormones because
plasma insulin levels were significantly higher (about 125%
higher) in manipulated versus control animals (Table 4). The
manipulated adults also had a significantly higher plasma level
of the adipocytes hormone leptin, which was significantly
elevated by about 53% (Table 4). The two hormones used to
evaluate the involvement of HPA, i.e. ACTH and corticoste-
rone (Fig. 1), were also significantly increased in manipulated
mice when compared with the control group not only at 21 d
of age, soon after the end of manipulations, but in addition, the
two hormones were increased in adulthood at 4 mo of age.

DISCUSSION

Data reported here show that mild but repetitive neonatal
psychological and painful manipulations induce long-lasting
or permanent hormonal and metabolic alterations in nonge-
netically vulnerable mice. These conditions are similar to
those induced by the electrodestruction of VMH in rats, those
present in the phenotype of knockout mice for brain insulin
receptors and the phenotypic features similar to the type 2
diabetes mellitus in human patients (11,12). In fact, the
present experimental paradigm results in overweight animals,
with hyperglycemia, hyperinsulinemia, hyperleptinemia, hy-
perlipidemia, an increase in triglycerides, which is higher than
total cholesterol, and a high plasma level of ACTH and
corticosterone (21).
At the end of lactation, both groups have a very similar

body weight. Thus, it is unlikely that adult body weight
alterations are produced by modifications in feeding habit or
consumption during lactation. This is an important finding
because impaired growth during fetal life and during lactation
can cause alteration in pancreas programming (6,22). Indeed,
as previously shown mild obesity attained with the present
model is characterized by a relatively late onset (about 60 d of
life), coincidentally with the onset of sexual maturity (16,23).
Overweight mice have increased epididymal fat pads and

Table 2. Estimated epididymal adipocytes volume

Cell volume Control Manipulated

0.1�2.5 �m3 � 104 94% 40%
2.6–5.0 �m3 � 104 4% 18%
�5.0 �m3 � 104 2% 42%

Values are mean of six animals. �2 � 58.32; p � 0.01.
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hypertrophic adipocytes and do not present consistent varia-
tions in daily spontaneous locomotor activity but do present a
small increase in food intake. Nevertheless, when the total life
food intake is considered after weaning, it justifies 20% of the
total body weight increase over controls. Adult manipulated
male mice had 20% increase in caloric efficiency when was
calculated from 23 to 118 d of life. But the increment in
caloric efficiency reaches about 100% when calculated after
the onset of overweight. This is in line with previous findings
(22,24). The resting metabolic rate has not been investigated
and this could be a bias of the study, but whether a reduced
thermal response to food is a mechanism for the extra energy
needed is still a matter of debate (25).
Obesity was associated with a chronic inflammatory re-

sponse, and it has also been shown that the inflammatory
cytokine TNF-� contributes to insulin resistance (17,26). In
this contest, it is important to underline that splenocytes of
mice submitted to an identical experimental paradigm produce
more cytokines of the proinflammatory type, suggesting that

the appearance of obesity (and perhaps of the type 2 diabetes
mellitus) could be linked to an inflammatory reaction (16).
Although in the presence of obesity, the inflammatory re-
sponse appears to be triggered and to reside mainly in adipose
tissue, it is not possible to exclude that obesity also induces an
inflammatory response in other metabolically critical sites.
The increased insulin plasma level may include altered

structure and function of the endocrine pancreas and/or insulin
sensitive target tissues. In humans, the impairment of insulin
sensitivity in some individuals may be compensated by en-
hanced insulin secretion, while in others, insulin secretion is
not sufficient to overcome insulin resistance. Consequently,
glucose intolerance develops, such as in our manipulated
mice. The high insulin plasma levels suggest that in our mice
psychological and painful manipulations administered early in
life are able to modify pancreas programming and/or the
mechanisms involved in pancreas functionality and that this
occurs in the absence of growth deficit during lactation.
The manipulated overweight mice also have a marked

elevation of about 50% of circulating leptin, as happens in
many obese human subjects in diabetes mellitus, in insulin
resistance syndrome, in Cushing’s syndrome, in mice without
brain insulin receptors, and in rats with ablation or VMH or
other hypothalamic lesions (11,12,27,28). Plasma leptin levels
strongly correlate with adipose tissue mass; thus, the high
level of leptin may be a consequence of an increase in adipose
tissue mass (29). Indeed, our manipulated mice can be con-
sidered to be leptin resistant because they are overweight with
high levels of hormone. An endocrine feedback mechanism
between insulin and leptin has been described: insulin is
adipogenic and increases the production of leptin, while leptin
decreases insulin production (30). The suppressive effect of
leptin on insulin production is mediated by the autonomic
nervous system and by direct action on � cells (30). Thus, in
the presence of hyperinsulinism, the hyperleptinemia suggests
that the development of insulin resistance may occur either in
the pancreatic � cells or at levels of neurons in the central
nervous system and their downstream targets (30,31).
The manipulated adult mice also present high plasma levels

of ACTH and corticosterone, and therefore a permanent dys-
regulation in feedback mechanisms in the HPA may be hy-
pothesized. The disruption of feedback mechanisms can occur
through a number of pathways (32,33). Indeed, the adminis-
tration of GC in the neonatal period produces in adults a
decrease in the expression of GC receptors in several areas of
the brain, and this could explain the disruption of feedback
mechanisms (34). High levels of plasma corticosterone and/or
ACTH are found in other models of obesity in rodents (35,36),
and in humans, the HPA seems to contribute to the metabolic
syndrome (37). Moreover, cortisol is elevated in patients with
type 1 and diabetes, and in many of them, GC administration

Table 4. Effect of neonatal manipulation on fasting plasma levels
of insulin, glucose, triglycerides, total cholesterol, phospholipids,

and leptin in 120-d-old mice

Parameter Control Manipulated

Glucose (mg/dL) 52.0 � 1.8 89.2 � 3.4*
Triglycerides (mg/dL) 69.9 � 2.4 93.0 � 3.9*
Total cholesterol (mg/dL) 97.9 � 3.1 110.2 � 3.4†
Phospholipids (mg/dL) 165.1 � 5.1 175.7 � 4.3
Insulin (pmol/L) 24 � 0.6 54 � 1.2‡
Leptin (ng/mL) 4.46 � 0.39 6.88 � 0.45*

Values are the mean of six mice � SEM.
* p � 0.001 versus respective controls.
† p � 0.05 versus respective controls.
‡ p � 0.01 versus respective controls.

Figure 1. Plasma corticosterone and plasma ACTH levels, at different ages in
controls and neonatally manipulated mice. Values are means � SEM of six
mice for each experimental group. ***p � 0.001 vs respective controls.
Abscissa: C, control animals; M, manipulated animals. Ordinate: Plasma
ir-corticosterone (�g/dL); plasma ir-ACTH (pg/mL). ir, immunoreactive.

Table 3. Daily food intake (grams) in control and neonatally manipulated male mice at different ages (days)

Group 23 30 37 51 58 78 88 98 108

Control mice 11.5 � 0.3 20.6 � 0.4 21.9 � 0.9 22.6 � 0.3 24.7 � 0.4 20.8 � 0.2 21.3 � 0.2 21.2 � 0.1 21.4 � 0.1
Manipulated mice 11.5 � 0.2 22.2 � 0.4 22.4 � 0.3 22.6 � 0.3 23.8 � 0.6 21.3 � 0.2 21.7 � 0.4 21.6 � 0.1 21.7 � 0.2

Values are mean � SEM of at least three cages, each containing three animals (cumulative daily food intake). Estimated cumulative food intake is significantly
higher in manipulated mice in the age range of 78–118 d (p � 0.02).
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does not suppress the HPA response; this suggests that GC
negative feedback is impaired at hypothalamic levels (38,39).
As suggested by Strack et al. (40), excessive activity of GC is
a possible contributor to insulin resistance and could explain
the association with obesity and dyslipidemia.
In conclusion, in agreement with Cincotta et al. (41) and

Portha (42), the present data show that marked hyperphagia
and genetic defects are not necessary for the development of
metabolic alterations, which may lead to features of type 2
diabetes mellitus. In addition, our findings support the impor-
tance of neonatal and environmental factors in the triggering
and development of mild obesity features in adulthood, at least
in rodents. Moreover, they support the hypothesis that over-
weight/obesity (and perhaps also type 2 diabetes) can be a
“disorder of the brain” as suggested by others (10). Prospec-
tively, as pure speculation, our data suggest that human babies
subjected to minimal repeated manipulations during critical
periods of development, such as premature newborns (and
perhaps even during intrauterine life, also as an imbalance of
HPA hormones, as it is suggested in rodent models) could
have an elevated risk of developing obesity and derangement
of metabolic parameters, possibly leading to type 2 diabetes
mellitus (43). Finally, gaining knowledge of the pathogenesis
of these conditions will provide the possibility of a new
prevention strategy.
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