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Abstract

Early weaning (EW) is associated with obesity later in life. Here, using an EWmodel in rats, we
investigated changes in feeding behavior and the dopaminergic and endocannabinoid systems
(ECS) in the adult offspring. LactatingWistar rats were divided into two groups: EW, damswere
wrapped with a bandage to interrupt suckling during the last 3 days of breastfeeding; CONT;
dams fed the pups throughout the period without hindrances. EW animals were compared with
CONT animals of the same sex. At PN175, male and female offspring of both groups could
freely self-select between high-fat and high-sugar diets (food challenge test). EW males pre-
ferred the high-fat diet at 30 min and more of the high-sugar diet after 12 h compared to
CONT males. EW females did not show differences in their preference for the palatable diets
compared to CONT females. Total intake of standard diet from PN30-PN180 was higher in
bothmale and female EW animals, indicating hyperphagia. At PN180, EWmales showed lower
type 2 dopamine receptor (D2r) in the nucleus accumbens (NAc) and dorsal striatum, while
EW females had lower tyrosine hydroxylase in the ventral tegmental area and NAc, D1r in the
NAc, and D2r in the prefrontal cortex. In the lateral hypothalamus, EW males had lower fatty
acid amide hydrolase (FAAH) andmonoacylglycerol lipase, whereas EW females showed lower
N-arachidonoyl-phosphatidylethanolamine phospholipase-D and increased FAAH. Early
weaning altered both the dopaminergic and ECS parameters at adulthood, contributing to
the eating behavior changes of the progeny in a sex-dependent manner.

Introduction

Epidemiological and animal studies have demonstrated that environmental and nutritional
changes during pregnancy and lactation may initiate permanent changes in metabolism that
lead to several diseases later in life.1–3 This phenomenon, known as metabolic programming,
involves epigenetic changes during critical windows of development and plays an important
role, for example, in the onset of obesity.4

Breastfeeding is considered a critical period of development since milk is the first source of
nutrition for the baby after birth. A child is considered exclusively breastfed only when breast
milk is ingested with no intake of any other food or drink for the first 6 months of life.5

Introduction of any food before 6 months of age characterizes as early weaning.6 Studies have
shown that alterations during the lactation period, even if transitory, are related to late-emerging
metabolic disturbances.7–9 Our research group developed an animal model of early weaning and
observed, in males, hyperphagia, overweight, increased visceral adiposity, and resistance to lep-
tin in the adult offspring.10–12 In addition, hepatic alterations were detected, with increased tri-
glycerides and microsteatosis associated with increased oxidative stress.13 Early-weaned females
also exhibited hyperphagia and higher adiposity, despite having normal body mass.14 A sexual
dimorphism seems to be involved in these phenotypes, since we have already shown that females
differ from males in parameters such as hormonal profiles, hepatic lipid metabolism, brown
adipose tissue function, and fat deposit distribution.15

It is known that obesity is a multifactorial disease that may be associated with the develop-
ment of several other metabolic diseases and is considered a major epidemic in the 21st cen-
tury.16 Alterations in the endocannabinoid system (ECS) have been seen as one of the
mechanisms capable of regulating aspects related to hyperphagia and greater storage of calories,
playing a crucial role in the regulation of energy balance.17,18 Likewise, the dopaminergic system
can control the search for palatable food and reward19,20; the excess of fat and sugar in foods can
activate central pathways that are similar to those triggered by drug addiction.20 Therefore,
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alterations of the endocannabinoid and dopaminergic systems
have been associated with the development of binge-eating and
obesity.20–24

Type 1 (CB1r) and type 2 (CB2r) cannabinoid receptors are
distributed throughout most of central nervous system (CNS)
and in various peripheral organs, such as the white adipose tissue
(WAT) and liver.25–27 N-arachidonoyl ethanolamine (ananda-
mide) and 2-arachidonoylglycerol (2-AG) are endogenous canna-
binoids derived from arachidonic acid that control energy and lipid
metabolism.28,29 Anandamide is produced by the enzyme N-arach-
idonyl-phosphatidylethanolamine phospholipase-D (NAPE-PLD),
whereas 2-AG is generated by the action of diacylglycerol-lipase
(DAGL). The anandamide is metabolized by fatty acid amide hydro-
lase (FAAH), whereas the 2-AG is hydrolyzed by monoacylglycerol
lipase (MAGL).29 In the lateral hypothalamus (LH), the ECS function
is to integrate signals that transmit information about the energy state
of the organism, causing increased food intake.30–32 In the WAT, the
ECS stimulates lipogenesis and adipogenesis33 and, in the liver, the
ECS is involved in the development of acute and chronic hepatic
diseases.34

The mesolimbic and mesocortical dopaminergic pathways
influence appetite, motivating the search for food.35,36 This
dopaminergic system consists of neurons located in the ventral
tegmental area (VTA), which release dopamine by activating the
dopaminergic receptors (D1r and D2r) in regions of the brain
such as the nucleus accumbens (NAc).37,38 On the other hand,
in the arcuate nucleus (ARC) of the hypothalamus, dopamine
signaling inhibits feeding.39 Endocannabinoids directly and
indirectly modulate dopaminergic function.40

Therefore, considering the hyperphagia and other metabolic
dysfunctions associated with obesity previously detected in both
sexes of an animal model of early weaning,10–12,14 we hypothesized
that early-weaned animals could show a higher preference for pal-
atable diets due to dysfunctions of both dopaminergic and ECSs
in adult life and that such changes could be tissue- and sex-
dependent. In the current study, early-weaned offspring of both
sexes were challenged by offering a choice between a diet rich in
fat and one rich in sucrose. Furthermore, the dopaminergic system
was evaluated in the VTA, prefrontal cortex (PFC), NAc, dorsal
striatum (DS), and ARC, and ECS parameters were assessed in
the LH, adipose tissue, and liver.

Methods

Experimental model

The Ethics Committee for the Care and Use of Experimental
Animals of the Institute of Biology Roberto Alcantara Gomes of
UERJ approved this experiment (CEUA/035/2017). All efforts
were made to minimize the number of animals used and to refine
the procedures. Animals were kept in a room under controlled
temperature (21 ± 2°C), humidity (55% ± 5%), and light–dark
cycle (9:00 a.m./9:00 p.m.), with free access to water and food.
At 90 days of age, nulliparous Wistar rats were mated with males
(2 females/1 male) for 7 days. After mating, each female was placed
in an individual cage with free access to water and food until deliv-
ery. After birth, the litters were adjusted to 6 pups (3 males and 3
females) per lactating rat dam and randomly assigned to one of the
following two groups: the control group (CONT, n= 7), that is,
dams whose pups had a standard lactation period (21 days), and
the early-weaning group (EW, n= 7), in which dams were slightly
anaesthetized and wrapped with a bandage to prevent pups from

accessing teats during the last 3 days of lactation, as described in
our previous study.11 It is important to highlight that a period
of 21 days of lactation for rats corresponds to 6 months of lactation
for an infant, and thus considering this information, our experimen-
tal model mimics a child weaned at the 5th month of age.41 Both
groups received a standard rodent chow diet (Nuvilab®, São
Paulo, Brazil) and potable water ad libitum.

Food intake and body mass

During lactation, the body mass of the EW and CONT pups was
monitored daily until postnatal day 21 (PN21). After PN21,
body mass, and food intake were assessed every 3 days until
PN180 in both groups. Animals were housed in groups of three
or four same-sex siblings per cage throughout experiment. The
amount of food intake (in grams) was estimated by calculating
the difference between the quantity of chow initially placed in
the cage and the final amount of chow left in the cage three days
later and then dividing this result by the number of animals in
the cage.

Evaluation of feeding behavior and diets composition

At PN175, the animals were submitted to the food challenge test
during the night,42,43 which is the active period for rodents.
During the food challenge period, animals were kept in the same
cage in order to avoid the effects of social isolation.

First, the animals were fasted for 12 h, from 9 a.m. until 9 p.m.,
after which they could select between a high-fat diet (20% higher
content of saturated fat compared to the standard chow) and a
high-sugar diet (38% higher content of sucrose compared to the
standard chow). Food intake was first recorded at 9:30 p.m.; thus,
voracity was determined by calculating the amount of chow that
was consumed during the initial 30-min period. Voracity was used
as a measure of excessive appetite, a behavior that shows similar-
ities to drug craving.44–47 On the next day (9 a.m.), food intake was
recorded by calculating the amount of chow that was consumed
during the previous 12 h. After the food challenge, all animals
received standard chow.

The palatable diets were prepared in our laboratory using a
standard commercial diet for rodents (Nuvilab CR-1, Nuvital
Nutrientes S/A – Quimtia, PR, Brasil). The standard chow was
grinded and the resulting bran was mixed with butter or sugar
by using an industrial food mixer. To prepare 100 g, we added
20 g of butter to 62 g of standard chow for the preparation
of the high-fat diet and 38 g sucrose to 62 g of standard chow
for the preparation of the high-sugar diet. We also added 18 g of
sucrose in the high-fat diet. When the mix achieved a good con-
sistence to be pelletized, it was placed in an industrial heater for
12 h to dry. The chows were kept at room temperature. The
diets were placed in the housing cage cover in a proper space
for the food. To separate the two diets, we used a bottle with
drinking filtered water. The texture and shape of the chow pel-
lets of the palatable diets were similar to those of the standard
diet. The compositions of the palatable diets are shown in
Table 1.

Euthanasia and tissue collection

Prior to euthanasia, animals were fasted overnight. At PN180,
immediately before euthanasia, the animals’ body masses were
measured. At 8 a.m., a lethal dose of thiopental was injected,
and blood was obtained by cardiac puncture. The blood was
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collected in the heparin tube and centrifuged (663 × g, 25 min,
4°C). The plasma was stored at −20°C. The brain (for extraction
of hypothalamus (LH, ARC), VTA, PFC, NAc, and DS), visceral
adipose tissue (VAT), and liver were collected and stored at
−80°C for further procedures. Coronal brain sections were cut
using a cryostat (Hyrax C25, Zeiss, Germany) and punches of
the LH (−2.10 to −3.6 mm), DS (Bregma 2.16–0.96 mm), nucleus
accumbens (NAc, Bregma 2.16–0.96 mm), ARC of hypothalamus
(ARC, Bregma −2.1 to −3.6 mm), PFC (Bregma 4.20–2.52 mm),
and VTA (Bregma −5.64 to −6.36 mm) were extracted from the
brains.48

Western blot analysis

In the LH, VAT, and liver, we measured the following biomarkers
of ECS: NAPE-PLD, FAAH, DAGL, MAGL, CB1r, and CB2r.
Dopaminergic system biomarkers were evaluated in the following
areas: 1) VTA (TH); 2) PFC, DS, and NAc (TH, DAT, D1r, and
D2r); 3) ARC (D2r).

The VAT was homogenized in an extract buffer (T-PER tissue
protein extraction). The liver was homogenized in ice-cold RIPA
buffer (50mMTris-HCl [pH 7.4], 1%NP-40, 150mMNaCl, 1 mM
EDTA, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF) with a protease
inhibitor cocktail (F. Hoffmann-La Roche Ltda., Basel, CH).
Samples were then centrifuged at 12839.9 × g for 30 min (VAT)
or 19339.5 × g for 25 min (liver). All brain nuclei were sonicated
twice in an ultrasonic processor for 10 s (15 s interval, 40% ampli-
tude) with RIPA buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40,
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na3VO4, 1 mM
NaF) with a protease inhibitor (F. Hoffmann-La Roche Ltda. Basel,
CH). Protein concentrations of all tissues were determined using
the Pierce BCA Protein Assay Kit (Thermo Scientific, CA, USA).
Homogenates were analyzed by SDS-PAGE using 10–30 μg total
protein. Proteins were then transferred from the gel to a polyvinyli-
dene difluoride membrane (Hybond ECL; Amersham Pharmacia
Biotech, London, UK) and incubated with Tris-buffered saline
(TBS) containing 5% albumin for 45 min. Following this step,
membranes were washed with Tween-tris-buffered saline (0.1%)
and incubated overnight at 4°C with a specific primary antibody:
NAPE-PLD (1:200 – ab95397, Abcam), FAAH (1:500 – ab54615,
Abcam), DAGL (1:500 – ab81984, Abcam), MAGL (1:400 –
sc398942, Santa Cruz Biotechnology), CB1r (1:1000 – ab23703
Abcam), CB2r (1:500 – ab3561, Abcam), TH (1:1000 – T2928,
Sigma-Aldrich), DAT (1:500 – ab1591P, Millipore), D1r (1:500 –
ab81296, Abcam), D2r (1:500 – ab5084P, Millipore), GAPDH
(1:1000 – D16H11, Cell Signaling), and β-Actin (1:1000 – A2228,
Sigma-Aldrich). Membranes were then washed three times
with Tween TBS (0.1%) and incubated for 1 h with an appropriate
secondary antibody conjugated with biotin (1:7000, 1:10000, or
1:20000; anti-rabbit, anti-mouse [Sigma-Aldrich MO, USA], or

anti-goat [Invitrogen Corporation, CA, USA]) at room temperature.
Then, the membranes were washed again three times with
Tween-TBS (0.1%) and incubated with streptavidin-conjugated
horseradish peroxidase (GE Healthcare, Buckingham, Shire,
UK). The protein bands were visualized by a chemiluminescence
kit (ClarityTMWestern ECL Substrate, Bio-Rad Laboratories Inc.,
USA) followed by exposure to Image Quant LAS (GE Healthcare,
Buckinghamshire, UK). The area and density of the bands were
quantified using ImageJ software (Wayne Rasband, National
Institute of Health, MD, USA) and were normalized to
β-actin (Sigma-Aldrich MO, USA) or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Cell Signaling
Technology MA, USA). The results were expressed as percent-
ages (%) of the control group.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism
Software version 6 for Windows (GraphPad Software, San
Diego, CA, USA). The data are shown as means ± SEM. One
rat of each sex per litter was randomly used for the analyses
(total of EW: 7 litters; CONT: 7 litters). Results were analyzed
using two-way ANOVAs with programming and sex as
between-subject factors followed by the Tukey’s multiple com-
parisons test (Supplementary Material). Differences were con-
sidered significant when P < 0.05. In order to qualify the
magnitude of the obtained differences, the effect size was calcu-
lated. Effect size data are provided as Eta-squared (η2: small >
0.1, medium > 0.3, large > 0.5).

Results

Early weaning increased food intake and body mass in both sexes.
EW males had higher food intake (þ15%, P< 0.05, η2= 0.73),
higher body mass (þ17%, P< 0.05, η2= 0.46), as well as higher
visceral adiposity (þ54%, P< 0.05, η2= 0.59) when compared
to CONT males, as depicted in Table 2. These parameters also
showed the same alterations in EW females when compared to
CONT ones: food consumption (þ5%, P< 0.05, η2= 0.35), body
mass (þ17%, P< 0.05, η2= 0.35), and visceral fat mass (þ51%,
P< 0.05, η2= 0.45). These data are in accordance with the findings
of our previous studies.13,14

As shown in Fig. 1a, EW males were hyperphagic from PN63
onward. When compared with CONT males, they showed
increased food intake of standard chow (þ16%, P< 0.0001;
Fig. 1b). EW females ate more standard chow during the entire
experimental period (Fig. 1c); the area under the curve of food
intake was higher (þ5%, P= 0.0002, Fig. 1d) in comparison with
CONT females.

Table 1. Composition of the standard and palatable diets

Standard Diet High-Sugar Fat High-Fat Diet

Carbohydrate (g) 66.0 78.9 58.9

Lipid (g) 11.0 6.8 26.8

Protein (g) 23.0 14.3 14.3

Energy (kcal) 455 434 534

Values observed in 100 g of rat chow.

Table 2. Body and adipose tissue masses in adult rats that were early-weaned

Males Females

CONT EW CONT EW

Body mass gain (g) 234 ± 7 276 ± 9* 104 ± 4 122 ± 4*

Visceral fat (g/100g
BW)

3.3 ± 0.2 5.1 ± 0.3* 2.9 ± 0.3 4.4 ± 0.3*

Total bodymass gain was determined between PN30 and PN180. Visceral fat was collected at
PN180. Groups: CONT, control rats, weaning at PN21; EW, early-weaning rats, weaning at
PN18. Values expressed as mean ± SEM; n = 7 rats/group (one per sex per litter). Two-way
ANOVAs followed by the Tukey’s test.
*P< 0.05 vs. same-sex CONT group.
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Eating behavior

After 30 min of the palatable diets being offered, EWmales did not
consume the high-sugar diet (Fig. 2a); on the other hand, they con-
sumed more of the high-fat diet than the CONT group (þ19%,
P< 0.05, η2= 0.10; Fig. 2a). After 12 h, we observed an increase
in high-sugar diet consumption in EW males (þ78% vs. CONT
males, P< 0.05, η2= 0.17; Fig. 2b). Concerning the high-fat diet,
EWmales had less fat intake when compared with CONT animals
(−9%, P< 0.05, η2= 0.17; Fig. 2b).

The EW females did not show significant differences in the
preference for either the high-sugar or high-fat diets when com-
pared to CONT ones during the food challenge test (Fig. 2c, 2d).

When we compared the consumption between diets (high-
sugar vs. high-fat diets), both CONT and EW groups, regardless
the sex, consumed more of the high-fat diet than of the high-
sugar one (Fig. 2a–2d). When we compared sex-specific effects
(Fig. 2e–2f), during both the 30-min and 12-h periods, CONT
and EW males ate more of the high-fat diet than CONT and

EW females. Females consumed more of the high-sugar diet than
males during both the 30-min and 12-h periods.

Biomarkers of dopaminergic system

We did not observe significant differences in the parameters of
the dopaminergic system in the VTA (Fig. 3a), PFC (Fig. 3c),
and ARC (Fig. 4b) in EW males. We found a decrease in D2r
in the NAc (−29%, P < 0.05, η2 = 0.26; Fig. 3b) and DS
(−25%, P < 0.05, η2 = 0.19; Fig. 4a) in EW males when com-
pared to CONT males.

Regarding females, the EW group had lower TH in the VTA
(−47%, P< 0.05, η2= 0.25; Fig. 5a) and NAc (−43%, P< 0.05,
η2= 0.17; Fig. 5b), as well as lower D1r in the NAc (−66%,
P< 0.05, η2= 0.46; Fig. 5b) and lower D2r in the PFC (−39%,
P< 0.05, η2= 0.37; Fig. 5c). EW females had no changes in dop-
aminergic parameters in the DS (Fig. 6a) and ARC (Fig. 6b) when
compared to CONT females.

Fig. 1. Food intake evolution and area under curve (AUC) of food
intake of adult male (a and b) and female rats (c and d). Values
expressed as means ± SEM; n= 9 rats/group (one per sex per litter);
statistical difference was considered significant when P < 0.05.
*P < 0.05, ***P = 0.0002; ****P < 0.0001.
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Biomarkers of ECS in the lateral hypothalamus (LH)

In the LH of males (Fig. 7a), FAAH and MAGL protein contents
were lower in the EW group (vs. CONT males; respectively −68%,
P< 0.05, η2= 0.29 and −50%, P< 0.05, η2= 0.36).

Concerning the EW females (Fig. 8a), we observed decreased
NAPE-PLD content (−55% vs. CONT females, P< 0.05,
η2= 0.21) and increased FAAH content (þ84% vs.CONT females,

P< 0.05, η2= 0.38) in the LH. We did not detect any change in
DAGL, CB1r, or CB2r between the female groups.

Biomarkers of ECS in white visceral adipose tissue (VAT)

In the VAT, the EW offspring of either sex did not show any sig-
nificant difference in protein contents of NAPE-PLD, FAAH,

Fig. 2. Eating behavior of adult male and female rats.
Control Group (CONT, black bar: males; gray bar: females);
early weaning (EW, white bar: males; red bar: females).
Food intake (in grams) in each of the groups at PN175 during
a 30-min (a and c) or a 12-h (b and d) interval of a food chal-
lenge test. Food preference was measured based on the con-
sumption of high-sugar and high-fat diets by both CONT and
EW animals. A comparison between male and female food
preference is shown (e and f, high-sugar diet after 30 min
and 12 h, respectively; g and h, high-fat diet after 30 min
and 12 h, respectively; CONT: blue bar; EW: purple bar).
Values expressed as means ± SEM; n= 5–7 rats/group (one
per sex per litter); statistical difference was considered sig-
nificant when P< 0.05. *P < 0.05, **P < 0.01; ***P < 0.001
****P < 0.0001.
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DAGL, MAGL, CB1r, and CB2r when compared to their control
groups (males, Fig. 7b; females, Fig. 8b).

Biomarkers of ECS in the liver

In the liver, the EW offspring of both sexes showed a decrease in
CB2r when compared to their respective controls (males, Fig. 7c:
−42%, P< 0.05, η2= 0.32; females, Fig. 8c: −63%, P< 0.05,
η2= 0.31). The other parameters of the ECS did not show signifi-
cant differences between groups (males, Fig. 7c; females, Fig. 8c).

Discussion

In the present study, we aimed to understand male and female
hyperphagia in an animal model of early weaning, evaluating
the dopaminergic and ECSs in adult life. In the palatable food pref-
erence test, all animals from both groups showed preference for the
high-fat diet. Sex-specific effects were also observed: males con-
sumedmore of the high-fat diet than did females, which consumed
more of the high-sugar diet than males. EW males showed greater
voracity for the high-fat diet thanCONT ones, although this profile
was later altered, since EW animals consumed more of the high-
sugar than of the hight-fat one by the end of the food preference
test when compared to CONT ones. EW males showed changes in
the dopaminergic system that help explain these findings, such as

lower D2r in NAc and DS. Regarding the ECS, we observed a
reduction of FAAH and MAGL in the LH of EWmales, suggesting
lower degradation of anandamide and 2-AG, respectively, which
is consistent with the detected hyperphagia. Interestingly, although
EW females did not show differences in preference for palatable
diets, they showed alterations in the markers of the dopaminergic
and ECSs, which suggest reduced production of both dopa-
mine and anandamide. The main findings related to the dopami-
nergic and ECSs in brain nuclei of both EWmales and females are
shown in Fig. 9.

The sex dimorphism detected in the food preference test cor-
roborates the results obtained in a programming model of
energy restriction during gestation.49 To understand whether
the alterations found in the food preference test of the offspring
programmed by early weaning were associated with the reward
system, we evaluated the dopaminergic system markers in spe-
cific regions of the brain because the literature describes an
inverse relationship between food intake and dopaminergic sys-
tem activity, with hyperphagia and reduced dopaminergic
tone.42,50 Dopaminergic regulation is linked to feeding reward
behavior, and it is well described that after an exposure to addic-
tive substances, this system changes at the molecular and cellu-
lar levels.51 These modifications in the dopamine pathways
occur by distinct mechanisms and are mediated by D1r and
D2r, the most abundant dopamine receptors in the brain.52

Dopamine seems to have more affinity to D2r than to D1r
and it is associated with different patterns (tonic or phasic) of
dopamine release. Considering this, D1r would be more acti-
vated at high levels of dopamine and, in contrast, D2r would
detect basal or low levels of dopamine. In addition, the intracel-
lular pathway of both receptors also differs. Both receptors are
G-protein coupled; however, D1r is coupled to a Gαs -protein
that stimulates adenylyl cyclase (AC) activity and cyclic adeno-
sine monophosphate (cAMP) production, which stimulates

Fig. 3. Dopaminergic system I in male rats. Control Group (CONT: black bar); early
weaning (EW: white bar). Ventral tegmental area (a), nucleus accumbens (b), and pre-
frontal cortex (c). Tyrosine hydroxylase (TH), dopamine transporter (DAT), and dopa-
mine receptors (D1r and D2r). Representative Western blotting bands are shown.
Values expressed asmeans± SEM; n= 5–7 rats/group (one per sex per litter); statistical
difference was considered significant when *P< 0.05.

Fig. 4. Dopaminergic system II in male rats. Control Group (CONT: black bar); early
weaning (EW: white bar). Dorsal striatum (a) and arcuate nucleus (b). Tyrosine hydrox-
ylase (TH), dopamine transporter (DAT) and dopamine receptors (D1r and
D2r). Representative Western blotting bands are shown. Values expressed as
means ± SEM; n= 5–7 rats/group (one per sex per litter); statistical difference was con-
sidered significant when *P< 0.05.
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protein kinase A (PKA), while D2r is coupled to a Gαi-protein,
which is a negative regulator of this same pathway.51 According
to Avena,46 the reduction of D2r in the NAc is related to binge
eating, increased consumption of sugary diets, and a greater pre-
disposition for using drugs of abuse.25 In our study, EW males
exhibited lower D2r in the NAc and DS, suggesting a lower effect
of dopamine in these tissues and thus explaining their hyper-
phagia and preference for palatable diets. In order to eliminate
the bias involving the one-day test, it would be interesting to test
feeding behavior on different days in order to check whether the
preference for the palatable diet is consistent. This may consti-
tute a limitation of the present study.

In the hypothalamus, dopaminergic signaling inhibits feed-
ing.37 However, in our study, early weaning in adult animals of
either sex did not program the content of D2r in the ARC.
Under a standard isocaloric diet, EW females apparently exhibited
mild lifelong hyperphagia (5% vs. CONT females), less than the
observed hyperphagia in males (16% vs. CONT males), which
did not reflect the choice of diets rich in sugar or fat. Despite this
finding, we observed a reduction of TH in the VTA, a reduction of
TH and D1r in the NAc, and a reduction of D2r in the PFC in EW
females, indicating a possible reduction in the synthesis and/or
action of dopamine. Thus, a decreased activity of the brain dopa-
minergic reward system in EW females may increase the risk of

developing food addiction.53,54 It is conceivable that EW females
will eventually show compulsion for a palatable diet. In addi-
tion, other pathways of the reward system may modulate the
hyperphagic phenotype of EW animals of either sex, such as
opioids55 or oxytocin,56 both directly related to the regulation
of food intake.

It is well known that there is a direct relationship between ani-
mal hyperphagia and elevation of central endocannabinoids.57,58

Concerning the ECS in the LH, EW males had lower levels of
FAAH and MAGL when compared to controls, enzymes that
are responsible for the degradation of anandamide and 2-AG,
respectively, suggesting that endocannabinoids are more available
in this nucleus, stimulating the higher food intake. In EW females,
we observed lower levels of NAPE-PLD and higher levels of
FAAH, respectively, synthesis and degradation enzymes of
anandamide. These findings are paradoxical, since we expected
that the ECS in the LH would also be increased in these animals
due to the hyperphagia phenotype. It is possible that the appar-
ent decrease in dopaminergic action surpasses the decrease in
ECS effects.

In the adipose tissue, the endocannabinoids act by increasing
the formation and storage of triglycerides.59,60 Kuipers et al.61 stud-
ied the deregulation of endocannabinoids in rats with diet-induced
obesity and observed increased serum levels of anandamide and 2-
AG, and increased gene expression of DAGL in gonadal fat. In this
study, we did not find changes in ECSmarkers in the adipose tissue
of either sex in offspring programmed by early weaning, which is
surprising, since these animals have increased visceral adiposity.
However, we cannot discard the possibility that circulating endo-
cannabinoids are high in our experimental model.

In the liver, mice with CB1 activation exhibit increased gene
expression of SREBP-1c and lipogenic enzymes, acetyl-CoA car-
boxylase-1 and fatty acid synthase, and a high-fat diet increases
the hepatic effects of anandamide via CB1r.62 On the other hand,
CB2r exhibits beneficial effects in the liver. In cirrhosis, CB2r is

Fig. 5. Dopaminergic system I in female rats. Control Group (CONT: gray bar); early
weaning (EW: red bar). Ventral tegmental area (a), nucleus accumbens (b) and prefron-
tal cortex (c). Tyrosine hydroxylase (TH), dopamine transporter (DAT) and dopamine
receptors (D1r and D2r). Representative Western blotting bands are shown. Values
expressed asmeans ± SEM; n= 5–7 rats/group (one per sex per litter); statistical differ-
ence was considered significant when *P < 0.05.

Fig. 6. Dopaminergic system II in female rats. Control Group (CONT: gray bar); early
weaning (EW: red bar). Dorsal striatum (a) and arcuate nucleus (b). Tyrosine hydrox-
ylase (TH), dopamine transporter (DAT) and dopamine receptors (D1r and D2r).
Representative Western blotting bands are shown. Values expressed as
means ± SEM; n= 5–7 rats/group (one per sex per litter); statistical difference was con-
sidered significant when *P < 0.05.
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upregulated in fibrogenic cells and seems to play an important
antifibrogenic and anti-inflammatory role during chronic liver
injury.63,64 As previously reported, adult males programmed by
early weaning show oxidative stress and hepatic microsteato-
sis.13 In the current study, we observed a reduction of CB2r
in the liver of EW offspring from either sex. We suggest that this
finding could be related to a hepatic dysfunction that has been
previously described in EWmales. A distinct mechanism is pos-
sible for EW females, since they seem to be protected from
hepatic dysfunctions.65

Several studies have described the influence of sex hormones in
metabolic programming.66 Low or high concentrations of sex hor-
mones during critical windows could permanently change the neu-
ronal structure.67 Estradiol, for example, participates in the
regulation of several mechanisms in both the CNS, such as neuro-
genesis, cell migration, and apoptosis during early development of
hypothalamus and other brain areas.68,69 Sex hormones also regu-
late the energy metabolism, compromising food intake and body
mass. In addition, the hypothalamus, a fundamental structure
for the control of energy homeostasis, and other brain regions
show differences between males and females since before birth
and throughout life, which are caused, in part, by different patterns

of stimulation by the sex hormones on these structures during
development and adult life.70 Thus, the sexual dimorphism
observed in this study could be associated with the plasma levels
of the sex hormones and/or their receptor contents in this model.
Pietrobon et al.14 showed that EW males have increased testoster-
one and a trend to decreased estradiol levels, while EW females had
unchanged sex steroids.

The increase in obesity prevalence and eating disorders nowa-
days has encouraged research efforts aimed to understand the
etiology of abnormal eating behaviors. To the best of our knowl-
edge, this study is the first one to demonstrate that early weaning
induces long-term alterations in the biomarkers of both the
dopaminergic and ECSs, partially explaining the increase in
food consumption in EW animals and the higher preference
for palatable food observed only in the early-weaned males.
Given the sexually dimorphic effects of EW on long-term palatable
food preference, future studies addressing how sex hormones
influence the molecular and behavioral changes associated with
EW are warranted. Interestingly, in general, women are more
prone to develop binge-eating disorder than men. However, it is
possible that early life stressors, such as early weaning, have a role
in the onset of these disturbances first in men.

Fig. 7. Endocannabinoid system in male rats. Control Group (CONT:
black bar); early weaning (EW: white bar). Lateral hypothalamus (a),
Visceral adipose tissue (b), and liver (c). N-arachidonoyl-phosphatidy-
lethanolamine phospholipase-D (NAPE-PLD); fatty acid amide hydro-
lase (FAAH); diacylglycerol lipase (DAGL), monoacylglycerol lipase
(MAGL), cannabinoid receptor (CB1r and CB2r). Representative
Western blotting bands are shown. Values expressed as
means ± SEM; n = 5–7 rats/group (one per sex per litter); statistical
difference was considered significant when *P < 0.05.
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