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Abstract
Maternal behavior has a substantial impact on the behavioral, endocrine, and neural development of the pups. This study 
investigated the effect of altering the neonatal nutritional environment by modifying the litter size on maternal care and 
anxiety- and fear-like behaviors in rats during adulthood. On postnatal day (PND) 2, litters were adjusted to a small litter 
(SL) size of three pups per dam or normal litter (NL) size of 12 pups per dam. Maternal behaviors were scored daily during 
lactation (PND2-21). The weight gain, food intake, adiposity, and biochemical landmarks of offspring rats were evaluated. 
On PND60, performances in the open field, elevated plus-maze (EPM), and fear conditioning test were measured. The 
reduction of the litter size enhanced maternal care in lactating rats, increasing the arched-back posture and licking pups. SL 
offspring exhibited accelerated weight gain, hyperphagia, increased visceral fat mass, dyslipidemia, and hyperleptinemia 
in adulthood. The SL offspring of both sexes showed an increase in the anti-thigmotactic effect in the open field, an intact 
anxious-phenotype in the EPM, and a decrease in the time spent freezing during the fear-conditioning test, compared to NL. 
The neonatal environment as determined by litter size plays a crucial role in programming the adult metabolic phenotype as 
well as behavioral responses to stressful stimuli, with an impact on anxiety-like and fear behaviors. These behavioral changes 
in offspring may be, at least in part, a result of increased maternal care.
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Introduction

Overnutrition during early postnatal life represents a risk 
factor for persistent obesity and associated metabolic and 
cardiovascular disturbances [1]. Artificially adjusted litter 
size and its consequences on the offspring during devel-
opment and adulthood have been well studied, including 
the timing of the appearance of developmental landmarks, 
and the neurobehavioral development of pups [1–3]. It has 
been shown that animals raised in small litters (SL) show 
an accelerated body weight gain before weaning, which 
is associated with permanent modulation of adiposity and 
hypothalamic circuits that control food intake and energy 

balance in adulthood [2, 4–6]. Raising rats in SL reduces 
competition for milk during the suckling period and, there-
fore, leads to overnourishment because the total calorie 
intake for each pup is increased [7]. Increased milk intake 
in each individual pup in SL contributes, at least in part, to 
the alteration in metabolic phenotype [8–10]. However, the 
impact of changes in maternal care cannot be excluded [7].

Disturbances in the nutritional environment that alter 
the supply of nutrients from the mother to pups can induce 
structural and functional adaptations during postnatal devel-
opment, with consequences for offspring growth and metab-
olism throughout life [1]. In fact, the perinatal environment 
and maternal care can have long-lasting effects on behavior 
and physiology [11]. Together with nutritional environment, 
maternal behavior has a substantial impact on the behavioral, 
endocrine, and neural development of pups [12].

Animal models provide strong evidence that perinatal 
nutrition has an enduring impact on numerous aspects of 
offspring physiology and behavior, including impairments in 
social behaviors [13, 14], decreased cognitive abilities [15], 
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enhanced response to stress [1], and altered reward-based 
behaviors [16].

In the present investigation, we hypothesized that altera-
tions in neonatal nutritional environment, induced by raising 
the rats in litters of different sizes, would alter maternal care 
and the behavioral features of the offspring in adulthood.

Materials and methods

Animals

Adult Wistar nulliparous female rats, 9 weeks of age, were 
obtained from the Central Animal Facility of the Federal 
University of Alfenas and were housed in a temperature-con-
trolled room (22 °C), on a 12 h light–12 h dark cycle (lights 
on at 7:00 A.M.), with access to water and food ad libitum. 
In all experiments, the females were timed-mated by housing 
them with sexually experienced males. The presence of sper-
matozoa in the vaginal lavage on the following morning des-
ignated day 0 of pregnancy. Pregnant females were individu-
ally housed in transparent cages (42 cm × 34 cm × 16 cm). 
On the second day postpartum (PND2), certain litters were 
adjusted to a size of three pups (one female and two males; 
small litter — SL) to induce early postnatal overnutrition 
by reducing the competition for milk [1, 7, 8]. In the control 
group, the litter size was maintained at 12 pups per litter 
(male to female ratio 1:1; normal litter — NL) for normal 
postnatal nutrition as described previously [5, 6]. When nec-
essary, there was a small adjustment using puppies born on 
the same days for the litters to be correctly culled in SL or 
NL groups. The animals were weaned on PND21, and the 
pups of each litter size were housed in groups of four rats 
per cage (separated by sex), with free access to pelleted food 
and tap water. To avoid the litter effect, one male pup and 
one female pup from each litter were marked with ink and 
used for body weight tracking, hormonal and biochemical 
analyses, and behavioral tests [14, 17].

Maternal studies

Maternal behavior

Maternal behavior in lactating females was scored daily in 
four 72-min observation sessions during 20 days of lactation 
(LD). The observations were performed at regular times, 
with three sessions taking place during the light phase 
(08:00 A.M., 12:00 P.M., and 04:00 P.M.) and one session 
during the dark phase (08:00 P.M.). Within each session, 
the behavior of each mother was scored every 3 min (25 
observations per 4 periods per day for a total of 100 observa-
tions per mother per day). We identified five maternal and 
four non-maternal parameters, as follows: (1) licking pups 

(either its body surface or its anogenital region), (2) nurs-
ing pups in an arched-back posture, (3) “blanket” posture in 
which the mother lays over the pups, (4) passive posture in 
which the mother is lying either on her back or side while 
the pups nurse, (5) nest building, (6) eating, (7) exploring 
the cage, (8) non-explorative movement away from the pups, 
and (9) self-grooming [18, 19]. Data were reported as the 
percentage of observations in which the pups were subjected 
to a target behavior (number of observations in which the 
target behavior was recorded divided by the total number of 
observations × 100).

Performance of lactating rats in the elevated plus‑maze 
and open field tests

On lactation day 6 (LD6), lactating rats with normal and 
small litters (n = 8 per group) and non-lactating virgin 
female rats in their diestrus phase (n = 8 animals) were sub-
jected to behavioral assessment in the elevated plus-maze 
and open field tests.

The elevated plus-maze had two opposite open arms 
(50 cm in length and 10 cm in width) and two opposite 
closed arms (50 cm in length, 10 cm in width, and 40 cm in 
height), extending out from a central platform (10 × 10 cm). 
The whole apparatus was elevated 50 cm above the floor. 
Each rat was placed in the center of the maze facing one of 
the closed arms, and then allowed to explore the open or 
closed arms of the maze for 5 min. The number of entries 
and the time spent in the different arms was recorded. The 
presence of four paws inside the entrance line to the arm was 
used as a signal to start measuring the time interval spent in 
the specific arm, and the end time point was recorded when 
all four paws were outside the line again. The maze was 
cleaned with 5% ethanol after each test to prevent the influ-
ence of previously tested rats. For each day of the experi-
ment, a different group of lactating rats was used.

Immediately after being tested in the EPM, the rats were 
placed in the open field arena for evaluation of their loco-
motor activity. In this test, each female rat was placed in 
the center of the open field that was novel to the animal. 
The open field apparatus consists of a circular arena with a 
diameter of 60 cm with walls of 45 cm in height, and a floor 
that is divided into 12 areas. A circle of 30 cm in diameter in 
the center was divided into four areas defined as the central 
areas, and the eight areas along the walls were considered 
as the peripheral area. The number of peripheral (adjacent 
to the walls) and central (away from the walls) squares that 
the rat entered with all four paws during a 5-min interval 
was recorded [20]. The anti-thigmotactic effect was defined 
as the proportion of entries into the central part of the open-
field arena relative to the total number of entries [20]. The 
arena was carefully cleaned with 5% ethanol solution after 
every test. The behavioral sessions were video-recorded and 
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analyzed by an experimenter blinded to the experimental 
condition.

Offspring studies

Biometrical analysis, food intake, adipose tissue, 
and biochemical analysis

The body weight of offspring was monitored every 3 days 
(starting on PND2) until weaning (PND21) and weekly 
thereafter, until the eighth week. The average 24-h food 
intake (g) was evaluated weekly between the fourth and the 
eighth week by carefully collecting and weighing the food 
remaining in the metabolic cage, and then subtracting this 
amount from the amount given to the rats. To verify whether 
overfeeding early in life could induce abnormal weight gain, 
body weight and nasoanal length were measured in rats on 
PND60, and the Lee index was calculated [21]. Another set 
of animals belonging to NL and SL groups was sacrificed at 
PND60, after 12 h of fasting, and trunk blood samples were 
collected and centrifuged for 15 min at 3000 rpm and 4 °C 
in order to separate the plasma. The samples were stored 
at − 20 °C until use. Plasma leptin and insulin levels were 
assayed using ELISA kits (Linco Research, St. Charles, MO, 
USA). Plasma glucose and lipids [total cholesterol, high-
density lipoprotein cholesterol (HDL-C) and triglycerides] 
were analyzed using enzymatic colorimetric assays (In vitro, 
SP, Brazil). The visceral fat mass (epididymal, ovarian, and 
retroperitoneal white adipose tissue) was excised and imme-
diately weighed for evaluation of adiposity.

Offspring behavioral tests

All behavioral tests were performed at PND60. The 
open field and elevated plus-maze test were performed 
as described for lactating rats. For the evaluation of fear 
conditioning in adult offspring, 16 male and 16 female 
rats were used. These were randomly selected from 16 dif-
ferent litters (2 pups per litter, 1 pup to non-conditioned 
group and 1 pup to conditioned group) of SL and NL dams. 
Habituation, conditioning, and testing were performed in 
25 cm × 22 cm × 22 cm foot shock chambers. The chambers 
had a grid floor composed of 18 stainless steel rods (2 mm 
in diameter), spaced 1.5 cm apart, and wired to a shock gen-
erator. The chambers were cleaned with 5% ethanol after 
each animal. In the conditioning shock session performed 
24 h after the habituation session, the animals were sepa-
rated into two experimental groups: non-conditioned and 
conditioned. The non-conditioned group (n = 8 animals) 
was exposed to the foot shock chamber for 10 min but no 
shock was delivered. The conditioned group (n = 8 animals) 
was submitted to a shock session consisting of six electric 
1.5 mA/3 s foot shocks delivered at 20-s to 1-min intervals. 

The behavioral response (freezing) evoked by conditioned 
emotional responses to the context was evaluated 1 day 
after the conditioning session. The test session consisted 
of a 10-min re-exposure to the foot shock chamber without 
shock delivery [18].

Data analysis

Data were analyzed using the GraphPad software program 
version 6.0 and are expressed as the mean ± SEM. A two-
way analysis of variance (ANOVA) with repeated measures 
and Tukey’s post hoc test were used where appropriate. 
Performances of lactating rats with normal or small litters 
and non-lactating rats on elevated plus-maze and open field 
apparatus were analyzed by one-way ANOVA, followed by 
Tukey’s post hoc test. To assess the effects of litter size on 
offspring behavior tests, data were analyzed with Student 
t-tests. A p value of less than 0.05 (p < 0.05) was used to 
establish significance.

Results

Maternal behavior

Two-way ANOVA showed that the lactating rats with SL 
exhibit an increase in total maternal behavior (Fig. 1a), 
including an increase in arched nursing (Fig. 1b) and lick-
ing pups (Fig. 1c) during lactation. The parameters blan-
ket-nursing (Fig. 1d), passive-nursing (Fig. 1e), and nest 
building (Fig. 1f), changed during lactation, but were not 
influenced by litter size (statistical data: Table 1). Regard-
ing non-maternal behavioral parameters, the reduction in 
litter size and lactating rats with SL were associated with a 
reduction in total non-maternal behavior (Fig. 1g), including 
a decrease in eating (Fig. 1h), non-explorative (Fig. 1i), and 
explorative behavior (Fig. 1j) during lactation. The param-
eter self-grooming (Fig. 1k) changed during lactation, but 
was not influenced by litter size (statistical data: Table 1).

Performance of lactating rats in elevated plus‑maze 
and open field tests

The evaluation of animals in the elevated plus-maze test 
showed an increase in % time [Fig. 2a; F(2,21) = 4.36; 
p < 0.05] and entries [Fig. 2b; F(2,21) = 5.78; p < 0.01] 
into the open arms in lactating rats compared to non-lac-
tating rats, but a similar total number of entries into the 
arms [Fig. 2c; F(2,21) = 1.41; p > 0.05]. There was no sig-
nificant difference between lactating rats with normal lit-
ters and those with small litters. We observed a significant 
increase in the number of central entries in the open field 
test [Fig. 2d; F(2,21) = 5.78; p < 0.01] in lactating rats 
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Fig. 1   Composite maternal and non-maternal behavior of lactating 
rats after litter adjustment to 12 pups per nest (normal litters, n = 8) 
or 3 pups per nest (small litters, n = 8) on PND2. Data are plotted 
as the mean ± SEM percentage of episodes across 100 observations 

per day. a Percentage of total maternal behavior; b arched-nursing; c 
licking pups; d passive-nursing; e blanket nursing; f nest building; g 
percentage of total non-maternal behavior; h feeding behavior; i non-
exploring; j exploring; k self-grooming
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with small litters compared with non-lactating or lactating 
rats with normal litters, as well as an increase in the ratio 

of central/total entries [Fig. 2d; F(2,21) = 16.33; p < 0.01] 
in lactating rats compared with non-lactating rats.

Table 1   Two-way ANOVA results for all analyses relevant to maternal and non-maternal behavior with litter size (normal or small) and lactation 
day as main factors

F F value, p p value

Parameters Litter size (LS) factor Lactation day (LD) factor LS × LD interaction

Total maternal behavior F1,280 = 133.6; p < 0.001 F19,280 = 15.9; p < 0.001 F19,280 = 2.80; p < 0.001
Arched nursing F1,280 = 129.1; p < 0.001 F19,280 = 19.5; p < 0.001 F19,280 = 4.47; p < 0.001
Licking pups F1,280 = 213.7; p < 0.001 F19,280 = 2.07; p < 0.001 F19,280 = 1.69; p < 0.001
Blanket-nursing F1,280 = 3.31; p = 0.07 F19,280 = 1.76; p < 0.05 F19,280 = 1.17; p = 0.28
Passive-nursing F1,280 = 0.05; p = 0.81 F19,280 = 2.21; p < 0.001 F19,280 = 0.99; p = 0.47
Nest building F1,280 = 0.12; p = 0.73 F19,280 = 3.55; p < 0.001 F19,280 = 1.23; p = 0.23
Total non-maternal behavior F1,280 = 137.9; p < 0.001 F19,280 = 16.4; p < 0.001 F19,280 = 2.88; p < 0.001
Feeding F1,280 = 67.4; p < 0.001 F19,280 = 4.21; p < 0.001 F19,280 = 0.52; p = 0.94
Non-exploring F1,280 = 38.0; p < 0.001 F19,280 = 12.7; p < 0.001 F19,280 = 4.39; p < 0.001
Exploring F1,280 = 14.1, p < 0.001 F19,280 = 0.94; p = 0.51 F19,280 = 0.48; p = 0.97
Self-grooming F1,280 = 2.85; p = 0.09 F19,280 = 2.69; p < 0.001 F19,280 = 0.85; p = 0.65

Fig. 2   Performances of lactat-
ing rats with normal or small 
litters and non-lactating rats 
on elevated plus-maze (a % 
time into the open arms; b % 
entries into the open arms, and 
c number of entries into the 
arms) and open field appara-
tus (d number of entries into 
the center and periphery, total 
entries, and ratio center/total 
entries). Data are presented as 
the mean ± SEM. *p < 0.05; 
**p < 0.01; ***p < 0.001, 
compared to non-lactating rats. 
#p < 0.05, p < 0.01 compared to 
lactating (normal litter) rats
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Biometric analysis, food intake, adipose tissue 
and biochemical analysis of offspring

The pup body weights were measured during lactation 
(Fig. 3a), and a two-way repeated-measures ANOVA indi-
cated that there were significant main effects for the litter 
size [F(1,98) = 304.9; p < 0.001] and time [F(6,98) = 23.4; 
p < 0.001] and a significant interaction between the litter 
size and time [F(6,98) = 443.5; p < 0.001]. After wean-
ing (Fig. 3b), both male and female offspring from SL had 

a higher weight compared to control animals (p > 0.001). 
These results indicated that the weight gain during lactation 
was increased in SL offspring compared to NL offspring, 
and this difference remained until adulthood. The patterns 
of food intake post weaning in male and female offspring are 
shown in Fig. 3c. A significant increase in food intake was 
observed in both male and female SL offspring compared 
to NL offspring.

Table 2 shows that litter size manipulation altered the 
Lee index, adiposity, and blood biomarkers in offspring at 

Fig. 3   Effect of the litter size on body weight prior to the weaning 
of pups at PND2–21 (a), body weight post-weaning at PND28–56 
(b); and food intake at PND28–56 (c). Data are presented as the 

mean ± SEM. *p < 0.05; ***p < 0.001 compared to normal litter; 
#p < 0.05 compared to male offspring from normal litter; +p < 0.05 
compared to female offspring from normal litter

Table 2   Biometrical analysis, 
adipose tissue, adipose depot 
mass, and biochemical and 
hormonal determinations in 
adult male and female rats 
raised in small and normal 
litters (PND60, n = 8/group)

Values are the mean ± SEM (Student t-test)
*p < 0.05, **p < 0.01; ***p < 0.001 compared with the normal litter

Litter size

Normal litter Small litter

Male Female Male Female

Biometrical analysis
 Body weight 261.3 ± 2.81 149.5 ± 2.29 321.6 ± 6.36*** 177.5 ± 1.77***
 Lee index 3.06 ± 0.01 2.84 ± 0.04 3.27 ± 0.01*** 3.00 ± 0.02**

Adipose tissue (g/100 g b.w.)
 Retroperitoneal fat 0.61 ± 0.02 0.90 ± 0.06 1.07 ± 0.05*** 1.58 ± 0.17***
 Epididymal fat 0.72 ± 0.01 0.97 ± 0.03***
 Ovarian fat 1.04 ± 0.07 2.06 ± 0.19***

Biochemical and hormonal determinations
 Glucose (mg/dl) 105.00 ± 0.93 97.87 ± 2.40 118.00 ± 2.73** 113.20 ± 4.07**
 Triglycerides (mg/dl) 135.70 ± 11.70 73.21 ± 11.55 169.80 ± 10.61* 109.30 ± 10.24*
 Total cholesterol (mg/dl) 70.93 ± 3.71 70.88 ± 3.40 85.37 ± 4.12* 89.48 ± 7.84*
 HDL-C (mg/dl) 4.38 ± 0.14 4.67 ± 0.29 3.32 ± 0.10*** 3.69 ± 0.15**
 Insulin (ng/ml) 0.52 ± 0.04 0.29 ± 0.01 0.56 ± 0.07 0.41 ± 0.04*
 Leptin (ng/dl) 0.69 ± 0.10 0.70 ± 0.06 1.92 ± 0.25** 1.67 ± 0.05***
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PND60. SL offspring presented an increase in Lee index 
(male: p < 0.001; female: p < 0.01), higher retroperitoneal 
(male: p < 0.001; female: p < 0.001), epididymal (male: 
p < 0.001), and ovarian fat mass (female: p < 0.001) com-
pared to NL offspring. Female and male offspring of the SL 
group presented higher fasting glycemia (male: p < 0.01; 
female: p < 0.01), plasma triglycerides (male: p < 0.05; 
female: p < 0.05), total cholesterol (male: p < 0.05; female: 
p  <  0.05), and leptin levels (male: p  <  0.01; female: 
p < 0.001), and reduction in HDL level (male: p < 0.001; 
female: p < 0.01). Fasting plasma levels of insulin were 
higher in overfed female SL offspring (p > 0.05) compared 
to NL, but no differences were observed in overfed male 
offspring.

Performance of offspring in the behavioral tests

The analysis of the percentage of the time spent in the 
open arms, in percentage of open arm entries, and in the 
total number of arm entries by male (Fig. 4a–c) and female 
(Fig. 4e–g) offspring revealed no differences between NL 
and SL groups. However, in the open field test, both male 
(Fig. 4d) and female (Fig. 4h) SL offspring showed an 
increase in central entries (male: p < 0.01; female: p < 0.05) 
and in the ratio of central/total entries (male: p < 0.01; 

female: p < 0.01) compared to NL offspring. The litter 
reduction did not affect the total number of crosses in the 
open field test, indicating that there was no change in loco-
motion in these animals, either female or male.

As expected, both male and female offspring that received 
foot shocks (conditioned group) spent more time freezing 
during re-exposure to the aversive context than the animals 
that did not receive a shock (non-conditioned group). Condi-
tioned male rats from the SL group showed a shorter freez-
ing time compared to male rats from the NL group [Fig. 5a: 
F(conditioning factor)1,28 = 35.3, p < 0.001; F(litter fac-
tor)1,28 = 1.63, p = 0.23; F(interaction conditioning × lit-
ter)1,28 = 6.97, p < 0.05]. Similarly, conditioned female 
rats from the SL group showed a shorter freezing time when 
compared with female rats from the NL group [Fig. 5b: 
F(conditioning factor)1,28 = 59.1, p < 0.001; F(litter fac-
tor)1,28 = 12.2, p < 0.001; F(interaction conditioning × lit-
ter)1,28 = 19.6, p < 0.001].

Discussion

The alteration of the neonatal nutritional environment 
induced by modifications of litter size has important impli-
cations for long-term physiology and behavior. In the present 

Fig. 4   Performances of male (a–d) and female (e–h) offspring from 
normal versus small litters on elevated plus-maze (% time into the 
open arms, % entries into the open arms, and number of entries into 
the arms) and open field apparatus (number of entries into the center 

and periphery, total entries, and ratio center/total entries). Data are 
presented as the mean ± SEM. *p < 0.05; **p < 0.01 compared to 
normal litter
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study, we demonstrated that the changes in litter size not 
only alter maternal care, weight gain, and biochemical and 
metabolic landmarks in offspring, but also influence anxiety-
like and fear behavior in adult rats.

In this study, the reduction of the litter size enhanced 
maternal care in lactating rats, increasing the time spent 
in arched-back posture and pup licking by mothers, and 
decreasing the time the mother spent away from the off-
spring. A potential explanation for increased maternal 
behavior by SL mothers compared to NL mothers was given 
by Priestnall [22] in a study using mice, in which mothers 
spent less time in the nest and licking the animals and more 
time eating, drinking, and exploring while taking care of 
larger litters. Larger litters require more nutrients from their 
progenitor [23], favoring behaviors such as feeding to assure 
enough milk to sustain them. In addition, the reduction in 
litter size promotes a reduction in anxiety-like parameters 
(increase in anti-thigmotactic effect in the open field test) in 
SL rats when compared to NL rats and non-lactating rats. 
Lactating dams not only display direct care-giving behaviors 
toward pups but also show anxiolytic-like responses in the 
conflict tests [24], open field paradigms [20], and elevated 
plus-maze test [25], and exhibit less fear following a sud-
den auditory stimulus [26]. These behavioral adaptations 
complement direct pup-caring to ensure the survival not 

only of the offspring but also of the mother herself. The 
reduced emotional responsiveness observed during lacta-
tion can be explained, at least in part, by enhanced activity 
by the oxytocin and prolactin systems in the brain, as these 
are associated with anxiolytic properties in male and female 
rats, especially during peripartum [20, 27]. Such events may 
be based on increased motivation of these animals to spend 
the energy and overcome the adversity to guarantee their 
own survival and that of their offspring [27], particularly in 
dams with SL.

The neonatal overnutrition resulting from the reduction 
in litter size leads to weight excess, hyperphagia, increased 
total visceral fat mass, dyslipidemia, and hyperleptinemia in 
adulthood. According to Šefčiková and colleagues [10] and 
Shankar and colleagues [28], the reduction in the number 
of pups alters the quantity and quality of milk, leading to a 
higher production of lipids, especially triglycerides; which 
increases the availability of nutrients to the pups during 
breast-feeding, and improves care for offspring. The post-
natal overfeeding induced by litter size manipulation leads to 
early malprogramming of the hypothalamic system, induc-
ing persistent central leptin and insulin resistance and an 
increase in orexigenic signals [3, 29–32]. The malprogram-
ming and resistance of orexigenic as well as anorexigenic 
neurons in the hypothalamus might contribute to the occur-
rence of hyperphagia, overweight, and hyperinsulinemia 
throughout later life [1, 29]. Our study has shown a change 
in the lipid profile (a rise in total cholesterol and triglyc-
erides plasma levels), higher accumulation of visceral fat, 
and an increase in the Lee index (obesity predictor index) in 
adult offspring from the SL group. In summary, our results 
corroborate that metabolic and endocrine dysfunctions in 
adulthood, such as metabolic syndrome, may have originated 
from the nutritional environment in early life.

The behavioral differences between the offspring from 
NL and SL groups were only observed under aversive condi-
tions in behavioral tests but not under standard conditions. In 
the open field test, both male and female offspring from the 
SL group showed a reduced anxiety-like behavior compared 
to the offspring from the NL group, evidenced by increased 
exploration of central areas and a higher ratio in central/
total entries (anti-thigmotactic effect). However, no differ-
ences were observed in the elevated plus-maze test, and the 
exploratory behavior was not altered, as demonstrated by a 
comparable number of total entries in the open field and in 
the elevated plus-maze test. In addition, the SL offspring of 
both sexes showed a decrease in the time spent freezing in 
the fear conditioning test compared to the NL group.

The findings reveal that gestation and the juvenile 
developmental periods may be early-life windows of vul-
nerability for developing anxiety in later life. Diet-induced 
obesity in animal models is produced by manipulations 
of macronutrient content, particularly with respect to fat 

Fig. 5   Duration of freezing response in the fear conditioning test 
by male (a) and female (b) offspring from normal litters (NL) and 
small litters (SL). Data are presented as the mean ± SEM. *p < 0.05; 
***p  <  0.001 compared to NL/non-conditioned group. ##p  <  0.01; 
###p < 0.001 compared to NL/conditioned group
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and/or sugar. The timing of high-fat feeding in rats during 
the perinatal period appears critical for the neurodevelop-
ment of offspring. Although exposure to a high-fat diet 
during gestation increases offspring anxiety [33], a high-
fat diet during lactation is associated with reduced levels 
of anxiety in male offspring [34]. In addition, rat studies 
have noted that the offspring of perinatal high-fat-diet-
exposed dams have an age-dependent anxiety-like pheno-
type. High-fat diet fed dams had reduced anxiety behaviors 
measured by the EPM and open field in adolescence [35] 
but higher levels of anxiety-like behavior as adults [36]. 
However, postnatal overfeeding by litter size reduction 
has been demonstrated to decrease anxiety-like behavior 
measured on the EPM as adults, but enhanced neuronal 
activation in PVN in response to acute restraint stress [37]. 
The reduced anxiety-like and fear behaviors observed in 
SL offspring may be due to a higher level of maternal 
attention received during the neonatal period. It has been 
reported that variations in maternal care affect the devel-
opment of individual differences in neuroendocrine and 
behavioral responses to stressful stimuli in rats [38–42]. 
The magnitude of the hypothalamic–pituitary–adrenal 
(HPA) response to stress in adult animals was strongly cor-
related with maternal licking and grooming [38]. Tactile 
stimulation derived from maternal licking and grooming 
regulates pup physiology and affects central nervous sys-
tem development. The variations in this form of maternal 
behavior among dams appear to be associated with the 
development of individual differences in neuroendocrine 
responses to stress [39, 43].

The development of neural circuits that regulate endo-
crine and behavioral responses to stress in rats is influ-
enced by natural variations in maternal care [11]. Thus, 
the rats that received relatively high levels of maternal 
licking/grooming (LG) from their dams in infancy display 
lower levels of fear reactivity, as evidenced by decreased 
acoustic startle responses, increased exploration of a novel 
open field, and a decreased latency to start eating in a 
novel test chamber, compared with the offspring of the 
mother showing low levels of LG [38–40].

The concept of programming refers to the process by 
which the exposure to environmental stimuli or insults 
during critical periods of development leads to perma-
nent changes in the physiology, including the metabolism 
of the organism, whose consequences are often observed 
much later in life [14, 44, 45]. In this investigation, we 
have therefore demonstrated that the neonatal nutritional 
environment determined by litter size can play a crucial 
role in programming the adult metabolic phenotype as well 
as behavioral responses to stressful stimuli, with an impact 
on anxiety-like and fear behaviors. We suggest that these 
behavioral changes in offspring may be due, in part, to 
alterations in maternal care.
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