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ABSTRACT: In rats, mating at postpartum estrus and delayed dispersal of the
young would result in the overlapping of two different-age litters. As a consequence,
newborn pups’ early experience will include not only that acquired during
the interaction with the mother and age-matched littermates, but also with older
siblings. As early-life experience modulates rodents’ brain function, behavior and
reproduction, we aimed to assess how changes in the early environment provoked
by the overlapping of litters would affect emotionality, stress response and
reproductive functions of male and female pups during adulthood. Results showed
that both male and female overlapped reared pups exhibited a reduced behavioral
inhibition in the open field test during adulthood. In addition, overlapped
reared adult females, but not males, showed a blunted corticosterone response to
an acute stressor during diestrus and a reduction in sexual behavior. In summary,
natural changes in early experience provoked by the overlapping of litters, long-
term modulate affective and reproductive behaviors, and the endocrine stress
response in a sex dimorphic manner.� 2008 Wiley Periodicals, Inc.Dev Psychobiol
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INTRODUCTION

Mating at postpartum estrus is a common situation for

rodents in nature (Calhoun, 1963; Hayes, 2000). If older

offspring remain in the maternal burrow following the

birth of a new litter conceived at postpartum estrus,

temporal overlapping of successive litters will occur

(Calhoun, 1963; Gilbert, Burgoon, Sullivan, & Adler,

1983). In a previous study, we showed that the maternal

behavior of female rats toward newborn pups is affected

by the presence of older siblings. When raising over-

lapping litters (two juveniles from the former litter and

the newborns from the second one), mothers licked

the newborn pups less than mothers with single litters

(Uriarte, Ferreira, Rosa, Sebben, & Lucion, 2008).

Interestingly, both male and female juveniles developed

maternal-like behaviors toward their newborn siblings

and overrode the deficit in maternal licking behavior

received by newborns of the second litter (Uriarte et al.,

2008).

As early-life environment exerts long-term influences

on rodents’ brain, behavior and reproductive functions

(Benetti, Andrade de Araujo, Sanvitto, & Lucion, 2007;

Branchi & Alleva, 2006; Caldji et al., 1998; Laviola &

Terranova, 1998; Uriarte, Breigeiron, Benetti, Rosa, &

Lucion, 2007), we hypothesized that the altered pattern of

sensory stimulation received by pups reared in overlapped

litters can modify their emotionality, stress response and
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reproductive functions in adulthood. Therefore, the

present study aimed to characterize the anxiety-like

behavior in an open field test, the endocrine stress

response to an acute stressor, and the reproductive

function and sexual behavior of adult male and female

rats reared in overlapped litters.

MATERIALS AND METHODS

Animals

Male and female Wistar rats were obtained from the colony

maintained in the Federal University of Rio Grande do Sul

Laboratory Animal Facility. Animals were kept on a 12-hr light/

dark cycle (lights off at 18:00 hr) and in a stable environmental

temperature (21�C) with ad-lib access to rat chow (Nutrilab,

Colombo, Brazil) and water. All procedures used in this study

followed the guidelines for the care and use of Laboratory

Animals from theNational Institute ofHealth andwere approved

by the Research Committee of the Federal University of Rio

Grande do Sul.

Experimental Groups and General Procedure

Sexually receptive nulliparous females (90 days old) were

housed overnight with a sexually experienced male. Successful

mating was confirmed next morning by the presence of

spermatozoids in the vaginal smear and that day designated as

gestation day (GD)1. OnGD16, femaleswere re-housedwith the

same males and, from GD20, checked twice a day for the

presence of newborn pups.On the next day of parturition, vaginal

smears were checked for the presence of spermatozoids to

confirm successful mating during the postpartum estrus and the

males were removed from the females’ home-cages. On the

same day, the newborn litters were weighed and culled to eight

pups per dam (usually four or at least three pups of each sex). On

GD21, the juveniles, except one male and one female in the

overlapped rearing (OR) group, were weaned. These two

juveniles remained in the maternal cage for 10 days after the

birth of the second litter. Starting on GD22, pregnant females

were checked twice a day for births. On the next day after

the second parturition, newborns were weighed and culled in the

same manner as before. In both single reared (SR) and OR

groups, the second litter remained with themother until weaning

(GD21), and then housed in same-sex, same-litter groups of three

to four animals per cage until testing at adulthood (90 days old).

To control for possible litter effects, in all experimental groups

individuals from different litters were used. The animals were

used only once, except in evaluation of female reproduction,

where the same rats were tested for sexual receptivity and used

for quantification of oocytes.

Estrous Cycle

Estrous phase was determined by microscope examination of

daily vaginal smears. Only females showing two consecutive

regular cycles were used for behavioral testing and ovulation

assessment.

Anxiety-Like Responses

The behavior of adult male and female rats was evaluated in the

open field test during the light period of the cycle. Females were

tested in diestrus.

Behavioral tests were performed in a separate testing room

with the same temperature and photoperiod conditions of the

breeding room. Animals were individually housed, transported

to the testing room and left to acclimatize at least 1 hr before

testing. After each test, the apparatus was cleaned thoroughly

with 70% ethanol and allowed to dry completely between test

sessions. Behavioral tests were recorded on VHS-video tape and

analyzed later using the computer software: The Observer Pro1

(Noldus, Wageningen, The Netherlands) by an experienced

observer blind to subjects’ experimental condition.

Open Field Test. The apparatus was a 100 cm square open field

that was evenly illuminated by overhead fluorescent lights. The

arena was divided into twenty-five 20-cm squares painted on the

floor. Central area was defined as the nine inner quadrants of the

arena. Each animalwas placed in one corner of the open field and

its behavior was videotaped over a 5-min session. The following

behavioral parameters were recorded: frequency of entries

and time spent in central quadrants of the arena, duration (s) of

locomotion and frequency of rearing (Padoin, Cadore, Gomes,

Barros, & Lucion, 2001).

Stress Response

Jugular Cannulation. The jugular catheter implantation was

performed between 1500 and 1700 hr on the day before

(metaestrus in the case of the females) the animals were

subjected to an acute stressor. Animals were anesthetized with

2.5% tribromoethanol (1 ml/100 g body weight ip) and a

silastic cannula was inserted through the external jugular vein

into the right atrium (Harms &Ojeda, 1974). Following surgery,

animals were individually housed until testing on the

following day.

Stress Procedure and Blood Sampling. On the day of testing

(diestrus in the case of the females), rats were transported and

allowed to acclimatize to the experimental room for 120 min.

After this period, baseline samples were taken and animals were

subsequently submitted to restraint for 20 min in individual flat

bottom restrainers (Plas-Labs) (6.35 cm diameter� 15.24 cm

long for females; 8.26 cm diameter� 20.32 cm long for males)

with four holes in the front and an opening at the back for the

tail). Blood samples (.4 ml) were collected in heparinized

syringes with an equivalent volume of sterile .9% NaCl solution

replaced after each bleeding at 0 (basal) and 10, 20, 40, 60, and

80 min after the beginning of the stress. Samples were

centrifuged at 4�C at 3,000 rpm, and the obtained plasma was

stored at �80�C until assay.

Corticosterone (CORT) Determination. Determination of

CORT in blood plasma was performed using a commercial

ELISA kit (Cayman Chemical Co., Ann Arbor, MI). Plasma
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samples were extracted with ethyl acetate, evaporated to dryness

and dissolved into assay buffer. The sensitivity of the assay was

24 pg/ml and the intra assay coefficient of variation was 15%.

Results are expressed in ng/ml.

Reproductive Function

Female Sexual Behavior. Virgin females in proestrus were

tested for sexual receptivity during the first two hours of the dark

cycle. Each female was placed with proven breeder male in a

steel cage (70 cm long� 35 cm wide� 70 cm high) with a front

wall of glass, which allowed complete viewing of the couple, and

its behavior was videotaped over a 15-min session. The indexes

of sexual receptiveness used were the lordosis quotient (the

proportion of mounts that are accompanied by lordosis) and the

mean lordosis intensity. The lordosis quotient was calculated by

dividing the total number of lordosis by the number of mounts.

The intensity of lordosis was assessed using a three-point scale:

1¼ slight flexion of spin, slightly raised head and hips with tail

base elevated from floor, 2¼ spinal flexion, head at an

approximate angle of 30� with the horizontal, front paws placed
slightly forward and hind legs straightened up stiffly, and

3¼ pronounced spinal flexion, head at an angle of 45� or more

with the horizontal. The lordosis intensity index was calculated

by dividing the total points of each rat by the total number of

lordosis displayed (Hardy & DeBold, 1972; Sodersten &

Hansen, 1977).

Ovulation. The following morning, females were decapitated,

the ovaries were removed and the oviducts were dissected

and compressed between two glass slides. The number of

oocytes of both oviduct ampullaewas counted undermicroscope

(Zeiss, Goettingen, Germany) with a 2.5� lens (Gomes et al.,

2005).

Male Sexual Behavior

Sexually inexperienced adult males were tested for sexual

behavior 1–2 hr after the beginning of the dark phase. Eachmale

was habituated to the testing environment (70 cm long� 70 cm

high� 35 cm wide) for 10 min before behavioral testing. After

this period, a receptive female was introduced into the

observation cage, and the behavior was videotaped. Each test

lasted until one copulatory series was completed. Each series

included the events from the first mount to the end of the

postejaculatory interval (the first intromission of the second

ejaculatory series). If a male failed to ejaculate in a period of

30 min, the test was finished. The number of animals showing

mounts, intromissions, and ejaculation was registered. In those

males that did ejaculate, the following parameters were

analyzed: latency to the first mount, number of mounts, latency

to the first intromission, number of intromissions, and the latency

to ejaculation (Fernandez-Guasti, Larsson, & Beyer, 1986;

Rhees, Lephart, & Eliason, 2001). Stimulus females were

ovariectomized rats brought into sexual receptiveness by

subcutaneous injections of estradiol benzoate (20 mg/rat) and
progesterone (500 mg/rat) plus estradiol benzoate (20 mg/rat) 54

and 6 hr before the test, respectively. All females were first tested

with nonexperimental sexually active males and only those

proven to be lordotic were used.

Spermatozoa Quantification. Inexperienced adultmale rats (not

tested for sexual behavior) were weighed, decapitated, and their

testes collected for measurement of the spermatids quotient

(number of the spermatids� 106) and epidydimides time

(transit time/days for the maturation of the sperm in epidydi-

mides). The testes were weighed, homogenized and sonicated in

8 ml of a T-X solution (NaCl .9% and Triton X-100 .05%).

Portions of 100 ml of the homogenatewere diluted in 900 ml of the
T-X solution. Homogenization-resistant testicular spermatids in

the testes and sperm in the caput/corpus epididymidis and cauda

epididymidis were enumerated in Neubauer chambers. Daily

sperm production per testis was determined by dividing the

total number of homogenization-resistant spermatids per testis

by 6.1 days (the number of days of a seminiferous cycle in

which these spermatids are present). Transit times through

the caput/corpus epididymidis and cauda epididymidis were

calculated by dividing the number of sperm within each of

these regions by the daily sperm production (Breigeiron, Lucion,

& Sanvitto, 2007).

Statistics

Data are expressed as means� SEM. Open field behavior was

analyzed using a two-wayANOVA(group� sex).CORTplasma

levels between groupswere analyzed using a three-wayANOVA

(group� sex� time) with repeated measures on time course,

followed by the Newman–Keuls test. The differences in the

areas under the curve (AUCs) between the groups were

determined by two-way ANOVA (group� sex). Sexual behav-

ior, number of oocytes and spermatozoa count comparisons

between SR versus OR animals were performed by the Student’s

t-test. The number of ejaculating males between groups was

compared by the Chi square test. In all cases the level of

significance was set at p< .05.

RESULTS

Anxiety-Like Responses

The two-way ANOVA analysis did not detect any group

(F(1, 50)¼ .321, p¼ ns) or sex (F(1, 50)¼ .201, p¼ ns)

effects in the total locomotion (s) assessed in the open

field. Thus, SR (males: n¼ 14, females: n¼ 13) and OR

(males: n¼ 14, females: n¼ 13) rats did not differ in

general locomotor activity (see Fig. 1A).

As shown in Figure 1B and C, both male and female

OR animals, showed increased frequency of entries

(group: F(1, 50)¼ 8.069, p< .01; sex: F(1, 50)¼ .002,

p¼ ns) and time spent (group: F(1, 50)¼ 8.069, p< .01;

sex:F(1, 50)¼ .002, p¼ ns) in the central quadrants of the

open field compared with SR ones.

Developmental Psychobiology Effects of Litter-Overlapping in Rats 3



Stress Response

Figure 2 shows the CORT plasma levels (ng/ml) of SR and

OR male and female rats (each group n¼ 6). Significant

effects of sex [F(1, 20)¼ 34.183, p< .0001] and time

[F(5, 100)¼ 15.256, p< .01] were detected, as well

as significant interactions between sex and group [F(1,

20)¼ 9.104, p< .01] and sex and time [F(1, 20)¼ 2.249,

p< .05]. A significant interaction between the three

factors (sex� group� time) was found [three-way

ANOVA, F(5, 100)¼ 3.810, p< .005].

As shown in Figure 2A, SR and OR males showed a

significant increase of CORT levels in response to the

stressor which did not differ between the groups at

the times sampled. By contrast, OR and SR females

showed different responses profiles. While SR females

showed enhanced CORT levels in response to the stressor

(similar to SR males), OR females displayed a blunted

CORT response. Post hoc Newman–Keuls test showed

that CORT baseline levels of OR and SR males and

females did not statistically differ (see Fig. 2A).

The two-way analyses revealed significant effects of

sex [F(1, 20)¼ 40.766, p< .0001] without main effects of

group [F(1, 20)¼ .537, p¼ ns] in AUC. A significant

interaction was detected between sex and group [F(1,

20)¼ 9.900, p< .01]. Post hoc Newman–Keuls test

showed that OR and SR males did not statistically differ

in AUC, whereas SR females had significantly higher

AUC than OR ones.

Reproductive Function

Male Sexual Behavior. The number of ejaculating

males in the 30-min session did not differ between SR

(9/14, 64.3%) and OR males (8/12, 66.7%). As shown in

Figure 3, the number of mounts and intromissions, as well

as the latency to perform those behaviors did not

significantly differ between SR and OR adult males (that

ejaculated in the 30-min test).

Sperm quantification. The number of spermatids per

testis, daily sperm production, number of spermatozoa,

and sperm transit time through caput/corpus and cauda of

the epididymis did not differ between the two groups of

males (SR: n¼ 8, OR: n¼ 8) (see Tab. 1).

Female Sexual Behavior. Lordosis quotient was signifi-

cantly lower in OR females (Student’s t-test¼ 2.2,

p< .05) although no statistical differences were observed

in the lordosis intensity between SR (n¼ 14) and OR

(n¼ 13) female rats (see Fig. 4A and B).

Ovulation. OR females did not show significant dif-

ferences in ovulation as compared to SR ones (number of

oocytes, SR: 10.50� .45, n¼ 12; OR: 10.00� .54,

n¼ 12; Student’s t-test¼ .71, p¼ ns).

DISCUSSION

The main findings of the present study are:

1. Being reared in an overlapped litter, with the mother

and two older siblings during the first postnatal days,

Developmental Psychobiology

FIGURE 1 Responses in an open field during a 5-min

session of SR and OR adult males and females: (A) total

locomotion, (B) frequency to enter, and (C) time spent in central

quadrants. Data are presented as means (SEM).
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induced a decrease in behavioral inhibition in the open

field test in both male and female adult rats.
2. In adulthood, overlapped reared females, but not

males, showed a blunted CORT secretion in response

to restraint stress, and a reduction in sexual receptive-

ness during proestrus.

The decreased behavioral inhibition exhibited by adult

OR male and female rats compared to SR ones supports

previous findings showing that early rearing environment

can modulate neural systems controlling emotionality

(Fernandez-Teruel, Escorihuela, Castellano, Gonzalez, &

Tobena, 1997; Uriarte et al., 2007). We have previously

shown that the licking behavior received by the pups from

the mother decreased in the overlapped rearing condition

and that this deficitwas overridden by the licking provided

by juvenile siblings in terms of quantity (Uriarte et al.,

2008). However, it is possible that the quality of the

sensory stimulation provided by juveniles differed

from that of the mother. This altered pattern of sensory

stimulation received by OR newborns may be responsible

for their modified emotionality during adulthood. Indeed,

it has been shown that natural differences in maternal

stimulation affect the development of the young and

induce long-term changes in their affective behavior

(Caldji et al., 1998; Liu et al., 1997; Menard, Champagne,

& Meaney, 2004; Uriarte et al., 2007). In addition,

changes in licking received by the pups could modify

neural circuits associated with fear, leading to less fearful

animals in adulthood (Menard et al., 2004). In this line, it

has been shown that natural differences in licking

behavior received by the pups, can induce alterations in

some of their neuroendocrine systems involved in fear

regulation, such as changes in the receptor levels of CRF

in the locus coeruleus and in GABAA in the basolateral

amygdala (Caldji et al., 1998).

On the other hand, the overlapping-litters model could

be viewed as a precocious social-enriched environment.

Rearing animals in socially and physically enriched

environments has long-lasting effects, leading to a

decreased behavioral inhibition of adult animals in novel

environments (Elliott & Grunberg, 2005). Thus, the

effects observed in the present model of overlapping

litters could be due to the increased social interaction

during the neonatal period independently of the changes

in maternal behavior (Branchi & Alleva, 2006).

The lack of differences in basal CORT plasma levels

between male and female SR animals is in accordance

with studies showing that, at the time of the circadian

rhythm and the stage of estrous cycle here considered,

males and females do not show differences in CORT

plasma levels (Critchlow, Liebelt, Bar-Sela, Mountcastle,

& Lipscomp, 1963; Diehl et al., 2007). However, in the

present study, adult males showed a rise in plasma CORT

to the acute stressor, independently of their rearing

condition, while OR females showed a blunted CORT

release compared to SR ones. The finding that early

environment affects the stress responses of the individuals

in a sexually dependent manner, is in agreement with

several studies (Pryce, Bettschen, Bahr, & Feldon, 2001;

Smythe, McCormick, Rochford, & Meaney, 1994; Wein-

berg & Levine, 1977). However, some contradictory data

appears related to these issues. Whilst in some studies

females appear to be less susceptible to the effects of early

manipulations (Pryce et al., 2001) or natural variations

in maternal licking received (Barha, Pawluski, & Galea,

2007), in others, accordingly with our results, males

appear less susceptible or unaffected by them (Smythe

Developmental Psychobiology

FIGURE 2 (A) Mean (SEM) CORT plasma levels (ng/ml) at baseline and at 10, 20, 40, 60, and

80 min after the onset of acute restraint stress, and. (B) area under the curve (AUC), of

SR andORmale and female adult rats. � significant differences frombasal levels in the same group,

# significant differences between SR and OR females.
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et al., 1994; Weinberg & Levine, 1977; Welberg,

Thrivikraman, & Plotsky, 2006). Sex differences in

endocrine stress responses, may be related to differential

effect of the early experience in brain development, in its

modulation by gonadal hormones or in the sensitivity of

theHPA axis (Arnold&Gorski, 1984; Goel &Bale, 2008;

MacLusky &Naftolin, 1981). It is worth mentioning that,

even when CORT basal levels were similar between

OR and SR males and females, the social isolation of

the animals, that were housed individually between the

cannula implantation and the stress procedure, could

represent a prestress stressor (Heinrichs & Koob, 2006;

Sharp, Zammit, Azar, & Lawson, 2002) that may modify

the endocrine responsivity of the individuals in a gender-

dependent way. Thus, males’ endocrine responses are

more susceptible to isolation than females (Ehlers,

Kaneko, Owens, & Nemeroff, 1993).

Interestingly, the reduced behavioral inhibition of OR

males was not accompanied by an attenuation of the

endocrine stress response as in OR females, suggesting

dissociation in the mechanisms that regulate both

behavioral and endocrine responses to aversive stimuli.

In this line, other studies (Wigger & Neumann, 1999)

showed that periodic longmaternal deprivation during the

neonatal period increases anxiety-like behaviors in both

males and females, but enhances theHPA axis responsive-

ness only in males. Even the mechanism underlying

dissociation between the behavioral and the endocrine

responses in males is unknown, it could be proposed that

the male’s gonadal hormones provoke an earlier matura-

tion of the HPA axis than of other brain areas related to the

control of behavioral stress responses, and is therefore less

affected by the changes in the early experience. It is worth

mentioning, that the different types of stressors employed

to assess behavioral and endocrinal responses may

account for these differences. Thus, while the open field

is a mildly stressful situation (Beck & Luine, 2002), the

restraint procedure involves both physical and psycho-

logical threats and could be considered a stronger stressor

(Wilson, McKinley, & Young, 2000), which can hinder

Developmental Psychobiology

FIGURE 3 Sexual behavior of SR and OR adult males:

(A) frequency and latency of mounts, (B) frequency and latency

of intromissions, (C) percentage of ejaculating males and

duration of the postejaculatory period. Data are presented as

means (SEM), �p< .05, Student’s t-test.

Table 1. Sperm Quantification in Single (SR) and Overlapped (OR) Reared Adult Males (means� SEM)

SR Males (n¼ 8) OR Males (n¼ 8)

Number of spermatids (106/testis) 331.8� 28.3 331.2� 13.3

Number of spermatids (106/g/testis) 242.3� 17.0 228.9� 18.0

Daily sperm production (number of spermatids� 106/testis/day) 54.4� 4.6 54.3� 2.2

Number of spermatozoa� 106/caputþ corpus of epididymis 124.2� 11.0 119.6� 7.9

Number of spermatozoa� 106/g/caputþ corpus of epididymis 514.3� 33.0 471.7� 24.3

Number of spermatozoa� 106/cauda of epididymis 107.6� 9.2 89.8� 12.4

Number of spermatozoa� 106/g/cauda of epididymis 747.8� 42.0 629.1� 112.6

Sperm transit time (days) through caput/corpus of epididymis 2.4� .4 2.3� .2

Sperm transit time (days) through cauda of epididymis 2.1� .2 1.4� .2

6 Uriarte et al.



detecting a reduction of endocrine stress response in

males.

Taken together, these results point toward gender-

dependent variations in strategies for coping with stress,

which may be influenced by differences in the functional

development ofmale and female stress circuitry and in the

modulatory effects of early life experience (Welberg et al.,

2006; Wigger & Neumann, 1999).

Adult OR females showed a reduction in sexual

receptiveness during proestrus. In contrast, OR males

did not differ in sexual behavior from SR ones. Moreover,

no differences were detected in daily sperm production

and maturation or in epididymal sperm storage capacity

and epididymal transit. In the same line, we have

previously shown that natural variations in maternal care

long-term affect the reproductive function of female

offspringwithout affectingmale sexual behavior or sperm

production (Uriarte et al., 2007). These results taken

together with present findings show that, changes in early

social environment affect both reproductive and stress

endocrine responses only in females. The underlying

mechanisms that contribute to the development of sex

differences in stress responsivity and reproductive

behavior have not been explored in this model. However,

as gonadal hormone exposure in males during early

development plays a prominent role in sexually dimorphic

brain formation, it could be speculated that it also

contributes to sex differences in the sensibility of brain

areas involved in the control of sexual behavior as well

as endocrine stress responses, to early environmental

changes. More studies are necessary to assess this

hypothesis, for instance administering testosterone to

females or castrating males in this early period of life.

Present results suggest that the early environment

provide the individuals with stimuli that promote their

own adaptation to similar environments. As aforemen-

tioned, in the model of overlapped litters, stimulation

received by OR newborns could be different from that

received by control pups, and this could be the reason for

the reduced reproductive performance in females. From

an eco-ethological point of view, one putative hypothesis

is that, in nature, the presence of juveniles in the nest

and the occurrence of litter overlapping is related to a

delayed dispersal of the young (Gilbert et al., 1983) as a

consequence of ecological constraints (i.e., high popula-

tion density, insufficient resources) (Emlen, 1994). As

discussed by Branchi and Alleva (2006), if a species has a

short life span, as it is the case of the rat, an individual

usually will spend its adult life in an environment similar

to the one in which it was born. Thus, shaping behavior in

early life may be of adaptive value to the adult. In a hostile

environment, the occurrence of overlapped litters will

probably increase.

Summarizing, present study shows that the complex

precocious rearing environment induced by the over-

lapping litters appears to modulate the affective behavior

of adult males and females and the stress response and

reproductive behavior in females. We can speculate that

these changes in the offspring responses could be due to an

altered quality/quantity of environmental stimulation

received from mothers and/or littermates.
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FIGURE 4 Sexual receptiveness during proestrus of SR and

OR adult females: (A) lordosis quotient, (B) lordosis intensity.

Data are presented as means (SEM) �p< .05, Student’s t-test.
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