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Effect of Post-Weaning Individual Housing on 
Autonomic Responses in Male Rats to Sexually 
Receptive Female Rats
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Abstract: Post-weaning individual housing induces significant alterations in the reward system of 
adult male rats presented with sexually receptive female rats. In this study, we examined the effects 
of post-weaning individual housing on autonomic nervous activity in adult male rats during encounters 
with sexually receptive female rats to assess whether different affective states depending on post-
weaning housing conditions are produced. Changes in heart rate and spectral parameters of heart 
rate variability indicated that in post-weaning individually housed male rats, both sympathetic and 
parasympathetic activity increased with no change in the sympathovagal balance, while in post-
weaning socially housed male rats, both sympathetic and parasympathetic activity decreased with a 
predominance of parasympathetic activity. These two patterns of shifts in sympathovagal balances 
closely resembled changes in autonomic nervous activity with regard to classical appetitive conditioning 
in male rats. The autonomic changes in male rats housed individually after weaning corresponded 
to changes associated with the reward-expecting state evoked by the conditioned stimulus, and the 
autonomic changes observed in male rats housed socially after weaning corresponded to changes 
associated with the reward-receiving state evoked by the unconditioned stimulus. These results 
suggest that different affective states were induced in adult male rats during sexual encounters 
depending on male–male social interactions after weaning. The remarkable change caused by post-
weaning individual housing may be ascribed to alteration of the reward system during sexual 
encounters induced by deficiency of intermale social communication after weaning.
Key words: early social isolation, positive affective state, power spectral analysis of heart rate 
variability, social communication

Introduction

Post-weaning individual housing induces significant 
alterations in social behaviors of laboratory rats com-
pared with socially housed (i.e., group-housed) rats [1, 
3, 5–7, 15, 20, 21]. our previous study showed that adult 
male rats that were housed individually after weaning 
emitted fewer ultrasonic vocalizations referred to as “50-
kHz calls” compared with rats housed socially after 

weaning that encountered sexually receptive female rats 
[11]. adult rats use ultrasonic vocalizations as the pri-
mary method of communicating social affective states, 
and 50-kHz calls are considered to be positively corre-
lated with positive and social affective states [4, 12, 16]. 
Thus, our previous finding that post-weaning individual 
housing attenuated female-induced male ultrasonic vo-
calizations suggested an altered function of the reward 
system in male rats during a sexual encounter. based on 
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these results, we hypothesized that different affective 
states according to post-weaning housing conditions are 
produced in adult male rats by sexually receptive female 
rats.

To test this hypothesis, we examined changes in au-
tonomic nervous control of the heart as indices of dif-
ferences in affective states induced by sexually receptive 
female rats. It was previously shown in humans and 
laboratory rats that characteristic changes in the cardiac 
sympathovagal balance may be associated with distinct 
affective states induced by presentation of stress or re-
ward stimuli [9, 10, 13], indicating that changes in au-
tonomic control of the heart can be used as reliable in-
dices to distinguish affective states.

Materials and Methods

Subjects
sixteen male wistar rats (saitama experimental ani-

mals supply, saitama, Japan) were used. The animals 
were provided with water and food ad libitum and kept 
on a 12-h light–dark cycle with lights off at 20:00. The 
vivarium was maintained at a constant temperature (24 
± 1°C) and humidity (40−45%). All subjects were 
weaned at 21 days of age. after weaning, each was as-
signed to one of two groups. In the individually housed 
group, eight subjects were kept individually for 6 months 
after weaning in wire-topped, transparent cages (300 × 
200 × 150 mm) with wood shavings for bedding. These 
animals were deprived of physical contact, while still 
having olfactory, auditory, and visual contact. The eight 
rats in the other group were housed socially (four pairs) 
for the same period in wire-topped, transparent cages 
(400 × 250 × 180 mm) with wood shavings for bedding.

Experimental apparatus and procedures
First, a telemetry electrocardiogram (eCg) transmit-

ter (Ta10ea-F20; Data sciences International, st. Paul, 
Mn, usa) was implanted in each rat. surgery was per-
formed under intraperitoneal pentobarbital sodium an-
esthesia (50 mg/kg). The transmitter body was placed in 
the abdominal cavity, and the paired wire electrodes were 
fixed under the skin of the ventral thorax near the right 
atrium and apex cordis, respectively. after surgery, each 
rat was kept individually in a wire-topped transparent 
cage (400 × 250 × 180 mm) with wood shavings for 
bedding, and each cage was placed in an incubator (MIr-
553; sanyo, Tokyo, Japan) maintained at a constant 

temperature (24 ± 1°C) and humidity (40−45%). Animals 
were provided with water and food ad libitum under a 
12-h light–dark cycle with lights off at 20:00. Ten days 
after surgery, the rats were used in the experiment.

Experiments were conducted during the first half of 
the animals’ dark cycle under dim red illumination (20 
w). all experimental procedures were carried out in the 
incubator in which the home cage of each subject was 
placed. The door of the incubator was soundproofed and 
had a transparent window (800 × 200 mm). For the ex-
periment, a video camera (DCr-VX1000; sony, Tokyo, 
Japan) was placed in front of the incubator window. In 
addition, a signal-receiving board (ra1610; Data sci-
ence automation, Pittsburgh, Pa, usa) was set under 
the cage. before the test session, eCg signals were re-
corded for 5 min using an eCg processor (sbP2000; 
softron, Tokyo, Japan) to create baseline data. subse-
quently, an empty wire mesh box (wMb; 80 × 80 × 200 
mm, size of opening 8 × 8 mm) was placed inside the 
home cage of each subject, and ECG signals were re-
corded for 15 min and stored in a computer. rat behav-
ior was simultaneously recorded using the video camera. 
after an interval of 30 min, we put an ovariectomized 
female rat (oVX) (~3 months of age, at least 10 days 
after surgery, from groups of three per the same type of 
transparent cage used for housing socially housed male 
rats) into another wire mesh box (the same as described 
above) and placed the wire mesh box containing the 
OVX rat inside the home cage of each subject. Immedi-
ately afterward, we began recording the eCg and be-
havior data and continued this for 15 min. after an in-
terval of 30 min, we put a proestrous female rat (Pes) 
(under the same housing conditions as those of oVX 
rats) into another wire mesh box and placed the wire 
mesh box containing the Pes rat inside the home cage 
of each subject to record data (ECG signals and behav-
iors) for 15 min. we used only Pes rats that had under-
gone vaginal cellular morphology examination under a 
light microscope after daily vaginal lavage and exhib-
ited at least three consecutive normal estrous cycles. 
These procedures are sammarized in Fig. 1.

The experiments were approved by the animal Care 
and use Committee of the Faculty of agriculture, The 
university of Tokyo.

Data analyses
we performed power spectral analysis of heart rate 

variability (HrV) according to an established method 
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described previously [8–10, 14, 19]. basically, off-line 
analysis was performed on an eCg processor analyzing 
system (srV-2w; softron) using the recorded baseline 
and test eCg data stored on a computer. First, r waves 
were identified, and both heart rate (HR) and the R–R 
interval tachogram as the raw HrV were calculated. 
From the tachogram, data sets of 512 points were resa-
mpled at 80 ms. we then applied each data set to a Ham-
ming window and performed an FFT analysis to obtain 
the power spectrum of the fluctuation. We set the low-
frequency (LF) range of the power spectrum at 0.04–1.00 
Hz and the high-frequency (HF) range at 1.00–3.00 Hz. 
The LF region is considered to be a measure of both 
sympathetic and parasympathetic activity. The HF region 
is associated with respiratory sinus arrhythmia and is 
almost exclusively associated with parasympathetic ac-
tivity. The LF/HF ratio was used as a measure of sym-
pathovagal balance. The relative values of the LF and 
HF power compared with the respective baseline data 
were calculated to adjust baseline differences among 
individual subjects.

The videotape recording of each subject was replayed, 
and the duration of walking and rearing was summed as 
the total locomotor activity. Walking was defined as 
movements involving all four limbs. Rearing was defined 
as raising the front paws from the chamber floor and 
either placing them on the side of the chamber or in front 
of the body.

Statistical analysis
Data are displayed as means ± standard error. The 

effects of female presentations on Hr, spectral param-
eters of HrV (LF power, HF power, and LF/HF ratio), 
and total locomotor activity were analyzed in individu-
ally and socially housed male subjects separately using 
repeated measures one-way anoVa with presentation 
as a within-subjects factor (i.e., WMB vs. OVX vs. PES). 
This was followed by a post hoc Dunnett’s test in which 
the presentation of wMb was used as a control. The 
criterion for statistical significance was P<0.05 for all 
comparisons.

Results

In individually housed male rats, there were significant 
main effects of female presentations on LF power 
(F2,14=4.87, P<0.05) and HF power (F2,14=9.77, P<0.01). 
Post hoc tests showed that LF power and HF power in-

creased significantly in the presence of PES compared 
with wMb (LF power, P<0.05; HF power, P<0.01) 
(Figs. 2b and 2C). In contrast, there was no difference 
between oVX and wMb. In addition, the Hr and LF/
HF ratios were almost identical throughout the experi-
ment (Figs. 2a and 2D).

In socially housed male rats, there were significant 
main effects of female presentations on Hr (F2,14=86.2, 
P<0.01), LF power (F2,14=114, P<0.01), HF power 
(F2,14=58.6, P<0.01), and LF/HF ratio (F2,14=32.1, 
P<0.01). Post hoc tests showed that Hr increased sig-
nificantly (P<0.01) (Fig. 2a) and that LF power, HF 
power, and LF/HF ratio decreased significantly (LF 
power, P<0.01; HF power, P<0.01; LF/HF ratio, P<0.01) 
(Fig. 2b–D) in the presence of Pes compared with 
wMb. In contrast, there was no difference between oVX 
and wMb (Fig. 3).

In both individually and socially housed male rats, the 
difference in total locomotor activity throughout the 
experiment showed no significance (individually, 
F2,14=0.79, P=0.48; socially, F2,14=1.77, P=0.21) (Table 
1).

Fig. 1. a schematic diagram of our experimental schedule. a te-
lemetry electrocardiogram (eCg) transmitter was implant-
ed in each male rat 6 month after weaning. at least 10 days 
after surgery, the home cage of each subject was placed in 
an incubator, and each subject received a 15-min presenta-
tion of a wire mesh box (wMb), an ovariectomized female 
rat in a wire mesh box (oVX), and a proestrous female rat 
in a wire mesh box (Pes), with intervals of 30 min. During 
each session of stimulus presentation (15 min), we per-
formed ECG and video recording of subject male rats.
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Discussion

In this study, we investigated differences in Hr, spec-
tral parameters of HrV (LF power, HF power, and LF/
HF ratio), and total locomotor activity in adult male rats 
under two different post-weaning conditions when they 
encountered a sexually receptive female rat in a wire 
mesh box. Their Hr and spectral parameters of HrV 
were altered markedly compared with those observed 
after presentation of the control. Moreover, the changes 
in these parameters differed according to post-weaning 
conditions, although total locomotor activity was almost 
constant during the experiments in rats under both post-
weaning conditions. These results show that autonomic 
nervous activity responses to the sexually receptive fe-
male rat in the wire mesh box were clearly distinguish-

able between male rats housed individually and socially 
after weaning.

The results of this study suggest that the sexually re-
ceptive female rat could evoke distinct affective states 
in male rats depending on the males’ housing conditions 
after weaning. Previous studies showed that an implant-
ed telemetry system to record eCg of freely behaving 
animals and subsequent power spectral analysis of HrV 
are powerful tools for obtaining valid cardiovascular 
parameters of autonomic control of the heart in rats 
[8–10, 14, 19]. analyses of Hr and HrV in this study 
revealed that regardless of post-weaning conditions in 
male subjects, there was almost no difference in the au-
tonomic nervous activity when the control (the wire 
mesh box) or the sexually nonreceptive female rat was 
presented to the males. In contrast, the sexually receptive 

Fig. 2. Changes in heart rate and heart rate variability parameters in male rats housed indi-
vidually after weaning (n=8) induced by presentation of the empty wire mesh box 
(wMb), the ovariectomized female rat in the wire mesh box (oVX), and the proestrous 
female rat in the wire mesh box (Pes). a, heart rate (Hr); b, low-frequency (LF) 
power; C, high-frequency (HF) power; D, LF/HF ratio. each bar represents the mean 
± standard error. **P<0.01 vs. wMb. *P<0.05 vs. wMb.
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female rat caused the following distinct shifts in Hr and 
spectral parameters of HRV in male subjects according 
to their post-weaning housing conditions compared with 
the control presentation. In post-weaning individually 
housed male rats, both the LF power and HF power in-
creased significantly with no change in the HR or LF/
HF ratio, indicating that both sympathetic and parasym-
pathetic activity increased with no change in sympa-

thovagal balance. In post-weaning socially housed male 
rats, a significant increase in the HR and significant 
decreases in the LF power, HF power, and LF/HF ratio 
were observed, indicating that both sympathetic and 
parasympathetic activity decreased with predominance 
of parasympathetic activity. These two patterns of shifts 
closely resemble results obtained from our previous 
study of changes in the autonomic nervous activity with 

Fig. 3. Changes in heart rate and heart rate variability parameters in male rats housed socially 
after weaning (n=8) induced by presentation of the empty wire mesh box (wMb), the 
ovariectomized female rat in the wire mesh box (oVX), and the proestrous female rat 
in the wire mesh box (Pes). a, heart rate (Hr); b, low-frequency (LF) power; C, high-
frequency (HF) power; D, LF/HF ratio. each bar represents the mean ± standard error. 
**P<0.01 vs. wMb.

Table 1. Data of locomotor activity

Presentation
Locomotor activity (s)

Individually housed subjects Socially housed subjects

wire mesh box 43.4 ± 5.06 35.3 ± 4.52
ovariectomized female 36.1 ± 7.99 31.8 ± 4.16
Proestrous female 36.7 ± 7.35 30.7 ± 3.66

Values are means ± standard error. eight male rats were used in each group.
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regard to classical appetitive conditioning in male rats. 
Specifically, that autonomic changes associated with the 
reward-expecting state evoked by the conditioned stim-
ulus (a contextual cage-switch stimulus) correspond to 
the above-mentioned changes observed in male rats 
housed individually after weaning, and that autonomic 
changes associated with the reward-receiving state 
evoked by the unconditioned stimulus (e.g., delivery of 
food or sucrose solution after deprivation) correspond 
to the above-mentioned changes observed in male rats 
housed socially after weaning [9]. In addition, although 
HRV can be influenced by physical activity [2], it seems 
to be unnecessary to take this effect into consideration 
in this study because there was no difference in total 
locomotor activity between the subject groups. There-
fore, it is probable that male subjects housed individu-
ally after weaning might recognize the presented sexu-
ally receptive female rat as a relatively uncertain reward 
and respond as if receiving a neutral conditioned stimu-
lus, while male subjects housed socially after weaning 
might recognize the same female rat as a real reward and 
respond as if receiving food or sucrose solution after 
deprivation. Namely, it is plausible that male subjects 
housed socially after weaning might recognize the pre-
sented sexually receptive female rat as reward more 
directly and substantially than male subjects housed 
individually after weaning. accordingly, post-weaning 
individual housing might reduce the ability of male rats 
to recognize a sexually receptive female rat as a reward.

These data suggest that post-weaning individual hous-
ing substantially influences affective states in male rats 
during sexual encounters. one explanation for this phe-
nomenon is that post-weaning individual housing might 
cause alteration in the recognition of social cues from 
sexually receptive female rats. Increased aggression is 
one of the most well-known abnormal male–male social 
interactions observed in adult male rats housed indi-
vidually after weaning [5]. an earlier study demon-
strated that post-weaning individual housing might not 
only increase the level of aggressiveness, but also might 
result in abnormal attack patterns and deficits in social 
communication in adult male rats [17]. another recent 
study showed that these abnormal forms of aggression 
may be developed on a background of increased behav-
ioral, endocrine, and autonomic arousal during aggres-
sion, all of which may be characterized by a mismatch 
between provocation and response, indifference toward 
species-specific rules, and/or insensitivity toward social 

signals of the opponent [18]. Therefore, it is plausible 
that post-weaning individual housing diminishes the 
ability of male rats to appropriately recognize probable 
social cues from female rats; namely, olfactory, audi-
tory, and visual signals. However, further studies on the 
basis of examination of not only male–female but also 
male–male relationships are necessary to clarify this 
issue.

In conclusion, our data demonstrate that the post-
weaning housing condition can dramatically influence 
autonomic responses in adult male rats to sexually recep-
tive female rats, suggesting that different affective states 
are evoked during sexual encounters depending on male–
male social interactions after weaning. The remarkable 
alteration caused by post-weaning individual housing 
may be ascribed to a reduced ability of male rats to rec-
ognize sexually receptive female rats as a reward, sug-
gesting alteration of the reward system during sexual 
encounters induced by deficiency in intermale social 
communication after weaning. Post-weaning individual 
housing has been demonstrated to evoke alteration of 
sexual behaviors in male rats [1, 3, 6]. The results of this 
study may add new physiology-based evidence of de-
velopmental functional alteration in male rats with re-
gard to male–female relationships induced by deficiency 
of male–male social interaction after weaning.
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