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Background/aim

Social isolation is a type of stress that might adversely affect sex cycles in both animals

and humans. The present study was planned to investigate the pituitary–gonadal axis

in the proestrus phase of estrous cycle in adult female rats subjected to social isolation

stress for 8 weeks.

Materials and methods

Twenty Sprague–Dawley adult female rats were divided into two experimental groups:

a control group (n = 10) and a socially isolated group (SI, n = 10). Throughout the

study, all rats were monitored for body weight and food intake. After 8 weeks, rats were

sacrificed in the proestrus phase of estrous cycle. All rats were examined

for final body weight, rectal temperature, hematocrit value, and serum levels of follicle

stimulating hormone, luteinizing hormones, prolactin hormone, 17-b estradiol,

and progesterone in addition to histological examination of the ovaries.

Results

The results of the present study showed that the SI group had significant decrease

in their final body weights and their serum levels of 17-b estradiol and progesterone,

whereas the serum level of prolactin was significantly increased. Histological

examination of SI rat ovaries showed fewer growing ovarian follicles

and numerous atretic ones compared to control rat ovaries.

Conclusion

These findings indicate that social isolation might result in depressed ovarian function

in adult female rats.
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Introduction
Social isolation is the lack of contact and interaction with

other individuals [1]. Subjectively, it is the feeling of

loneliness or lack of companionship. Loneliness is the

perception of being alone and can be experienced even

when one is in contact with others [1].

Social isolation is a type of stress [2] that might permeate

the life of any individual. The causes of social isolation

stress might be loss of a spouse, low self-esteem, physical

disability, serious health problems, stigmatizing chronic

illnesses such as AIDS, and implementation of the

penalty of solitary confinement. Social isolation has been

reported to be associated with anxiety, mood depression,

increased incidence of smoking as well as greater risk of

cocaine addiction [3].

Many observations have indicated that social isolation

might adversely affect ovulation. Subordinate female

common marmosets were observed to have hypoestro-

genemic anovulatory cycles [4]. However, when their

housing conditions were changed, they were found to

undergo their first ovulation [5]. Adult female rats

subjected to social isolation from young adulthood to late

middle age showed early ovarian senescence with only

secondary and atretic follicles at necropsy [6]. Hermes

and McClintock [7] have reported that isolated female

rats had fewer tertiary follicles than group-housed animals

and that corpora lutea, indicating successful ovulation,

were entirely absent in the isolates. In humans, the

findings were not different from animals observations

were in agreement with those in animals. Allsworth et al.
[8] have reported that incarcerated women had a high

prevalence of amenorrhea and menstrual irregularities.

Ovulation occurs in the young adult laboratory rats every

4–5 days throughout the year [9]. The durations of the

individual components of the estrous cycle are 12–14 h

for proestrus; 25–27 h for estrus; 6–8 h for metestrus; and

55–57 h for diestrus [10–13]. Ovulation was reported to

occur in the estrus phase between 08:00 and 10:00 h [14].

The cyclic changes that occur in the female reproductive

system and ovulation are regulated by hypothalamic–

pituitary–ovarian hormones. In the proestrus phase,

plasma levels of follicle stimulating hormone (FSH),

luteinizing hormone (LH), prolactin (PRL), estrogen, and

progesterone (PRG) have been reported to increase [15].
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Increased plasma estrogen level by the growing follicles in-

duces the preovulatory LH surge that leads to ovulation [16].

The timing of the 17-b estradiol (E2) peak during the

proestrus phase has been debatable in the previous

literature. E2 was reported to peak in ovarian venous

blood between 10:00 and 12:00 h [17], whereas it was

reported by Nequin et al. [14] to peak in serum at 06:00 h.

However, Smith et al. [18] reported a persistently high E2

level between 08:00 and 16:00 h on the proestrus day.

The increase in LH and FSH follows the estrogen peak

and occurs between 16:00 and 18:00 h according to Gay

et al. [19]. Normally, the PRL level increases in the

proestrus phase, reaching its peak at 20:00 h [14]. PRG

secretion increases at 17:00 h, followed by a significant

decrease in estrogen secretion between 21:00 and

23:00 h [17]. This increase in the PRG level is directly

involved in induction of female reproductive behavior

[20], ovulation [21], and formation of corpus luteum [22].

An experimental study of social isolation stress has the

advantage of lack of interference of stress-associated

behaviors such as smoking or drug addiction, which might

affect the results. Therefore, the present study was carried

out to investigate the changes in the pituitary/gonadal axis

in the proestrus phase of the sex cycle in socially isolated

adult female rats.

Materials and methods
Experimental animals

The present study was carried out on 20 adult female

Sprague–Dawley rats weighing 160–200 g at the start of

the experiment. Rats were purchased from Ophthalmic

Diseases Research Institute, Giza, Egypt. Rats were

maintained in the Physiology Department Animal House,

Faculty of Medicine, Ain Shams University, under stan-

dard conditions of boarding, at room temperature,

22 ± 11C. Regular meals were introduced daily at

16:00 h. Rats were fed ad libitum water and the standard

rat chow diet (AIN-93M diet formulated for adult

rodents) prepared according to the National Research

Council (NRC) [23] and Reeves et al. [24]. The study

was approved by the Ain Shams Faculty of Medicine

Research Ethics Committee.

Experimental procedure

Rats were housed (3–4 rats/cage) in plastic cages

(50� 28� 16 cm) with standard stainless-steel lids and

wood chip bedding for 2 weeks for acclimatization. Vaginal

smears were taken daily and rats showing three consecu-

tive regular 4-day cycles were included in the study. Social

isolation was carried out by housing 10 rats individually in

plastic cages (32� 18� 15 cm) according to Apter and

Eriksson [25]. Experimental rat groups were as follows:

(1) Control rat group (C; n = 10) housed in groups (3–4

rats/cage).

(2) Socially isolated rat group (SI; n = 10) housed

individually.

Throughout the study, all rats were subjected to

estimation of daily food intake as well as body weight

and rectal temperature weekly.

After 8 weeks, vaginal swabs were obtained from

overnight fasted rats between 10:00 and 12:00 h. to

determine the phase of the estrous cycle. To obtain a

vaginal swab, cotton wool swabs were soaked in normal

saline and then introduced gently into the vagina

according to Marcondes et al. [26] with modification.

The obtained swab was then spread on a clean glass slide.

The characterization of cell types in the swab was

determined using the � 40 objective lens. The determi-

nation of the estrous cycle phase was carried out on the

basis of the proportion between different cell types in the

swab using the � 10 objective lens. The cell types are

nucleated epithelial cells, anucleated cornified cells, and

leukocytes; the proestrus phase is characterized by the

predominance of nucleated epithelial cells [26].

Rats in the proestrus phase were weighed and then rectal

temperature was measured using a medical thermometer.

Rats were anesthetized with sodium thiopental (40 mg/kg

intraperitoneally). A midline abdominal incision was

made, then the abdominal aorta was exposed, and blood

samples were collected as follows:

(1) Blood (1 ml) was collected in plastic tubes coated

with K2 EDTA for estimation of the hematocrit value

(Ht) by SFRI blood cell counter H18 (SFRI Medical

Diagnostics, Saint Jean D’Illac, France).

(2) The remaining blood was collected in clean plastic

tubes and centrifuged at 3000 rpm for 15 min for the

separation of sera, which were stored at – 801C till

used for biochemical analysis. Serum levels of FSH,

LH, PRL, and E2 were determined by ELISA kits

for rats from EIAab Co. (Wuhan, China). Serum PRG

was determined using PRG ELISA kits for rats from

MyBioSource Co. (San Diego, USA).

The ovaries were excised and then kept in 10% formalin

for histological examinations, dehydrated, cleared in zylol,

and embedded in parablast. Paraffin sections were

cut serially at 5 mm thickness and stained by H&E as

described by Drury and Wallington [27].

Statistical analysis

All statistical data and significance tests were carried out

using the statistical package for social science (SPSS Inc.,

IBM, New York, USA) version 15.0 according to Armitage

and Berry [28]. Statistical significance was determined

using Student’s t-test for unpaired data. Correlations and

lines of regression were calculated by linear regression

analysis using the least square method. A probability of

P less than 0.05 was considered statistically significant.

All data were expressed as mean ± SEM.

Results
Initial body weights were comparable between the SI and

the C rat groups, whereas the final body weights were
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significantly lower in the SI group (Po0.01) compared

with the C group. However, the average daily food intake,

rectal temperature, and Ht value were not significantly

different between the two experimental rat groups

(Table 1).

Biochemical analysis of the different studied hormones

showed that gonadotrophic hormones (FSH and LH)

were not significantly different between SI and C rat

groups. However, PRL hormone increased significantly

(Po0.01) in the SI group compared with the C group,

whereas estrogen and PRG hormones decreased signifi-

cantly (Po0.01) in the SI group compared to the C group

(Figs 1 and 2).

Correlation study showed a significant negative correla-

tion between PRL and both gonadal hormones (E2 and

PRG) in the C rat group. However, in the SI rat group,

the correlation became insignificant (Table 2).

Histological examination of the ovary showed the

presence of multiple growing ovarian follicles and corpus

luteum in the C rat group (Fig. 3), whereas in the SI rat

group, there was only one growing ovarian follicle, one

corpus luteum, and numerous atretic follicles (Fig. 4).

Discussion
Social isolation is considered a type of stress for animal

species that have intimate social interactions such as rats.

In the present study, SI rats showed weight loss, although

the average daily food intake was not significantly

changed from the control rats. Weight loss might be

explained by increased metabolic rate because of stress-

induced activation of the hypothalamo-pituitary adrenal

axis (HPA) [29]. Increased glucocorticoid production by

adrenal glands would enhance the calorigenic effect of

catecholamines through its permissive action. Another

possible reason might be impaired food digestion and

absorption in SI rats because of stress-induced gastro-

intestinal dysfunction [30,31].

Hormonal assay showed unchanged levels of gonado-

trophic hormones between the two experimental rat

groups. However, PRL hormone increased, whereas

estrogen and PRG hormones decreased significantly in

SI rats compared to the controls. Shaikh [17] reported

decrease in the Ht value between 10:00–12:00 h and

21:00–23:00 h in the proestrus phase because of fluid

retention by steroids. In the present study, the insignif-

icant change in the Ht value excludes the possibility that

these hormonal changes were because of hemodilution

or hemoconcentration.

PRL hormone has been reported by many authors to be

a hormone of stress [32–35]. It has been reported that

PRL and corticosterone levels showed a high positive cor-

relation during stress [36]. This finding indicates that the

neuronal circuits involved in regulation of the physiolo-

gical response to stress stimulate the HPA axis as well as

PRL secretion. The mechanisms underlying PRL release

in stress seem to be regulated at multiple levels. Jahn and

Deis [37] excluded dopaminergic and serotonergic path-

ways from mediating stress-induced PRL release,

whereas it was attributed by Meyerhoff et al. [38] to

the stress-induced increase in b-endorphin, which has a

facilitatory effect on PRL secretion [39]. Corticotropin

releasing hormone was suggested by Akema [40] to

induce PRL release in acute stress possibly by an

undefined stress mediator. Figueiredo et al. [29] have

reported increased expression of mRNA of immediate

early gene c-fos – a marker of neuronal activation – in the

cingulate cortex, hippocampus, and medial amygdale in

response to stress. All these areas have been reported to

play important roles in the HPA response to stress [29]

and to influence PRL secretion during the estruos cycle,

pregnancy, and pseudopregnancy [41]. The physiological

role of PRL in stress is not fully understood, but it might

be related to its immune modulatory [32], osmoregula-

tory [42], angiogenic [43], or neurogenic [44] functions.

In rodents, PRL remains low throughout the estrous

cycle, except in the evening of proestrus phase in which

PRL level shows preovulatory peak after the LH

surge [45]. The reason for this PRL surge was reported

to be because of the proestrus increase in the estradiol

level [46]. PRG has also been reported to advance the

PRL surge in proestrus and to increase lactotrophs’

sensitivity to estradiol [47,48]. The significance of the

proestrus PRL surge is not clear, but in rodents, PRL

exerts either a luteotrophic action after mating or a

luteolytic action in the absence of a mating stimulus [49].

Whether the PRL level in SI rats in the present study was

persistently elevated throughout the estrous cycle or

showed premature elevation in the morning of proestrus

is difficult to predict in the context of the present study

and requires a thorough follow-up throughout the cycle

to determine the changes in its secretion.

In the present study, gonadotrophic hormone levels were

comparable between SI and C rats, which is not in

agreement with the findings of Cameron [50] and

Saltzman et al. [4], possibly because their researches

were carried out on primates. The unchanged levels of

gonadotrophic hormones between SI and C rats might

explain the presence of a growing ovarian follicle in the SI

rat ovary. However, the observable decrease in the

number of growing follicles in the ovaries of SI rat group

indicates that the response of the SI rat ovaries to

gonadotrophic hormones was reduced. A possible cause of

depressed ovarian function in the SI rats might be the

high PRL level that was found to interfere with FSH-

induced aromatase activity in cultured rat granulosa

cells [51,52]. However, in the study carried out by

Shimizu et al. [53], heat stress was also found to inhibit

the expression of gonadotropin receptors in granulosa

cells and to attenuate the estrogenic activity of growing

follicles in immature rats injected with PMSG and that

granulosa cells of heat-stressed follicles were more

susceptible to apoptosis than control follicles. Whether

social isolation for a long duration would exert similar

effects in adult female rat ovarian follicles is a matter of

speculation that requires further investigations to be

clarified.
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PRL and the gonadal hormones (E2 and PRG) showed a

significant negative correlation in control rats. This

observation reflects the presence of a tight regulatory

mechanism that maintains low PRL with high-level

gonadal hormones till the evening of proestrous, when

the PRL level peaks after the LH surge as described by

Nequin et al. [14]. When the PRL level became

abnormally increased in the SI group, this significant

negative correlation became insignificant, indicating a

disruption of the regulatory mechanisms that maintain

a low secretion of PRL with increased secretion of

gonadal hormones till the evening of the proestrus phase.

Reports on estrogen and PRG levels throughout the

estrous cycle in the literature have been inconsistent.

According to the results of Gomes et al. [15], PRG level is

lowest during estrus phase and is increased in the evening

of diesterus and proestrus phases, reaching a peak value

of 30 ng/ml at 23:00 h. This value is much lower than the

Table 1 Changes in the mean values of the initial and final body weights (g), average daily food intake (g/day), rectal temperature

(1C), and hematocrit value (%) in control and socially isolated rat groups

Rat group IBW (g) FBW(g) FI (g/day) Temperature (1C) Ht (%)

C (10) 170.50 ± 2.73 206.00 ± 10.84 11.47 ± 0.65 38.06 ± 0.06 45.06 ± 0.72
SI (10) 174.00 ± 4.2 164.00 ± 1.63* 10.48 ± 0.11 38.13 ± 0.13 44.78 ± 2.20

All data are expressed as mean ± SE.
C, control rat group; FBW, final body weight; FI, food intake; Ht, hematocrit; IBW, initial body weight; SI, socially isolated rat group.
*Po0.01 compared with the control group.

Figure 1
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Figure 2
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Table 2 Correlations of serum prolactin (ng/ml) versus 17-b
estradiol (pg/ml) and progesterone (ng/ml) in control and

socially isolated rat groups

Rat group PRL vs. E2 PRL vs. PRG

C (n = 10)
r – 0.70 – 0.90
P o0.05 Po0.01

SI (n = 10)
r 0.05 0.16
P NS NS

C, control rat group; E2, 17-b estradiol; n, is the number of rats; NS, not
significant; PRG, progesterone; PRL, prolactin; SI, socially isolated rat
group.

Figure 3

Light photomicrograph of an ovarian section of a control rat (C)
showing multiple growing ovarian follicles (F) indicated by the black
arrows; the white arrows point to the oocytes. There is one corpus
luteum (CL) (H&E �40).
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PRG level measured in the present study in the C group

in the afternoon of proestrus (between 13:00 and

15:00 h). In another study carried out by Nequin

et al. [14], the PRG level showed a progressive increase

in the proestrus phase after 14:00 h, reaching its peak

(484.5 ng/ml) before midnight, which would agree with

the PRG level recorded in the present study.

In terms of the E2 level recorded in the present study,

the time of drawing blood samples was between 13:00

and 15:00 h, which would coincide with the timing of the

increase in E2 reported by Gomes et al. [15], although the

E2 values reported by them during the peak were much

lower than the value recorded in the present study.

However, Smith et al. [18] measured E2 values at 8:00

and 17:00 h of the proestrus phase and were found to be

55 and 57 pg/ml, respectively, which were close to the E2

values recorded in the present study. This variability in

the values and timing of changes in the hormone levels

throughout the estrous cycle between different studies

might be because of the differences in the experimental

animal strains and the sensitivity of the biochemical

analysis techniques.

The decreased E2 and PRG levels in the SI group were in

agreement with the reports of Lachelin and Yen [54],

Cameron [50], and Saltzman et al. [4]. This decrease in

gonadal hormones could be attributed to the observable

decrease in the number of the growing ovarian follicles in

the SI rat ovary as well as the inhibitory effect of PRL on

ovarian steroidogenesis [52]. The significant decrease in

E2 in SI rats would entail that the LH surge and the

subsequent orchestrated hormonal changes in the proes-

trus phase would not cascade normally to accomplish

successful ovulation. Estrogen is required for the genera-

tion of the preovulatory GnRH/LH surge by acting on

E2-sensitive Kiss1 neurons (through ERa) in the ante-

roventral periventricular nucleus [18]. E2-sensitive Kiss1

neurons in the arcuate nucleus provide a tonic stimulatory

drive to GnRH and are inhibited by estrogen and mediate

the negative feedback effects of sex steroids on GnRH/LH

secretion [18]. Moreover, E2 peak acts on lactotrophs and

mediates the preovulatory PRL surge in the evening of

proestrus [45]. This action is mediated by acting on both

types of E2 receptors (a and b) in the preoptic area

neurons [55,56].

From the aforementioned data, it can be suggested that

social isolation might result in depressed ovarian func-

tions with decreased sex hormone secretion and impaired

follicular growth. These effects might be due to local

changes in the response of the ovaries to gonadotrophic

hormones rather than changes in pituitary gonadotrophic

hormones. Further studies are required to elucidate these

changes and to determine whether social isolation stress

should be considered by gynecologists as a possible cause

of ovarian cycle irregularities, unovulation, or infertility in

humans.
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