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Abstract

Early-life experience strongly impacts neurodevelopment and stress susceptibility in adulthood. 

Maternal separation (MS), an established model of early-life adversity, has been shown to 

negatively impact behavioral and endocrine responses to stress in adulthood. However, the impact 

of MS in rats with heightened inborn stress susceptibility has not been fully explored. To address 

this issue we conducted MS in Wistar-Kyoto (WKY) rats, an animal model of comorbid 

depression and anxiety, and Wistar rats, which share a similar genetic background with WKYs. 

WKY and Wistar pups experienced either 180-min daily MS or 15-min separation (neonatal 

handling) during the first two postnatal weeks, and were tested for depressive- and anxiety- like 

behaviors in adulthood. Exposure to early-life MS in WKY rats decreased anxiety- and 

depressive- like behaviors, leading to increased exploration on the open field test (OFT), enhanced 

social interaction, and diminished immobility on the forced swim test. MS had an opposite effect 

in Wistar offspring, leading to enhanced anxiety-like behaviors, such as reduced OFT exploration 

and decreased social interaction. These findings are consistent with the match/mismatch theory of 

disease and the predictive adaptive response, which suggest that early life stress exposure can 

confer adaptive value in later life within certain individuals. Our data supports this theory, 

showing that early-life MS has positive and perhaps adaptive effects within stress-vulnerable 

WKY offspring. Future studies will be required to elucidate the neurobiological underpinnings of 

contrasting behavioral effects of MS on WKY vs. Wistar offspring.
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1. Introduction

Adverse life experiences during the early developmental period have long-term effects on 

the brain, stress-elicited behaviors, endocrine function, and physiological responses in a 

variety of species [26]. Early-life adversity in humans can predispose individuals to 

neuropsychiatric disorders and suicidality [16]. Childhood abuse and neglect are also 

associated with adverse behavioral risk factors in adulthood, including smoking, physical 

inactivity, obesity, depression, and cardiovascular disease [4].

Prolonged early-life maternal separation (MS) is a widely used rodent model of early-life 

adversity where pups are deprived of maternal contact for variable time periods during the 

early weeks of life [11]. Most reports document myriad negative effects of MS including: 

increased anxiety-like behavior [12], depression-like behavior [6], and exaggerated 

hypothalamic-pituitary adrenal (HPA) axis stress responses [22]. There are discrepancies in 

the MS literature, with certain studies unable to confirm such behavioral and neuroendocrine 

findings. For instance, some reports failed to see effects of MS on anxiety measures [8, 24], 

and another showed that MS decreased contextual and auditory fear conditioning rather than 

increasing it [2]. These conflicting results likely stem from a host of factors, including 

varied experimental procedures, gender, and rat strain that was used [11]. Importantly, these 

findings suggest that early-life stress is not uniformly deleterious and its long term effects 

may depend upon an organism's innate level of stress reactivity [18].

The current study tested the hypothesis that early-life MS elicits disparate effects on rat 

strains that exhibit innate differences in stress susceptibility. To do so, we applied the early-

life MS paradigm to two rat strains: Wistar-Kyoto (WKY) rats, a well-established model 

animal of heightened depressive-/anxiety-like behavior and stress vulnerability [17], and 

genetically similar Wistar rats. WKY rats manifest heightened endocrine and physiological 

responses to stress [20], increased stress-induced ulcers and gastrointestinal dysfunction 

[21], and display robust behavioral despair and learned helplessness, a core feature of major 

depression in humans [21]. Given WKY rats' high baseline levels of anxiety/depression-like 

behavior and stress susceptibility, we initially hypothesized that they would be particularly 

vulnerable to the deleterious effects of early-life MS. On the other hand, Wistar rats 

typically display low levels of basal anxiety-/depressive-like behavior relative to WKY rats 

[17]. Our data indicate that MS elicits disparate effects on Wistar vs. WKY rats. Consistent 

with previous studies, early-life MS led to increased anxiety-like behavior in the Wistar 

offspring. However, MS elicited protective effects in the WKY offspring, improving their 

anxiety- and depression- like behaviors along with social behaviors.

2. Methods

All animal handling and experimental procedures were approved by the University of 

Alabama at Birmingham Institutional Animal Care and Use Committee and conformed to 

the Guide for the Care and Use of Laboratory Animals.
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2.1 Animals and Early-Life Manipulation

WKY and Wistar female and male rats (n=8/sex/strain) were purchased from Charles River 

Laboratories (Kingston, NY) and housed in a temperature-controlled facility (kept at 21-23 

°C, 50-55% humidity) with a 12/12 h light-dark cycle (lights on at 6:00 a.m.). Male/female 

pairs were mated for 14 days, and at birth (P0) litters were randomly assigned to one of two 

groups: (a) neonatal handling group or (b) MS group (n = 4 litters/group/strain). Litters 

assigned to the MS group and neonatal handling group were separated from their dam daily 

for 180 min and 15 min, respectively, between 8:30 a.m. – 12:00 p.m. from P1-P14 as 

previously described [3]. Dams remained in the home cages while separated litters were 

transferred to a different room in a small cage placed on a heating pad (∼37°C). Littermates 

remained in close contact throughout the separation period and were returned to home cage 

after the conclusion of the 15- or 180-min period.

After the final separation on P14, litters remained undisturbed until weaning on P21. Only 

male pups were chosen for subsequent behavioral tests performed in adulthood. Rats of the 

same strain and same early-life experience (neonatal handling or MS) were housed together 

3 per cage. Animals were left undisturbed except for weekly weighing and standard cage 

changes from weaning until P60+ when behavioral testing commenced.

2.2 Behavior Test Battery

Behavior tests were conducted under dim light conditions (30 lux) between 8:30-11:30 a.m.. 

Animals were placed in the testing room overnight for habituation before all tests except for 

forced swim test (FST). The following tests were conducted (in the order indicated): open 

field test (OFT), social interaction, and FST.

OFT and FST were conducted as previously described [17]. Social interaction testing was 

conducted in a rectangular black Plexiglas box (91 × 61×30 cm) with a black floor, which 

was divided into three chambers (zones) separated by two black Plexiglas dividers with 

openings in the center to allow animals to move freely between zones. Testing was 

conducted over two days (10 min/day). On Day 1, the test rat was placed in the neutral zone 

(middle chamber), while one of the other zones contained an empty cylindrical metal bar-

cage in a corner of the zone. The third zone contained a male stimulus rat within an 

interaction cage placed in a corner. The metal bars of the interaction cage allowed rats to 

interact, but prevented any aggressive encounters between animals. On Day 2, the test rat 

was again placed in the neutral zone; one of the other zones contained a male stimulus rat 

within the interaction cage and the third zone contained a female stimulus rat within its 

interaction cage. Position of the male stimulus rat was switched between test days to 

eliminate side preference. Stimulus rats were age-matched and of the same strain as the test 

animals, and were previously habituated to interaction cages. An approximately 2-cm wide 

zone around each interaction cage was designated as the interaction zone. Behavior in all 

tests was recorded with a digital camera, and quantified utilizing Ethovision® XT 8.0 

software (Noldus, Wageningen, The Netherlands).
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2.3 Statistical Analysis

Data from the OFT, Social Interaction test Day 1, and FST were analyzed via two-way 

ANOVA, with strain and early-life treatment (MS/neonatal handling) as independent 

variables. When necessary, post-hoc analysis was performed using independent samples t-

test within each strain independently and p-values were adjusted using Holm-Bonferroni 

correction. Data from Social Interaction Day 2 were analyzed separately for the two rat 

strains. Within each strain, sex of stimulus rat and early-life manipulation were used as 

independent variables with Bonferroni tests post-hoc. Statistical analysis was performed 

using GraphPad Prism 6.0. Significance was set at p < 0.05; results are presented as mean ± 

SEM.

3. Results

Both WKY and Wistar offspring gained weight from weaning through adulthood and there 

was no effect of early life experience (MS or neonatal handling) on their weight gain (data 

not shown).

3.1 Contrasting effects of MS

MS differentially affected OFT behavior in WKY vs. Wistar offspring. First, there was a 

significant main effect of strain (F(1, 61) = 106.4, p < 0.0001) with Wistar rats generally 

displaying greater amounts of rearing compared to WKYs (Fig. 1A). Interestingly, there was 

a significant strain × early-life treatment interaction (F(1, 61) = 5.728, p < 0.05). Post-hoc 

analysis showed that MS elicited disparate effects within each strain, with MS-exposed 

WKY rats showing increased rearing in the OFT compared to the neonatal handing-exposed 

WKY offspring (p < 0.05). On the other hand, Wistar offspring that were exposed to MS 

displayed decreased rearing compared to Wistars that been exposed to neonatal handling (p 

< 0.05; Fig. 1A). Similar to rearing, grooming duration in the OFT was also differentially 

impacted by MS, with significant effects of: strain (F(1, 62) = 21.67, p < 0.0001), early-life 

treatment (F(1, 62) = 7.907, p < 0.01), and strain × early-life treatment interaction (F(1, 62) = 

5.774, p < 0.05). Post-hoc testing revealed a large decrease in the amount spent grooming in 

the MS-exposed Wistar rats (p < 0.001), but no change in the WKY rats, so that MS-

exposed WKY and Wistar rats exhibited similar levels of grooming (Fig. 1B). MS also 

differentially impacted FST immobility in WKY versus Wistar offspring. First, there were 

significant main effects of strain (F(1, 62) = 17.05, p < 0.001) and MS (F(1, 62) = 4.171, p < 

0.05), with WKY rats generally exhibiting greater FST immobility compared to Wistar rats 

(Fig. 1C). There was also a significant strain × early-life treatment interaction (F(1, 62) = 

6.240, p < 0.05). Post-hoc analysis revealed that MS lead to reduced FST immobility 

selectively within WKY rats (p < 0.05), while Wistar rats' FST behavior was unaffected by 

MS exposure (Fig. 1C). MS exposure also elicited different effects in WKY and Wistar 

offspring during Day 1 of the Social Interaction test. There was a main effect of strain 

(F(1, 62) = 8.105, p < 0.01), but not of MS, on the frequency to visit the novel male social 

interaction zone on the first social interaction test day, with Wistar rats generally making 

more visits to the novel male compared to WKY rats (Fig. 1D). However, there was also a 

significant interaction of strain and early-life treatment (F(1, 62) = 12.04, p = 0.0010), and 

post-hoc analysis revealed disparate effects of MS on WKY and Wistar offspring's social 
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behavior. MS-exposed WKY offspring showed more visits to the novel male compared to 

neonatal handling-exposed WKYs. MS had the opposite effect on Wistar offspring, with 

MS-exposed Wistars showing less social interaction with the novel male rat relative to 

Wistar offspring that had been exposed to neonatal handling (p < 0.05 for each comparison; 

Fig. 1D). There were no significant main effects of strain or early-life treatment and no 

strain × early-life treatment interaction on the rats' interaction with an inanimate novel 

object (a control used in the Social Interaction Day 1 test; data not shown).

3.2 MS and male vs. female social interaction

On Day 2 of social interaction testing, rats were given a choice between exploring a novel 

male or a novel female stimulus rat. WKY groups (MS- and neonatal handling-exposed 

offspring) showed a preference for visiting the female stimulus rat, with more frequent visits 

to the female interaction zone versus the male interaction zone (main effect of sex of 

stimulus rat: F(1,44) = 6.853, p < 0.05; Fig. 2A). There was no main effect of early-life 

treatment on this measure in WKY offspring, and no stimulus rat × early-life treatment 

interaction. We observed a different pattern of social behavior in the Wistar rats. MS-

exposed Wistar offspring made fewer visits to both male and female interaction zones 

relative to neonatal handling-exposed Wistar offspring (main effect of MS: F(1,80) = 10.22, p 

< 0.01) and did not show a preference for visiting female over male stimulus rats (no main 

effect of stimulus rat and no interaction; Fig. 1B). We also examined the effect of stimulus 

rat and MS exposure on the amount of time WKY and Wistar rats spent in the male/female 

rat interaction zones. For WKY rats, there was a significant main effect of stimulus rat, with 

all WKY offspring spending more time in the female interaction zone (F(1, 44) = 15.05, p < 

0.001). Post-hoc analysis revealed that this difference was significant in the maternally-

separated, but not neonatally-handled, animals (p < 0.01; Fig. 2C). There was no main effect 

of early-life treatment or sex of the stimulus rat (and no interaction) for time spent in the 

male and female interaction zones was detected for Wistar rats (Fig. 2D).

Discussion

The present study demonstrates contrasting effects of early-life MS in two strains of rats that 

exhibit innate differences in emotional behavior and stress susceptibility. In Wistar rats, MS 

increased anxiety-like behaviors in the OFT and decreased social behavior, which is 

consistent with several prior studies documenting adverse effects of MS. We were surprised 

to find that MS improved anxiety- and depression-like behavior in WKY offspring, leading 

to increased exploratory behavior (OFT), increased social interaction, and diminished FST 

immobility. We also observed a decrease in grooming in the Wistar, but not WKY, rats 

exposed to MS, which may be an indication of diminished novelty-induced exploration and 

increased anxiety-like behavior [15, 28]. These findings demonstrate contrasting effects of 

early life stress on adult behavior in rat strains with divergent endogenous stress 

susceptibility, an effect that has not been reported previously.

Although most work on early-life stress focuses on its harmful effects on current and future 

health, emerging evidence suggests a more nuanced view. For example, the match/mismatch 

hypothesis of disease posits that stress during early life is not necessarily pathological but 

Rana et al. Page 5

Neurosci Lett. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



can instead have adaptive value to an individual that faces later stressful environments or 

experiences during adulthood [25]. Examples from metabolic research report that human 

and rodent offspring exposed to malnutrition stress in utero develop metabolic dysfunction 

when raised under non-stressful food abundant conditions, but not under food scarce 

conditions [23]. The notion of beneficial stress inoculation has been suggested based on the 

observation that repeated stress exposure in childhood confers protective neuroendocrine 

effects in adulthood [14]. Consistent with this idea is the concept of the predictive adaptive 

response (PAR), which means that an individual will use experience of past stressors to 

augment coping with future stressors [7]. This idea is supported by data demonstrating that 

rat pups exposed to the stress of either poor maternal care or 24-hour maternal deprivation 

exhibited increased memory performance and long-term potentiation as adults when tested 

under stressful conditions but not under non-stressful conditions [19]. This PAR is thought 

to be strongest in stress susceptible individuals and may be evolutionarily conserved by 

rapidly changing environmental conditions across generations [7]. Our present data are 

consistent with this theory, showing that early-life MS has positive effects in the stress 

susceptible WKY rats.

Previous MS studies have utilized a variety of manipulations and comparison groups to 

ascertain effects of early life stress, including separation paradigms of single 24-hour 

separation, as well as repeated daily separations lasting 1-6 hours over the first 2-3 postnatal 

weeks. A variety of comparison groups have been used which include groups that were: 1) 

non-handled; 2) animal facility reared; or 3) brief handling (3-15 min), during the early 

postnatal period. In the wild, the dam must leave the nest on a regular basis to search for 

food, and inducing brief separations via daily neonatal handling is one way to mimic this 

effect. Extensive literature demonstrates the contrasting effects of neonatal handling vs. MS 

in terms of HPA axis reactivity and stress-elicited behaviors in adulthood [22], thus we 

decided to use these manipulations in the present study.

It's important to keep in mind that the effects of MS depend on the strain and genetic 

endowment of rats experiencing it. In our previous study we evaluated the effects of MS on 

behavior and endocrine function in the selectively-bred Low (bLR) and High (bHR) 

responder rats [3]. These rats were bred from the Sprague-Dawley strain and show striking 

differences in their depressive- and anxiety-like behavior, with bLRs showing a profile 

similar to the WKY rats and bHRs resembling Wistar rats [5]. While MS did not induce 

changes in the bLR/bHR behaviors on the OFT and FST, their endocrine responses were 

differentially impacted with the bLRs manifesting an augmentation of adrenocorticotropic 

hormone secretion in response to an anxiogenic stimulus (i.e. exposure to the light/dark box) 

and bHRs showing its blunting [3]. While beyond the scope of the current study, it will be 

important to determine the impact of MS on the HPA axis activity in the WKY and Wistar 

rats given that the activity of this system has the potential to shape to depression and anxiety 

[9]. Stress exposure, such as MS, leads to increased secretion of corticosterone, which has 

strong effects on brain development [1]. MS also leads to increases in mineralocorticoid and 

glucocorticoid receptors in the hippocampus, which mediate corticosterone signaling in the 

brain [10]. It is therefore likely that this system mediates the observed behavioral effects in 

our study. It is also important to note that MS may be a relatively mild stressor, and that 
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more severe stressors, such as more prolonged maternal separation or chronic stress 

exposure, may have different consequences in both strains and may be detrimental to their 

development and behavior.

Previous studies reported decreased weight in maternally-separated rats before and after 

weaning, suggesting that the separation suppressed maternal milk availability or circulating 

growth hormone levels [27]. In the current study, we did not see an effect on Wistar or 

WKY offspring's physical development, suggesting the observed behavioral differences are 

not due to metabolic differences induced by MS. Instead, the contrasting effects of neonatal 

handling and MS on WKY vs. Wistar offspring may be mediated by alterations in maternal 

care induced by the manipulations. Variations in maternal care significantly impact stress-

elicited behavioral and endocrine responses in adulthood, and contribute to the effects of 

brief early-life separation (as in the neonatal handling paradigm) [13]. These observations 

indicate a key role of maternal behavior in shaping the effects of early-life manipulations on 

adult offspring's behavior. A limitation of the present experiment is that we did not compare 

maternal behaviors under MS and neonatal handling; future studies will be required to 

address this.

In previous study we failed to see an effect of MS or neonatal handling on depressive/

anxiety- like behaviors in WKY offspring [17]. However, in that study, pregnant WKY 

females were purchased and delivered to our animal housing facility around gestational day 

15. Given the heightened sensitivity of WKY rats to stress and other environmental 

perturbations, it is very likely that the stress of transport significantly impacted offspring via 

prenatal stress and/or possible changes in maternal behavior, which could have interfered 

with effects of neonatal handling/MS. To circumvent this issue in the current study, we 

mated male/female WKY and Wistar rats in our own animal housing facility, thus 

eliminating the potential confound of prenatal stress. The current observations taken 

together with our previous report [17] suggest significant differences in the behavioral 

profiles of WKY rats that were: 1) reared under commercial conditions and shipped as 

adults; 2) shipped in utero; and 3) reared in our animal facility from conception through 

adulthood. These observations highlight the importance of minimizing exposure to external 

stressors throughout the lifespan of WKY rats, including during the prenatal period, in 

studies examining their behavioral alterations.

In conclusion, our current data suggest that the effects of early-life MS on anxiety- and 

depression-like behavior in adulthood may depend on innate stress reactivity. Future studies 

will be required to determine the role of maternal care and the neurobiological mechanisms 

that mediate these effects.
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Highlights

• Wistar-Kyoto (WKY) and Wistar (W) pups were exposed to maternal separation 

(MS).

• W-MS pups increased anxiety-like behavior and decreased social behavior as 

adults.

• WKY-MS pups decreased anxiety- and depressive- like behavior in adulthood.

• WKY-MS pups increased their social interaction behavior in adulthood.
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Figure 1. 
Contrasting effects of early-life experience on WKY vs. Wistar rats. Two-way ANOVA 

revealed significant early-life treatment × strain interactions for: rearing frequency (A) (A) 

and grooming in OFT (B); immobility in FST (C); frequency to male zone on social 

interaction testing (D). Abbreviations: NH-Y – neonatally-handled WKYs, MS-Y – 

maternally-separated WKYs, NH-W – neonatally-handled Wistars, MS-W – maternally-

separated Wistars. * − p < 0.05, ** − p < 0.01, *** − p < 0.001.
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Figure 2. 
When given a choice between exploring a novel male or female on Day 2 of the social 

interaction test, significant main effect of sex of the stimulus rat was observed in WKY 

offspring (A). Wistars exhibited significant effect of early-life treatment, where maternally-

separated rats made fewer visits to both male and female zones (B). Maternally-separated 

WKY rats spent more time interacting with the female stimulus rat (C). No differences in 

interaction times were observed in Wistar rats (D). Abbreviations as in Fig. 1. * − p < 0.05, 

** − p < 0.01.
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