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Abstract

Social stressors such as depressed maternal care and family conflict are robust challenges which

can have long-term physiological and behavioral effects on offspring and future generations. The

current study investigates the transgenerational effects of an ethologically relevant chronic social

stress on the behavior and endocrinology of juvenile and adult rats. Exposure to chronic social

stress during lactation impairs maternal care in F0 lactating dams and the maternal care of the F1

offspring of those stressed F0 dams. The overall hypothesis was that the male and female F2

offspring of stressed F1 dams would display decreased social behavior as both juveniles and adults

and that these behavioral effects would be accompanied by changes in plasma corticosterone,

prolactin, and oxytocin. Both the female and male F2 offspring of dams exposed to chronic social

stress displayed decreased social behavior as juveniles and adults, and these behavioral effects

were accompanied by decreases in basal concentrations of corticosterone in both sexes, as well as

elevated juvenile oxytocin and decreased adult prolactin in the female offspring. The data support

the conclusion that social stress has transgenerational effects on the social behavior of the female

and male offspring which are mediated by changes in the hypothalamic–pituitary–adrenal axis and

hypothalamic–pituitary–gonadal axis. Social stress models are valuable resources in the study of

the transgenerational effects of stress on the behavioral endocrinology of disorders such as

depression, anxiety, autism, and other disorders involving disrupted social behavior.
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Introduction

Social stressors such as impaired maternal care and family conflict are robust challenges

which can have long-term physiological and behavioral effects on the offspring. Disruptions

in social behavior are particularly common in children exposed to maternal depression

and/or family conflict (Davalos et al., 2012; Goodman, 2007; Hay et al., 2008; Josefsson and
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Sydsjo, 2007; Moehler et al., 2007; Verbeek et al., 2012). Furthermore, prior exposure to life

stress confers susceptibility to stress-related psychopathologies including postpartum

depression (Heim and Binder, 2011; Heim and Nemeroff, 2001). The current study

investigated the transgenerational effects of an ethologically relevant social stress on the

social behavior and endocrinology of juvenile and adult rats.

In the present model of chronic social stress (CSS), lactating dams (F0 generation) are

exposed to intruder male rats for 1 hour daily. F0 dams receiving CSS exhibit deficits in the

duration of pup grooming and nursing and increased maternal aggression (Nephew and

Bridges, 2011), and thus the female offspring (F1 generation) receive both direct (through

decreased maternal care) and indirect (through exposure to aggressive conflict between the

dam and intruder males) early life stress. Adult F1 dams exposed to early life CSS also

display decreases in maternal care (reduced pup grooming and nursing), impaired lactation

through decreased milk intake by the pups, decreased saccharine intake (a measure of

anhedonia), decreased maternal aggression, and increased restlessness/anxiety through

increases in non-maternal care behaviors such as nesting, self grooming, and activity. On

day 2 of lactation, F1 dams exposed to early life CSS exhibit a 60% decrease in the duration

of maternal care that is driven by a 79% decrease in nursing and a 60% increase in non-

maternal care behaviors. These behavioral effects are associated with decreases in

hypothalamic oxytocin (OXT), vasopressin (AVP), and prolactin (PRL) gene expression

(Murgatroyd and Nephew, 2013) as well as decreases in basal plasma concentrations of

estradiol and prolactin and increased corticosterone during lactation (Carini and Nephew,

2013). Additional developmental elements of the model include the effects of potential

hormonal changes in the F0 dams on developing F1 offspring and germ line exposure of the

F2 generation during early life stress exposure in the F1 animals. Both the F0 and F1 dams

represent ethologically relevant models of postpartum depression and anxiety, and the

current study investigated the transgenerational effects of CSS on the F2 generation. In

addition to assessing ethologically relevant changes in social behavior to compare with

previous studies using maternal care as a measure of anhedonia, saccharin preference was

included as a standard abstract measure of anhedonia. Based on previous studies on the

transgenerational impact of differences in maternal care and related data from the F1 dams,

it was hypothesized that the F2 male and female offspring of CSS dams would exhibit

decreases in social behavior which would be accompanied by decreased basal concentrations

of plasma corticosterone, oxytocin and prolactin.

Several studies have concluded that the hypothalamic–pituitary–adrenal (HPA) axis plays a

central role in mediating the behavioral and physiological effects of early life stress in both

animals (Bosch et al., 2007; Catalani et al., 2011; Murgatroyd and Spengler, 2011;

Veenema, 2009) and humans (Essex et al., 2002, 2011; Francis et al., 1999; Meaney and

Szyf, 2005; Tu et al., 2007). Children exposed to the early life stress of maternal depression

exhibit disturbances in HPA activity which may include stressor specific changes in the

pattern of basal plasma cortisol (Essex et al., 2002, 2011). Previous studies of the CSS

model have reported elevated basal corticosterone levels in the CSS F1 females as

nulliparous adults and dams (Carini and Nephew, 2013), which parallels data in adolescents

exposed to both maternal depression and family anger (Essex et al., 2011), as the F1 females

are exposed to decreased maternal care and the conflict between the dam and the novel male
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intruder. Several studies in rodents have observed decreased basal corticosterone in adult

offspring of dams administered exogenous corticosterone in drinking water (see Catalani et

al., 2011 for review). It has been suggested that the level of corticosterone exhibited in these

lactating dams is similar to corticosterone levels after maternal stressors (Catalani et al.,

2011). It was hypothesized that CSS F2 offspring would have lower basal corticosterone,

similar to adolescents exposed primarily to maternal depression during early life and the

adult offspring of dams treated with corticosterone during lactation (Catalani et al., 2011;

Essex et al., 2011).

The importance of OXT as a mediator of social behavior is well known (Feldman, 2012;

Nephew, 2012; Veenema, 2012; Young et al., 2008), and previous data indicate that OXT is

a potential mediator of the adverse effects of early life CSS on maternal behavior in lactating

dams and their adult offspring (Murgatroyd and Nephew, 2013). While there are numerous

reports in animals and humans which indicate that impairments in social behavior are

associated with a decrease in OXT (Feldman, 2012; Nephew, 2012), recent clinical work

suggests that both high and low levels of OXT can indicate a disruption in typical social

interaction, depending on gender and social context (Miller et al., 2013; Parker et al., 2010).

The effects of OXT on social behavior can be transgenerational (Champagne, 2008; Curley

et al., 2012), which is specifically relevant to the current study of the social behavior of the

F2 offspring of socially stressed dams. Based on the decreased hypothalamic OXT gene

expression in the F1 generation (Murgatroyd and Nephew, 2013), it was hypothesized that

the F2 offspring of CSS dams would have decreased plasma concentrations of OXT.

Prolactin is a key mediator of both mammalian lactation (Freeman et al., 2000; McNeilly et

al., 1983; Powe et al., 2010) and maternal care (Bridges, 1994; Bridges et al., 1997; Grattan,

2002; Grattan et al., 2001), although less is known about its role in non-maternal social

behavior. PRL also has inhibitory actions on HPA activity following stress exposure which

may be related to its role in maternal care (Torner and Neumann, 2002). Study of early life

CSS exposed females indicates that plasma PRL concentrations are decreased in both

juvenile and maternal early life CSS exposed females, and in maternal dams this decrease in

peripheral PRL is associated with impaired maternal care and lactation and decreased

expression of the long form of the PRL receptor in the PVN (Carini and Nephew, 2013;

Murgatroyd and Nephew, 2013). Since many endocrine mediators of maternal care are also

known to affect other forms of social behavior, it was hypothesized that the female F2

offspring would exhibit lower levels of social behavior accompanied by decreased plasma

PRL.

The current study investigated the social behavior of the male and female F2 offspring of

dams exposed to early life stress as both juveniles and adults and whether these behaviors

would be accompanied by changes in plasma corticosterone, PRL, and OXT. The current

investigation extends the transgenerational value and application of the CSS model of

postpartum mood disorders to early life stress associated disorders in both males and

females such as depression, anxiety, and autism. The overall hypothesis was that the male

and female F2 offspring of social stressed dams would display decreased social behavior as

both juveniles and adults and that these behavioral effects would be accompanied by

changes in plasma corticosterone, PRL, and OXT.
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Methods

Animals

Sprague-Dawley rats (Charles River Inc., Kingston, NY) in this study were maintained in

accordance with the guidelines of the Committee of the Care and Use of Laboratory

Animals Resources, National Research Council, and the research protocol was approved by

the Tufts Institutional Animal Care and Use Committee. “CSS dams” refers to the adult

females exposed to chronic social stress during lactation (F0), “early life CCS F1 dams”

refers to the adult female offspring of the CSS dams, and their F2 offspring are the focus of

the present study.

CSS model: Creation of F0 dams

The CSS dams were subjected to a chronic social stress protocol from days 2 to 16 of

lactation as reported (Carini et al., 2013; Nephew and Bridges, 2011). This procedure

consisted of placing a similarly sized (220–300 g) novel male intruder into a lactating

female’s home cage for 1 hour from days 2 to 16 of lactation. Control dams were not

exposed to the CSS protocol; they were only tested for maternal care and maternal

aggression on days 2, 9, and 16 of lactation. The pups are left in the cage during the intruder

presentation, and the CSS exposure results in reduced maternal care (pup grooming and

nursing) and increased anxiety-related behavior and maternal aggression (Nephew and

Bridges, 2011).

Early life CSS: Creation of F1 females and their F2 offspring

The control and early life CSS F1 females were the offspring of the F0 control and CSS

dams; the differences between the treatments of the control and early life CSS F1 females

were limited to the exposure of the early life CSS F1 females to attenuated maternal care

and conflict between their F0 mothers and the male intruders during age 2 to 16 days. The

F1 control and early life CSS animals were treated identically after the age of 16 days. After

weaning all F1 pups on day 23, the female offspring from the twelve control and twelve CSS

dams were housed in groups of four until 70 days of age when two from each litter were

mated with 6 proven breeder males (24 F1 females for the control and early life CSS

groups). Successful mating was determined by body weight gain. Behavioral and endocrine

data from those F1 females have been previously reported (Carini and Nephew, 2013). Total

F2 pup number and litter weights were recorded on the day of parturition, and litters were

then culled to four females and four males. The F2 control and early life CSS animals were

treated identically throughout the study; the only difference between the two groups was the

attenuated maternal care (including deficits in pup grooming, nursing, and milk intake by

pups) and increased restlessness and anxiety-related behavior (nesting, self-grooming,

locomotor activity) expressed by the early life CSS F1 dams towards their F2 offspring. In

addition, the F2 animals were exposed to the decreased prolactin and increased

corticosterone levels of their F1 mothers during lactation (Carini and Nephew, 2013). The

early life stress behavioral experience of the F1 generation included decreased maternal care

from the F0 dams and the conflict between the dam and male intruders, where the early life

stress experience of the F2 generation only included the exposure to attenuated maternal

care from the F1 dams. The final F2 sample sizes were 10 for the control groups and 13 for
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the early life CSS group, and there were no treatment differences in litter size or number or

bodyweights at the juvenile or adult stage, (all p’s > 0.2).

Juvenile social behavior

Juvenile social behavior of the F2 generation was assessed on day 35. From the four same-

sex littermates, one was chosen at random to be the focal animal and another was the

stimulus animal. These two were then separated and housed individually for 30 min. At the

end of the separation period, the focal and stimulus animals were then reunited in a clean

cage and filmed for 10 min. The behavior of the focal animal was later scored using Odlog

software (Macropod Inc. USA). Behaviors scored consisted of rostral and caudal

investigation, lateral contact, dorsal contact, self grooming, allogrooming, wrestling,

climbing on the wire cage top, feeding, locomotor activity and total social contact (sum of

investigation, contact, allogrooming, and wrestling). All experimental animals were

sacrificed between 0800 and 1000 the morning following behavioral testing, and trunk blood

was collected for the analysis of basal hormone levels. Littermates and the short separation

prior to testing were used to focus on the effects of CSS on littermate social interactions and

minimize the effects of juvenile behavioral testing on the later adult behavioral testing.

Adult behavioral testing

Saccharin intake—Randomly selected adult (60–70 day old) experimental animals were

separated into single housing the day before social behavior testing. At 1600 the day before

behavioral testing, 0.02% saccharin bottles were added to the cage (alternating between right

and left side of the cage with each animal) and percentage intake of saccharin versus water

in a 16 h period, ending at 0800, was measured by weighing the bottles before and after

exposure and dividing the weight of saccharin intake by total fluid intake. Adult social

behavior testing commenced after this test.

Adult social behavior testing—The experimental rat was removed from the home cage

and placed in a clean breeding cage (16 × 20 × 8 in. for 10 min to allow for locomotor

acclimation to the novel environment. An empty clear plastic mouse cage cover with a

plastic mesh top was then placed in the breeding cage for 10 min, and a randomly selected

same gender novel rat from the same treatment group was placed under the cage top to test

for social approach for 10 min. At the end of the 10 min of social approach recording, the

mouse cage top was removed, and the focal and novel animals were allowed to interact for

10 min. Behaviors scored for social approach consisted of time spent near and distant from

the novel rat (area next to the mouse top was divided into two sections), time spent on top of

the mouse cage top, olfactory investigation of the novel rat through the mesh of the mouse

cage cover, self grooming, and total social approach (the sum of time near novel rat, on top

of mouse cage top, and olfactory investigation). Adult social behaviors scored consisted of

rostral and caudal investigation, lateral contact, dorsal contact, tail grabbing, allogrooming,

self grooming, locomotor activity, aggression, and total social contact (the sum of

investigation, contact, tail grabbing, and allogrooming). All experimental animals were

sacrificed between 0800 and 1000 the day following testing, and trunk blood was collected

for the analysis of basal hormone levels. Estrous cycle was not assessed in the adult females

to avoid the potential effects of increased handling.
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Endocrine assays

Plasma corticosterone was measured by commercial RIA kits (Siemens), prolactin was

measured using the RIA kit from Dr. A.F. Parlow at the National Hormone and Peptide

Program, Harbor-UCLA Medical Center, and oxytocin was measured by commercial ELISA

(Enzo Life Sciences). All samples were run in duplicate. Assay sensitivities were as follows:

corticosterone = 5.7 ng/ml, prolactin = 0.5 ng/ml, oxytocin = 11.7 pg/ml. Intraassay

variability was 3–7%, and interassay variability was 5–10%.

Statistics

Behaviors and hormone levels were compared with 1-way ANOVAs for each gender at the

juvenile and adult stages. These ANOVAs were followed by independent one-tailed t-tests if

justified by a priori data from related studies or an overall effect on social behavior in the

present study. To be clear, a priori decreases in maternal care in previous studies of the CSS

F0 and F1 dams (Carini and Nephew, 2013; Nephew and Bridges, 2011) were used to justify

the use of one-tailed t-tests for decreases in direct social interaction and related work on

early life stress and social recognition (Lukas et al., 2011) was used to justify the use of one-

tailed t-tests for the increases in investigation. All assumptions of normality and equality of

variance between groups were met. Cohen’s d values were calculated to provide a measure

of effect size for all significant differences. All graphical results are presented as mean +

SEM, and the level of statistical significance was p ≤ 0.05.

Results

Juvenile social behavior

When allowed to interact with a single littermate, the female F2 juvenile offspring of early

life CSS treated dams displayed decreased durations of rostral investigation (F1,22 = 6.1, p <

0.05, d = 1.13), caudal investigation (F1,22 = 3.1, p = 0.09, t(21) = 1.8, p < 0.05, d = 0.74),

and total social contact (F1,22 = 10.2, p < 0.01, d = 1.38, Fig. 1A). The male CSS F2 juvenile

offspring displayed decreased durations of rostral investigation (F1,22 = 3.3, p = 0.09, t(21) =

1.8, p < 0.05, d = 1.16), lateral contact (F1,22 = 4.3, p = 0.05, d = 1.0), wrestling (F1,22 = 3.9,

p = 0.06, t(21) = 2.0, p < 0.05, d = 0.9), and total social contact (F1,22 = 11.4, p < 0.01, d =

1.41 Fig. 1B).

Adult saccharin preference

There was no effect of CSS on saccharin preference in the adult male CSS F2 rats (control =

82.7 ± 5.2%, CSS = 83.2 ± 4.8%; F1,22 = 0, p = 0.9) or adult female CSS F2 rats (control =

87.7 ± 3.1%, CSS = 79.3 ± 6.9%; F1,22 = 1.1, p = 0.3).

Adult social approach

The CSS F2 adult females exhibited a decrease in the duration of rostral investigation

(control = 61.5 ± 8.5, css = 34.8 ± 8.0; F1,22 = 5.1, p < 0.05, d = 0.92) during the social

approach test, but durations of self grooming, time spent away from the novel animal, and

total approach did not differ from controls (Fig. 2A). The CSS F2 adult male offspring spent

more time grooming themselves (F1,22 = 5.6, p < 0.05, d = 1.17), away from the novel rat
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(F1,22 = 4.5, p < 0.05, d = 0.88), and there was a trend for an attenuation in overall social

approach (F1,22 = 2.1, p = 0.15, t(21) = 1.7, p = 0.06, d = 0.54) compared to the control F2

offspring (Fig. 2B).

Adult social interaction

When allowed to directly interact with the novel rat, the CSS F2 adult females had increased

durations of rostral (F1,22 = 2.9, p = 0.09, t(21) = 1.8, p < 0.05, d = 0.73) and caudal (F1,22 =

3.0, p = 0.09, t(21) = 1.9, p < 0.05, d = 0.68) investigation but decreased levels of

allogrooming (F1,22 = 5.7, p < 0.05, d = 0.96; Fig. 3A). The CSS F2 adult males displayed a

similar pattern, with increased caudal investigation (F1,22 = 4.1, p = 0.05, d = 1.13) and

attenuated allogrooming (F1,22 = 19.4, p < 0.01, d = 2.04; Fig. 3B).

Basal hormones

Basal plasma corticosterone concentrations were lower in both the female (F1,22 = 4.4, p <

0.05, d = 0.91) and male (F1,22 = 7.9, p < 0.01, d = 1.19) CSS F2 juveniles (Fig. 4A),

however, there was no effect of CSS on this measure in the male or female F2 adults (all p’s

> 0.4; Fig. 4B). Basal plasma OXT concentrations were elevated in the female CSS F2

juveniles (F1,22 = 4.4, p < 0.05, d = 1.0 Fig. 5). In the CSS F2 adult females, basal prolactin

levels were attenuated (F1,22 = 5.6, p < 0.05, d = 1.12 Fig. 6).

Discussion

Both the female and male F2 offspring of dams exposed to CSS display decreases in social

behavior as juveniles and altered social behavior as adults, and these behavioral effects were

accompanied by a decrease in basal concentrations of corticosterone in both sexes, as well as

elevated juvenile OXT and decreased adult PRL in the female offspring. The data support

the hypothesis that CSS has transgenerational effects on the social behavior of female and

male offspring and the HPA and hypothalamic pituitary gonadal (HPG) axes. Since these F2

offspring are not directly exposed to the CSS paradigm, it is postulated that changes in the

maternal care of the F1 dams (Carini and Nephew, 2013) mediate the effects on F2 behavior

and endocrinology.

The observed decreases in F2 juvenile social behavior were consistent across both sexes.

Compared to the control juveniles, the socially stressed animals displayed consistently lower

levels of social investigation. These data support previous work in rodents (Champagne and

Meaney, 2007; Johnson et al., 2011; Meaney, 2001) and humans (Champagne, 2008;

Matthews and Phillips, 2012; Pawlby et al., 2008; Plant et al., 2013; Ricks, 1985) on the

transgenerational transmission of social behavior. In humans, the offspring of depressed

mothers often suffer from mental health disorders that involve deficits in social behavior,

such as infant social engagement and depression and anxiety (Burk et al., 2008; Feldman et

al., 2009). Emotional distress in mothers is associated with an increased risk of externalizing

problems in children which may be mediated by compromised early parenting (Choe et al.,

2013; Lovejoy et al., 2000). In addition, attachment behaviors (Ricks, 1985), autistic traits

(Constantino and Todd, 2005) and social anxiety (Murray et al., 2008) have been reported to

involve transgenerational transmission. Antenatal depression is independently associated
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with adolescent disruptive behavior disorders and depression (Hay et al., 2010; Pawlby et

al., 2009), and can have synergistic effects with childhood maltreatment on adolescent

psychopathology (Pawlby et al., 2011; Plant et al., 2013). Pawlby and colleagues (2011)

concluded that maternal cumulative stress is a key factor in predicting adolescent antisocial

behavior, and it is postulated that interventions which ameliorate the decreased maternal

care and/or endocrine changes in the CSS F1 dams may prevent the attenuation of social

investigation reported in the current study of the CSS F2 offspring.

As adults, the female CSS F2 offspring spent less time investigating the novel rats during

the social approach test, similar to the decrease in the juveniles, and increased self

grooming. These effects support previous social and anxiety data from the F0 and F1 dams

(Carini and Nephew, 2013; Nephew and Bridges, 2011). Since there were no differences in

activity during the social approach test, it is unlikely that the differences in social approach

were due to a general effect on locomotor activity. The behavioral patterns changed when

the animals were allowed to interact, as the female and male CSS F2 adults displayed

increases in rostral and/or caudal investigation. It is possible that this is a compensatory

response in the females following the decreased levels of investigation during the social

approach test. In contrast to the olfactory investigation data, allogrooming, a more direct

form of social interaction, was attenuated in the CSS F2 females and males. While the

control animals displayed a typical pattern of rostral and caudal investigation followed by

allogrooming, the stress groups spent more time investigating with little allogrooming by the

end of the 10 min observation. This increase in olfactory investigation in the CSS F2

animals may indicate impaired social recognition (Lukas et al., 2011). Taken together, the

social approach and social interaction data indicate that the F2 CSS offspring were more

tentative in engaging in social interaction as adults. In contrast to the changes in adult social

behavior, a reward mediated behavior, there were no changes in saccharin preference, a

standard measure of anhedonia in animal models of depression. It is suggested that an

increased focus on ethologically relevant reward mediated behaviors, such as social

behaviors, may generate valuable insights on the development of depression and associated

disorders such as social anxiety. The overall decreases in social behavior in the juvenile and

adult F2 animals are similar to the decreases in pup grooming reported in the CSS F0 and F1

dams (Carini and Nephew, 2013; Nephew and Bridges, 2011), indicating that CSS has

transgenerational effects on female and male social behavior at multiple life history stages.

It is hypothesized that these data, along with the previous reports from F0 and F1 dams,

represent the transgenerational transmission of social anxiety (Champagne and Meaney,

2007; Curley et al., 2012; Murray et al., 2008).

Changes in the HPA axis are a key mediator of the long-term physiological and psychiatric

effects of early life stress (McEwen, 1998). While most rodent studies of early life stress

report increases in corticosterone, most of these studies are focused on stress induced

corticosterone responses (Meaney and Szyf, 2005). Studies that have investigated basal HPA

axis functioning in adult rodents exposed to early life stress have reported mixed results.

Attenuated basal corticosterone concentrations have been observed in adult rats exposed to

early life stress in the forms of maternal separation/neonatal handling (Faure et al., 2006;

Haley et al., 2013; Panagiotaropoulos et al., 2004; Papaioannou et al., 2002; Slotten et al.,

2006), postnatal novelty exposure (Tang et al., 2003), and restraint given to pregnant dams
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(Belay et al., 2011). However, others have observed either no difference or increased basal

corticosterone concentrations following early life stress (Kao et al., 2012; Lukkes et al.,

2009; Tiba et al., 2008; Veenema and Neumann, 2009). Interestingly, juvenile offspring of

dams given corticosterone in the drinking water also display decreased basal corticosterone

concentrations (McCormick et al., 2001), similar to the effect observed in the juvenile

offspring in the present study. Clearly though, almost all the studies mentioned here

represent drastically different forms of early life stress compared to the present study. It is

possible that differences in methodology and timing of early life stress protocols could lead

to differential outcomes on adult offspring. Due to the observation of attenuated basal

corticosterone concentrations in the offspring of dams given drinking water supplemented

with corticosterone (Catalani et al., 2011; McCormick et al., 2001) and the elevated basal

corticosterone in the F1 dams (Carini and Nephew, 2013), it is postulated that the effects of

early life CSS on the F1 mothers mediated the decreased basal corticosterone concentrations

observed here in the F2 offspring.

The data presented here may relate to long-term consequences of psychosocial stressors in

other species. For example, the decrease in basal corticosterone in the CSS F2 rats parallels

studies in nonhuman primates (Capitanio et al., 2005; Feng et al., 2011) and the offspring of

depressed mothers (Essex et al., 2011). Nursery reared Rhesus monkeys exposed to

suboptimal parental care have lower basal cortisol levels compared to mother raised

controls, and an increase in peer exposure during the nursery rearing (increased social

experience) increases basal cortisol levels (Capitanio et al., 2005). Study of maternal

separation in primates has revealed that peer-reared monkeys have decreased basal hair

cortisol levels compared to mother reared monkeys at 1.5 and 3 years old. The peer-reared

monkeys display abnormal patterns of social behavior after 3 years of normal social life,

indicating that the effects of maternal separation are persistent (Feng et al., 2011). Human

offspring exposed to the early life stress of maternal depression have lower basal cortisol

concentrations compared to control populations exposed to moderate levels of early life

stress (Essex et al., 2011). Furthermore, basal hypoactivity of the HPA axis is associated

with several stress-related psychopathologies in humans, including melancholic depression

and PTSD (Ehlert et al., 2001). As in humans, impaired maternal care in the early life CSS

F1 mothers predicted depressed basal corticosterone levels in the F2 offspring. These data

may support the hypothesis that the direction of the effects of stress on the HPA axis is

dependent on cumulative severity, or allostatic load (McEwen, 1998). Hypocortisolism may

be a marker for allostatic load in children, as offspring with high levels of internalization

symptoms have higher stress levels and attenuated average cortisol levels (Badanes et al.,

2011). Furthermore, hypocortisolemia may be a marker for susceptibility to developmental

stress-related disorders in children (Gunnar and Vazquez, 2001, 2006). Institutional neglect

of children is associated with low cortisol (Carlson and Earls, 1997), and a similar

observation has been made in children of parents with a diagnosed psychopathology

(Fernald et al., 2008). Similar to the clinical findings of Essex et al. (2011), it appears that

the CSS model has persistent effects on the HPA activity of young offspring, underscoring

the importance of early prevention or intervention measures.

The juvenile F2 rats from stressed dams exhibited substantial attenuations in social behavior

which was accompanied by elevated basal OXT in the females. Unlike the substantial
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attention paid to changes in the HPA axis in rodents exposed to early life stress, very little

attention has been paid to long-term changes in either oxytocin or prolactin levels as a result

of early life stress, and to our knowledge, none have investigated plasma levels of OXT as a

result of early life manipulations. As a result of neonatal handling, adult rats display less

OXT neurons in the hypothalamus compared to controls (Todeschin et al., 2009;

Winkelmann-Duarte et al., 2007), which is in contrast to the elevated plasma OXT observed

here. The direction of the transgenerational effect of early life CSS on F2 plasma OXT was

in the opposite direction of our initial hypothesis, but this result supports recent observations

in humans (Miller et al., 2013; Parker et al., 2010). Depression has been associated with

elevations in plasma OXT, and it has been postulated that this increase is a biomarker for

emotional distress and impaired social relationships that are often features of major

depression, especially in females (Holt-Lunstad et al., 2011; Parker et al., 2010). Although

our initial hypothesis was based on the reported decrease in hypothalamic OXT expression

in F1 females (Murgatroyd and Nephew, 2013), maternal rodent studies suggest that

peripheral and central OXT may not be correlated (Kojima et al., 2012). It is postulated that

general dysregulation of OXT is indicative of disruptions in social behavior, which is

supported by studies of couples facing relationship stress. A recent review of the effects of

OXT in humans concluded that OXT may promote pro-social behavior in the presence of

safe social cues, but it may promote defensive and antisocial behaviors in environments with

unsafe or threatening social cues (Olff et al., 2013). Basal plasma OXT is correlated with

distressed pair bonds (Taylor et al., 2010), and elevated OXT in females correlates with

elevated attachment anxiety (Weisman et al., 2013). Depressed women are also more likely

to display greater variability in peripheral OXT release in response to a stressful situation

(Cyranowski et al., 2008), and higher OXT is correlated with elevated anxiety in children

with high functioning autism as well as healthy controls (Miller et al., 2013). Furthermore,

maternal exposure to early life stress is correlated with a threefold increase in the risk of

autism in offspring (Roberts et al., 2013). While the mechanism of this relationship is

unknown, autism has also been associated with induced or augmented childbirth (which

involves OXT treatment) (Gregory et al., 2013) and a single neonatal OXT treatment has

long-term effects on developmental and behavioral neural pathways in rodents (Hashemi et

al., 2013). Several studies have documented OXT mediated effects of early social

environment on social behavior in rodents, and the current study supports this relationship

(Veenema, 2012). Central OXT has been shown to mediate the effects of early experience in

prairie voles (Bales and Perkeybile, 2012; Carter et al., 2009), and it was concluded that

these experiences may play an adaptive role in the development of social behavior. One

potential neuroendocrine function of the increased OXT in the female CSS F2 juveniles may

be to suppress HPA activity, as long-term elevations of oxytocin decrease corticosterone

levels in rats (Petersson et al., 1999). Since the changes in basal plasma OXT were only

significant in juveniles, more detailed studies of peripheral and central OXT in adults are

needed to determine if OXT mediates adult behavioral patterns as well.

The decrease in basal plasma PRL observed in the adult F2 females supports related data

from the F1 dams, where PRL concentrations were attenuated in the maternal females

(Carini and Nephew, 2013). Consistent with our current and previous findings, several

studies have reported attenuated basal and stress-induced PRL concentrations in adult rats
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exposed to early life stress in the form of maternal separation (Benetti et al., 2007; Fóscolo

et al., 2008; Severino et al., 2004). In conjunction with depressed hypothalamic PRL

receptor expression (Murgatroyd and Nephew, 2013), it is concluded that CSS has potent

transgenerational suppressive effects on central and peripheral PRL activity. In addition to

being a relevant target for the behavioral and physiological symptoms of postpartum

depression and anxiety (Powe et al., 2010), PRL may also be involved in disorders that

involve changes in social behavior in the juvenile and adult male and female offspring of

depressed and anxious mothers.

While it is unknown whether the effects of CSS on F2 behavior and endocrinology are

mediated through maternal care, developmental effects, and/or epigenetic mechanisms, it is

clear that the social behavior, HPA axis, and reproductive hormones of the F2 juveniles and

adults are altered by the ethologically and clinically relevant CSS paradigm. This social

stress model and similar paradigms are valuable resources in the study of the

transgenerational effects of stress on the behavioral endocrinology of disorders such as

depression, anxiety, autism and the many other disorders that are characterized by altered

social behavior.
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Fig. 1.
Transgenerational effect of chronic social stress on juvenile social behavior. Both female

(A) and male (B) juvenile offspring of dams exposed to early life stress exhibit reduced

social behavior toward a same-sex conspecific compared to offspring of control dams. * = p

< 0.05 compared to controls. Invest = investigation.
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Fig. 2.
Transgenerational effect of chronic social stress on adult social approach behavior. Adult

female (A) and male (B) behavior toward a confined same-sex adult conspecific. * = p <

0.05 compared to controls.
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Fig. 3.
Transgenerational effect of chronic social stress on adult social interaction behavior. Social

behavior exhibited by adult female (A) and male (B) offspring of dams exposed to early life

stress is altered compared to offspring of control dams. * = p < 0.05 compared to controls.

Invest = investigation.
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Fig. 4.
Transgenerational effect of chronic social stress on basal corticosterone concentrations.

Juvenile (A), but not adult (B), basal plasma corticosterone (CORT; means +1SEM)

concentrations are attenuated in the offspring of dams exposed to early life stress compared

to offspring of control dams. * = p < 0.05 compared to controls.

Babb et al. Page 20

Horm Behav. Author manuscript; available in PMC 2015 April 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



Fig. 5.
Basal plasma oxytocin (OXT; means + 1SEM) concentrations are elevated in female

juvenile offspring of dams exposed to social stress compared to female juvenile offspring of

control dams. * = p < 0.05 compared to controls.
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Fig. 6.
Basal plasma prolactin (PRL; means + 1SEM) concentrations are attenuated in adult female

offspring of stressed dams, compared to adult females of control dams. * = p < 0.05

compared to controls.
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