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Abstract

Background—Chronic social instability during adolescence and early adulthood is known to
produce a variety of long-lasting effects that may contribute to future psychiatric disorders.
However, its potential to affect future generations has not been tested.

Methods—Female and male mice were exposed to chronic social stress involving social
instability and disruption of social hierarchy from postnatal day 27 to 76. After treatment, a group
of animals was used to evaluate long-term behavioral effects of the stress exposure, and other
mice were used to generate F1, F2, and F3 offspring, to test for behavioral effects across
generations.

Results—Chronic social instability during adolescence and early adulthood induces persistent
behavioral alterations, including enhanced anxiety and social deficits that are transmitted
predominantly to females across at least three generations. Both mothers and fathers can transmit
all of these altered behaviors to their F1 offspring. However, only F1 fathers transmit all of them
to their F2 and F3 daughters. In the F1 generation, enhanced anxiety and social deficits are
associated with elevated serum corticosterone levels; however, in the F2 and F3 generations, they
are not.

Conclusions—These findings support the idea that individual risk for psychiatric disorders that
involve enhanced anxiety and/or social dysfunction may be dependent not only on the specific
alleles of genes that are inherited from one’s parents and on one’s own experiences, but also on
the experiences of one’s parents when they were young.
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Chronic stress has been associated with the development of pathophysiologic conditions,
adversely affecting normal neuronal, immune, cardiovascular, and metabolic functions (1-
5). Included in these alterations are increased vulnerability to psychiatric diseases such as
anxiety and depression (6,7).

A major source of chronic stress encountered by humans occurs during social interactions
(8,9). As such, a variety of animal models have been developed to study the consequences
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and mechanisms underlying various forms of social stress. For example, a common model
used to explore chronic hostility or aggression is social defeat stress, where animals are
exposed repeatedly to larger and more aggressive individuals (9). To investigate the long-
term effects of poor nurturing, paradigms including early maternal separation from offspring
have commonly been used (10-12). Finally, to investigate how disruption of social networks
affects behavior, models that generate social instability have been developed (7,13,14).
These paradigms have revealed both common and distinct long-term consequences,
suggesting they may be valuable tools to elucidate mechanisms that lead to behaviors found
in numerous psychiatric disorders (15,16).

Here we used a chronic stress model of social instability to investigate both the long-term
and possible transgenerational alterations on specific behaviors that are commonly found in
affective disorders. The model is based on a complete disruption of social hierarchy
achieved by randomly changing the cage composition of housed mice (7,17-19). Whereas
social defeat stress involves a strong distinction between dominant and subordinate
individuals, this model of social instability interferes with hierarchical separations (20) and
may resemble what humans can experience in a continuously changing social environment
(1,9).

We detected long-lasting behavioral alterations related to increased anxiety and defective
social interactions that are transmitted predominantly to females across multiple generations.
Interestingly, all of the phenotypes were transmitted through males, but only a subset
through females. Moreover, we present evidence to suggest that at least some of these
phenotypes may be due to deregulation of Rcan genes in the CAL region of the hippocampus
across generations.

Methods and Materials

Animals, Breeding, Corticosterone Measurement, RNA Analysis, Statistical Analysis

See Supplement 1.

Chronic Social Instability

The cage composition was changed twice per week for 7 weeks (starting at postnatal day
27), and each time, four mice from different cages were placed together in a clean cage. The
rotation schedule was randomized (17). In contrast, control mice remained housed always
with the same cage mates. At the end of the treatment, mice were separated and housed in
pairs with cage mates from the last change. Two months after the stress treatment,
behavioral tests were performed.

Behavioral Analysis

Mice from control and stressed groups and their offspring, were tested in a series of
behavioral assays in the following order: elevated plus maze (EPM), open field test (OFT),
and direct social interaction with a juvenile. These tests were done 3 days apart and were
used to measure anxiety-related phenotypes. Mice were also used for the sociability and
preference for social novelty tests, designed to measure social tendencies, and then for the
forced swim test, designed to measure depression-like behaviors. To minimize litter effects,
all behavioral measurements from animals belonging to the same litter, were averaged and
considered as an individual value. At least two animals from the same litter were used for
the behavioral tests. For details, see Supplement 1.
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Results

To evaluate whether adverse effects of chronic social instability during adolescence and
early adulthood can be transmitted across generations, female and male mice were submitted
for 7 weeks to a previously described model of social instability (17), from Postnatal Day 27
to Day 76. The paradigm involves changing the mice group composition twice per week for
7 weeks. Two months later, some mice were used for assessment of behaviors known to
result from social stress. Other stressed mice were used as breeding pairs to evaluate the
transgenerational effects of this treatment.

Long-Term Effects of Chronic Social Instability During Adolescence and Early Adulthood

To investigate persistent anxiety-related behaviors caused by chronic social instability,
stressed and control animals were tested 2 months after treatment in behavioral assays
designed to measure anxiety, including the EPM and the OFT. In the EPM, stressed females
spent significantly less time in the open arms of the maze than control females (Figure 1A),
suggesting a higher than normal level of anxiety 2 months after social stress. In contrast,
stressed males showed no significant differences in this test compared with their control
counterparts.

Females also showed an enhanced anxiety-related phenotype in the OFT, in which
locomotor adaptation to a new environment was examined (Figure 1B). Previously stressed
females showed a significant decrease in locomotor adaptation in comparison to control
females, an indication of high anxiety. Similar to the EPM, previously stressed males failed
to exhibit a defect in locomotor adaptation in the open field.

Because an unstable social environment was used to induce chronic stress, social behaviors
were also examined. First, a direct social interaction test was performed by quantifying time
spent displaying affiliative behaviors with a same-sex juvenile. In this test, mice were placed
individually in a new cage and left to habituate for 15 min. Then an unfamiliar same-sex
juvenile was introduced into the same cage for 3 min. During that time, the extent of social
interactions (e.g., sniffing, grooming, following the juvenile) was quantified. Both
previously stressed females and males displayed a significant reduction compared with
controls in the amount of time they spent interacting with the juvenile (Figure 1C), a sign of
social anxiety or social withdrawal.

In a related assay, sociability was assessed by measuring time spent with a novel adult
mouse in a three-chambered social box (21). In this case, the novel mouse located in one of
the chambers was enclosed in a wire mesh container that prevented physical interaction,
whereas an empty container was located in the opposite chamber. Strikingly, under these
experimental conditions, control and previously stressed animals showed similar sociability
by preferring to spend more time in the chamber containing the novel mouse over the
chamber containing the empty cage (Figure 1D). The results in Figures 1C and D are
consistent with the idea that chronic social instability produces long-lasting elevation of
anxiety that can interfere with social interactions, particularly when physical contact with
another animal is possible.

Interestingly, even when physical interactions are prevented in the three-chamber system
described earlier, previously stressed mice did display a defect in a preference for social
novelty test. In this case, mice are given a choice between the already explored novel mouse
(Stranger 1) and a new unfamiliar enclosed mouse (Stranger 2). Whereas control mice spent
significantly more time with the novel Stranger 2, stressed mice did not. Thus, previously
stressed mice lacked preference for social novelty (Figure 1E).
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saavedra-Rodriguez and Feig Page 4

Transmission of Enhanced Anxiety and Defective Social Interactions to Future Female

Offspring

Offspring of stressed and control parents were raised in the absence of the chronic social
instability paradigm and then submitted to the same behavioral tests as their parents at the
age of 2 months.

Similar to their stressed mothers, F1 females, but not males, spent significantly less time in
the open arms of the EPM compared with the F1 females from control parents (Figure 2A).
When tested on the OFT, F1 females, but not males, also behaved like their stressed mothers
by displaying a significantly lower adaptation to the new environment compared with
control mice (Figure 2B).

Next, social behaviors were assessed by exposing the animals to an unfamiliar juvenile in a
direct social interaction test. Similar to their stressed parents, F1 females also spent
significantly less time interacting with and exploring the juvenile compared to F1 control
females (Figure 2C). Interestingly, although stressed male parents spent significantly less
time interacting with the juvenile, their male offspring did not.

To assess social memory in F1 females, mice were reexposed to the same juvenile two days
after the first encounter. In this case, both F1 control females and F1 females from stressed
parents exhibited a significant decrease in social interaction compared with the first
encounter, an indication of normal social memory (Figure S1A in Supplement 1). In
addition, the interaction time displayed by F1 females from stressed parents during the
second encounter remained significantly reduced in comparison to F1 control females.

Moreover, F1 females also behaved like their stressed parents in a sociability test by
displaying normal interactions with a enclosed stranger mouse in comparison to an empty
cage (Figure 2D), and in a test for preference for social novelty by displaying decreased
interactions with an enclosed novel mouse when the choice was between Stranger 1 and a
new unfamiliar enclosed mouse, or Stranger 2 (Figure 2E). No effects were observed for
their male siblings (Figure S1B, C in Supplement 1).

Finally, elevated corticosterone levels were found in the female, but not male, offspring
from stressed parents (Figure 2F). Because enhanced anxiety is frequently associated with
depression, we tested F1 female and male offspring of stressed parents in a forced swim test.
However, they did not respond differently than F1 control mice in this assay system (Figure
S2 in Supplement 1).

Overall, these findings show that elevated anxiety and defective social behaviors acquired
after exposure of mice to social instability during adolescence and early adulthood are
inherited by their female offspring, even though the latter did not experience social
instability stress.

Enhanced Anxiety and Defective Sociability Are Not Due to Altered Postnatal Behaviors of

Parents

To test the possibility that changes in early postnatal nurturing were responsible for the
transgenerational effects observed, cross-fostering experiments were performed. In
particular, stressed parents were replaced at birth of their offspring with control foster
parents, and the offspring were then raised by foster parents. When mice were 2 months old,
they were tested in the EPM, the OFT, and the direct social interaction test with a juvenile.
Figure 3A through 3C shows that females retained their anxiety phenotype even though they
were raised by control parents. The converse experiment led to the same conclusion. When
control female (or male; Figure S3 in Supplement 1) offspring were raised by stressed
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parents they performed normally on the previously cited tests. Thus, the transmission of
these phenotypes from parents to the next generation was not caused by postnatal behavior
alterations but rather occurred sometime before birth.

F1 Female Offspring Inherit Altered Behaviors from Both Mothers and Fathers

To discern whether these social instability-induced behaviors are transmitted to the next
generation through the females and/or males, stressed females were mated with control
males and vice versa. Female offspring were then tested in the behavioral assays described.
In the EPM, female offspring of either stressed mothers or stressed fathers spent
significantly less time in the open arms of the maze (Figure 4A). In the OFT, offspring of
stressed fathers displayed a significant decrease in locomotor adaptation. However, the
degree of inhibition was not as large as that found in offspring from both stressed mothers
and fathers, suggesting a contribution from stressed mothers as well. In fact, offspring of
stressed mothers did show a small decrease in locomotor adaptation; however, on its own, it
was not statistically significant (Figure 4B).

Similar results were obtained in social behavior assays, in which F1 females from stressed
fathers showed decreased interaction with a novel juvenile (Figure 4C). Again, F1 females
from stressed mothers showed a small but not statistically significant decrease. In the
preference for social novelty test, F1 females from either stressed fathers or mothers failed
to prefer to interact with Stranger 2, as did offspring from both stressed mothers and fathers
(Figure 4E). In addition, female offspring of either stressed mothers or stressed fathers had
significantly higher levels of corticosterone, comparable to those found in F1 females from
both stressed mothers and fathers (Figure 4F).

F2 Females Inherit Elevated Anxiety and Defective Social Interactions Predominantly from
F1 Fathers, and Their Phenotype Is Independent of Elevated Corticosterone

F1 males and females from both stressed parents were mated with other F1 stressed or
control animals. Their male and female offspring were then tested at 2 months of age in the
behavioral assays described earlier. Like the F1 generation, female, but not male, F2
offspring from both F1 parents from stressed mice spent less time in the open arms of the
EPM (Figure 5A). F2 females, but not F2 males, also displayed reduced locomotor
adaptation in the OFT (Figure 5B). The same pattern was held for the direct social
interaction test with a novel juvenile (Figure 5C). Finally, F2 female offspring also behaved
normally in the sociability test (Figure 5D) but explored Stranger 2 significantly less than F2
female offspring from control mice in the preference for social novelty test (Figure 5E).
Overall, F2 female, but not F2 males, faithfully inherited behavioral alterations found in
their F1 mothers from stressed parents.

However, we found some striking differences in the transmission of the phenotypes from F1
to F2 versus transmission from FO to F1 mice (see summary in Figure S5 in Supplement 1).
First, unlike F1 offspring who could inherit elevated anxiety and defective behaviors in a
direct social interaction test from either stressed mothers or fathers, F2 female mice
displayed all these phenotypes only when they were the offspring of male descendants of
stressed mice (Figure 6A-E). Remarkably, this occurs despite the fact that male F1 offspring
of stressed mice displayed none of the altered behaviors they transmitted to their female
offspring (Figure 5A-C). In contrast, F1 females were able to pass on defective preference
for social novelty (Figure 6E) but not elevated anxiety (Figure 6A-C). The phenotype of
these F2 females demonstrates that altered social behavior is not necessarily the
consequence of elevated anxiety and thus could be transmitted independently across
generations. In addition, unlike their F1 mothers, F2 female mice that inherited their altered
behaviors from either their mother or their father did not display enhanced corticosterone
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levels (Figure 5F). Finally, F3 females, but not males, from the paternal lineage still
displayed increased anxiety and abnormal social behaviors with no detectable increase in
serum corticosterone (Figure S4 in Supplement 1).

Although in these experiments male mice were present in the cages with their mating partner
until pup weaning, the father’s presence was only needed during mating, because his
removal after mating did not prevent offspring from displaying defective anxiety and social
behaviors (Figure 7).

Overall, these results imply that maternal transmission of enhanced anxiety in females is
associated with the induction of elevated corticosterone levels across one generation. These
effects are likely mediated by changes in somatic, not germ, cells of the offspring, because
transmission ends with the F1 generation. In contrast, maternal transmission of defective
preference for social novelty carries to the F2 generation in the absence of elevated
corticosterone. Moreover, paternal inheritance of elevated anxiety, defective social
interactions, and preference for social novelty crosses at least 3 generations in the absence of
elevated corticosterone levels, suggesting germ-line alterations.

Chronic Social Instability Enhances Rcanl and Rcan2 Gene Expression in the CA1 of
Females Across Generations

To begin to reveal how these behavioral alterations are induced across generations, we
searched for genes whose expression changes in key regions of the brain across three
generations, along with enhanced anxiety and defective social interactions. Thus, we first
performed a microarray study to compare messenger (m)RNA from the CA1 region of the
hippocampus of F1 female offspring from stressed and control parents. CA1 was chosen
first because it is involved in deleterious effects of chronic stress (6,22). Two genes whose
expression was found to rise in offspring of stressed mice were Rcanl and Rcan2. Both
encode inhibitors of calcineurin, a calcium activated phosphatase known to modulate
synaptic plasticity (23-25). Quantitative real-time polymerase chain reaction showed that
Rcanl and Rcan2 mRNA levels were significantly upregulated (~2-3 fold) in the CA1 of
stressed females, but not males (Figure 8A). Importantly, Rcani and RcanZ levels remained
elevated in the CAl of F1, F2, and F3 females from stressed male predecessors compared to
control female offspring (Figure 8B). Interestingly, their levels were not altered in the CA3
(Figure 8C). Overall, these results suggest that a stress-induced, transgenerational increase
in the inhibition of calcineurin may contribute to the elevated anxiety and/or defective social
interactions that are transmitted across generations.

Discussion

Chronic social instability can cause long-term psychiatric alterations, particularly when
experienced by youth (26,27). In fact, a mouse model of chronic social instability during
adolescence and early adulthood produced long-term behavioral and endocrine alterations,
including increased anxiety, deficits in locomotor adaptation, and elevated corticosterone
levels (17-19,28). In addition to those previously reported phenotypes, we found that this
stress treatment also induced long-term social defects including reduced physical
interactions with a same-sex juvenile, implying social anxiety or social withdrawal, and loss
of preference for social novelty. These defects were not due to the fact that stressed mice
had defective neurologic reflexes in response to visual or auditory stimuli that are required
for a normal social interaction, because previously stressed mice did interact normally with
an enclosed novel mouse in a three-chambered compartment. Overall, these findings add to
a growing body of work demonstrating that long-term changes in behaviors associated with
a variety of psychiatric disorders such as enhanced anxiety and defective social interactions
can be induced by stressful conditions during youth.

Biol Psychiatry. Author manuscript; available in PMC 2013 November 13.
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More dramatically, our results also demonstrate that these disorders can be transmitted
across multiple generations. In the first generation, the transmission of enhanced anxiety and
defective social interactions occurred through both maternal and paternal lines. However,
although all of the alterations were transmitted through the paternal line across three
generations, only the lack of preference for social novelty was transmitted through the
second generation in the maternal line. In F1 through F3 generations, the abnormal
behaviors were exhibited only by females (for a summary, see Figure S5 in Supplement 1).

Our detection of behavioral defects in the F1 offspring of female mice exposed to chronic
social instability during adolescence and early adulthood was not particularly surprising.
This is because we observed enhanced corticosterone levels in females for months after
exposure to stress, time that includes pregnancy and nurturing of F1 pups after birth. A large
body of evidence has shown that elevated stress signals during either pre- or postnatal
periods lead to a variety of behavioral alterations throughout the life of offspring (29). In our
case, the transmission of the stress response most likely occurred before birth because when
we switched foster parents for stressed parents soon after birth, anxiety phenotypes in the
offspring persisted.

Moreover, the behavioral defects associated with anxiety, including reduced time spent in
the open arms of the EPM, decreased locomotor adaptation in the OFT, and decreased direct
social interaction with a novel juvenile, were not transmitted from the F1 females to their F2
progeny consistent with changes in somatic but not germ cells. Presumably, epigenetic
changes in the brains of F1 females occurred in utero in response to the stressed
environment, which lead to the rise in corticosterone, enhanced anxiety, and defective social
interactions observed in the F1 generation. Interestingly, one abnormality, loss of preference
for social novelty, was passed to the F2 generation in the absence of enhanced corticosterone
levels or anxiety, suggesting that gene changes normally regulated by stress hormones and
involved in defective social interactions may be constitutively altered. This finding also
indicates that the loss of preference for social novelty is not caused merely by elevated
anxiety.

In contrast, our finding that all of these altered behaviors were also transmitted through
stressed fathers was a surprise because although the stressed fathers displayed dysfunctional
social behaviors, they did not display enhanced anxiety like their female counterparts did.
Moreover, the F1 and F2 fathers transmitted all of these altered behaviors to their F2 and F3
female progeny, even though they themselves did not display any of the tested behavioral
alterations. Importantly, the father’s F2 and F3 female offspring did not have elevated
corticosterone levels that were associated with these behaviors in F1 females. These findings
suggest that germ-line epigenetic changes had taken place in males that engrained the
response to elevated corticosterone in their female offspring, even in the presence of normal
levels of the hormone.

A previous study on the effects of a different form of stress, early postnatal disruption of
mothering, demonstrated different transgenerational effects (30). In that case, transmission
was also through the father, but unlike our studies, depressive-like phenotypes were
observed. Analysis of sperm from these mice suggested that abundant changes in DNA
methylation took place because alterations in the methylation status were detected in genes
chosen merely by their potential to be involved in epigenetic regulation. However, whether
these changes played a role in transmission of phenotypes across generations was not
revealed. In addition, another study on the transgenerational effects of social defeat stress in
adult mice found that some, but not all, of the inherited phenotypes were transmitted through
sperm after in vitro fertilization (31). This finding raised the possibility that in addition to
stressinduced alterations in sperm, behaviorally induced transmission of some phenotypes
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from the father to the mother may occur during the time of mating after exposure to social
stress. Such a mechanism for our studies seems less likely because the males did not show
significant defects in the behaviors we tested.

Another feature of our findings was that females were preferentially affected across three
generations by exposure of adolescent and early adult mice to chronic social instability. In
contrast, in a different study, where stress was induced in neonates by unpredictable
separation of mothers who themselves were exposed to restraint stress, altered social
behavior was detected preferentially in males (32). Also, in the study on the
transgenerational effects of social defeat stress in adults, enhancement of anxiety and
depression- related phenotypes was found mostly in male offspring (31). Sex differences in
stress sensitivity, including preferential sensitivity of females to social instability (33), have
been frequently found and are thought to contribute to sex-biases in certain neuropsychiatric
disorders (34). In many cases, this occurs via differences in neuroendocrine responses (35).
Although this might account for the specificity of F1 offspring of stressed parents in our
study, as well as the results from a recently published social defeat study (31), it does not
appear to account for the transmission to the F2 and F3 generations reported here, because
these female mice displayed normal corticosterone levels even though they displayed
elevated anxiety and dysfunctional social interactions.

We have initiated studies to reveal the mechanisms involved in the transgenerational effects
of social instability during adolescence and early adulthood. One approach has been to
search for genes whose expression is changed in key regions of the brain, along with
behavior changes across generations. Interestingly, we found that the expression of both
members of a family of calcineurin inhibitors, Rcani and Rcan2 (36) were elevated two- to
threefold in the CA1 (but not CA3) region of the hippocampus of stressed females.
Importantly, their expression was also elevated across three generations of behaviorally
affected female offspring derived from stressed mice through the male lineage.

Rcanl expression in the hippocampus has already been shown to be induced acutely by
restraint stress, but this has been linked to neurodegeneration, not altered anxiety or social
behaviors (37,38). Although Rcan2has not been linked to stress previously, the fact that the
expression of two inhibitors of calcineurin, a protein phosphatase regulator of synaptic
plasticity, are elevated in the CA1 across generations by social instability suggests that a
stress-induced, transgenerational increase in the inhibition of calcineurin in the CA1 may
distort the way this region of the hippocampus influences the stress response and/or social
behaviors across generations.

Overall, this study reveals that multiple adverse consequences of exposure of mice to
chronic social instability during adolescence and early adulthood, including enhanced
anxiety and dysfunctional social behavior, are transmitted to females across multiple
generations. The types of defective behaviors observed here and their mode of transmission
across generations differs substantially with those observed in other related studies that used
different types of stress during different developmental periods. This implies that abundant
mechanisms exist that lead to transgenerational consequences of the exposure to adverse
environments. Therefore, this newly appreciated form of inheritance may play a significant
role in the susceptibility of individuals to a variety of psychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Long-term behavioral effects of chronic social instability exposure during adolescence and
early adulthood. Two months after the end of the stress treatment, females and males were
submitted to several behavioral assays for evaluation of anxiety-like phenotypes and social
tendencies. (A) In the elevated plus maze, stressed females spent significantly less time in
the open arms than control females [{17) = 2.380, p < .05; left panel]. No differences in
time spent in the open arms were found between stressed and control males [422) = .2790, p
> .05; right panel]. (B) In the open field, stressed females showed a significant decrease in
locomotor adaptation to a new environment in comparison with control females [{17) =
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2.201, p<.05; left panel]. Stressed males exhibited similar levels of locomotor adaptation in
the open field as control males [{22) = .6058, p > .05; right panel]. (C) In the direct social
interaction test with a juvenile, both stressed females (left panel) and males (right panel)
showed a significant reduction in the amount of time exploring and interacting with the
unfamiliar juvenile in contrast to control females and males [{16) = 2.795, p < .05; {15) =
3.229, p< .01, respectively]. (D) In the sociability test, both stressed (7= 7) and control (7=
7) females (left panel) showed a significant preference [H2,36) = 113.4, p < .001] for
spending more time in the side containing the novel mouse (Stranger 1) in comparison with
the empty side (p < .001) and the middle (p < .001). Similarly, both stressed (7= 7) and
control (7= 7) males (right panel) showed a significant preference [A2,36) = 263.7, p<.
001] for spending more time in the side containing the novel mouse (Stranger 1) in
comparison with the empty side (o < .001) and the middle (o < .001). (E) In the preference
for social novelty test, control females (7= 7) exhibited a significant preference [H2,36) =
32.16, p < .001] for spending more time in the side containing the Stranger 2 in comparison
with Stranger 1’s side (p < .001) and the middle (p < .001; (left panel). However, stressed
females (7= 7) displayed no preference for Stranger 2 compared with Stranger 1 (o> .05),
and they spent significantly more time in the sides containing the Strangers 1 or 2 vs. the
middle (p < .001). Similar to control females, control males (7= 7) also showed a significant
preference [H2,36) = 33.47, p < .001] for spending more time in the side containing the
Stranger 2 compared with Stranger 1’s side (p < .001) and the middle (p < .001; (right
panel). In contrast, stressed males (/7= 7) did not show any preference between Strangers 1
and 2 (p>.05), and they spent significantly more time in the side containing the Stranger 1
versus the middle (p < .01). Error bars indicate SEM. *p < .05; **p < .01; ***p < .001.
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Transmission of enhanced anxiety, defective social interactions, and elevated corticosterone
levels to F1 female offspring. To investigate whether the phenotypes caused by direct
exposure to chronic social instability during adolescence and early adulthood are transmitted
to the F1 offspring, control and stressed females and males were mated with other control
and stressed mice, respectively. Offspring were submitted to the same behavioral paradigms
as the parents, at the age of 2 months. (A) In the elevated plus maze, F1 females from both
stressed parents spent significantly less time in the open arms in comparison with F1
females from control mice [{15) = 6.761, p < .0001; left panel]. F1 males from both stressed
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parents did not show significant differences in comparison with F1 control males in terms of
time spent in the open arms [{11) = .7265, p> .05; right panel]. (B) When tested in the open
field, F1 females from both stressed parents displayed a significantly lower adaptation to the
new environment in comparison with F1 control females [£15) = 4.265, p < .01; left panel].
F1 males from both stressed parents showed similar levels of locomotor adaptation as F1
control males [{11) =.1988, p > .05; right panel]. Number of litters used in A and B: 8-11
litters from both stressed females and males, and 5-6 litters from control females and males.
(C) In the direct social interaction test with a juvenile, F1 females from both stressed parents
spent significantly less time interacting with and exploring the juvenile in comparison with
F1 control females [{10) = 5.248, p < .0001; left panel]. F1 males from both stressed parents
displayed similar interaction levels with the juvenile as F1 control males [{9) = 1.385, p>.
05; right panel]. Number of litters used in C: 7 litters from both stressed females and males,
and 4-5 litters from control females and males. (D) In the sociability test, both F1 control
females (7= 12) and F1 females from stressed parents (17 = 10) spent significantly more time
sniffing and interacting with the cage containing the Stranger 1 than with the empty cage
[A1,8) = 26.93, p< .05]. (E) In the preference for social novelty test, F1 control females (n
= 12) spent significantly more time interacting with and sniffing the cage containing the
Stranger 2 in comparison to the cage containing the Stranger 1 [~H1,8) =5.743, p<.05]. In
contrast, F1 females from both stressed parents (7= 10) did not show any difference in time
spent interacting with both enclosed strangers (o > .05). Number of litters used in D and E: 3
litters from both stressed females and males, and 34 litters from control females and males.
(F) Basal corticosterone levels in plasma were significantly increased in F1 females from
both stressed parents in comparison to F1 control females [43) = 4.373, p < .05; (left
panel).No differences in basal corticosterone levels were found between F1 males from both
stressed parents and F1 control males [43) = 1.686, p> .05; (right panel). Number of litters
used in F: 3 litters from both stressed females and males, and 2 litters from control females
and males. Error bars indicate SEM. *p < .05; **p < .01; ***p < .001.

Biol Psychiatry. Author manuscript; available in PMC 2013 November 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saavedra-Rodriguez and Feig Page 15

A  Elevated plus maze B Open field

25 500+
0 T
e | T 5
ﬁ 20 - ‘oo'
c L.
3 ] 300
15" -
. : £
E 35: * '6 L] *
- {0 -— o 200+
5 =)
o g
w 5 o 100+
@ =)
£ e
= 0 0
Treatment Treatment

C Direct social interaction with a juvenile

120+
110+
100+
90+
804
704
60+
50
404
30+
204
104
0

Interaction time (sec)

Treatment

CJF1Control Females Crossfostering Both stress parents (n=8)
Bl F1Stress Females Crossfostering Control parents (n=6)

Figure 3.

F1 transgenerational effects of chronic social instability are not due to altered postnatal
behaviors of stressed parents. Cross-fostering experiments were performed, and both
stressed parents were replaced at birth of their offspring with control foster parents and vice
versa. The female offspring of these crossings were tested when they were 2 months old. (A)
In the elevated plus maze, F1 females born to stressed parents but raised by control parents
(F1 stress females cross-fostering control parents) spent significantly less time in the open
arms compared with F1 females born to control parents but raised by stressed parents [F1
control females cross-fostering both stress parents; {2) = 4.674, p< .05]. (B) In the open
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field, F1 females born to stressed parents but raised by control parents displayed a
significantly lower adaptation to the new environment in comparison with F1 females born
to control parents but raised by stressed parents [42) = 5.319, p < .05]. (C) In the direct
social interaction test with a juvenile, F1 females born to stressed parents but raised by
control parents spent significantly less time interacting with and exploring the juvenile in
comparison with F1 females born to control parents but raised by stressed parents [£2) =
3.357, p<.05]. Number of litters used: 2 litters from both stressed females and males, and 2
litters from control females and males. Error bars indicate SEM. *p < .05.
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Figure4.

F1 female offspring inherit their altered behaviors from both mothers and fathers. Stressed
females were mated with control males, and vice versa, and their female offspring were
tested when they were 2 months old. (A) In the elevated plus maze, F1 females from single
stressed mothers and F1 females from single stressed fathers spent significantly less time in
the open arms compared with F1 females from control mice [A2,10) = 5.743, p< .05]. (B)
In the open field, F1 females from single stressed fathers displayed a significantly lower
adaptation to the new environment in comparison with F1 control females [A2,10) = 5.015,
p < .05]. No significant difference was found in locomotor adaptation between F1 females
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from single stressed mothers and F1 control females (o> .05). (C) In the direct social
interaction test with a juvenile, F1 females from single stressed fathers spent significantly
less time interacting with and exploring the juvenile in comparison with F1 control females
[A2,10) = 5.085, p < .05]. Although no significant difference was detected in comparison to
F1 control females (p> .05), F1 females from single stressed mothers displayed a tendency
to have a reduced interaction time with the juvenile. Number of litters used in A, B, and C: 4
litters from stressed females and control males, 5 litters from stressed males and control
females, and 4 litters from both control females and males. (D) In the sociability test, F1
control females (7= 8), F1 females from single stressed mothers (7= 7) and F1 females
from single stressed fathers (1= 7) spent significantly more time sniffing and interacting
with the cage containing Stranger 1 than with the empty cage [A1,15) = 23.90, p<.05]. (E)
In the preference for social novelty test, F1 control females (7= 8) spent significantly more
time interacting with and sniffing the cage containing Stranger 2 compared with the cage
containing Stranger 1 [A1,15) = 29.98, p<.05]. In contrast, F1 females from single stressed
mothers (n=7) or fathers (n=7) did not show any difference in time spent interacting with
both enclosed strangers (p > .05). Number of litters used in D and E: 3 litters from stressed
females and control males, 4 litters from stressed males and control females, and 4-5 litters
from both control females and males. (F) Basal corticosterone levels in plasma were
significantly increased in F1 females from single stressed mothers and single stressed fathers
in comparison to F1 control females [A2,8) = 6.505, p < .05]. Number of litters used in F: 3
litters from stressed females and control males, 3 litters from stressed males and control
females, and 3 litters from both control females and males. Error bars indicate SEM. *p< .
05.
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Transmission of enhanced anxiety and defective social interactions to F2 female offspring.

F1 females and males from both stressed parents were mated with others F1 mice from
stressed parents and their offspring were tested when they were two months old. F2

offspring from control mice were also generated. (A) In the elevated plus maze, F2 females
from both F1 mice from stressed parents spent significantly less time in the open arms in
comparison with F2 females from control mice [{12) = 2.839, p < .05; left panel]. F2 males
from both F1 mice from stressed parents did not show significant differences in comparison
with F2 control males in terms of time spent in the open arms [#14) < .6636, p > .05; right
panel]. (B) In the open field, F2 females from both F1 mice from stressed parents showed a
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significant reduction in locomotor adaptation in comparison with F2 control females [{12) =
5.232, p<.001; left panel]. F2 males from both F1 mice from stressed parents showed
similar levels of locomotor adaptation as F2 control males [{14) = 1.053, p> .05; right
panel]. Number of litters used in A and B: 5 litters from both F1 parents from stressed mice,
and 9-11 litters from both F1 control mice. (C) In the direct social interaction test with a
juvenile, F2 females from both F1 mice from stressed parents spent significantly less time
interacting with and investigating the juvenile in contrast to F2 control females [{10) =
7.353, p < .001; left panel]. F2 males from both F1 mice from stressed parents displayed
similar interaction levels with the juvenile as F2 control males [£6) = .8753, p> .05; right
panel]. Number of litters used in C: 4-5 litters from both F1 parents from stressed mice, and
4-7 litters from both F1 control mice. (D) In the sociability test, F2 control females (7= 6)
and F2 females from both F1 mice from stressed parents (/7= 6) spent significantly more
time sniffing and interacting with the cage containing Stranger 1 than with the empty cage
[A1,8) = 22.30, p< .05]. (E) In the preference for social novelty test, F2 control females (n
= 6) spent significantly more time interacting with and sniffing the cage containing Stranger
2 compared with the cage containing Stranger 1 [A1,8) = 7.084, p < .05]. In contrast, F2
females from both F1 mice from stressed parents (7= 6) did not show any difference in time
spent interacting with both enclosed strangers (p > .05). Number of litters used in D and E: 3
litters from both F1 parents from stressed mice, and 3-4 litters from both F1 control mice.
(F) Basal corticosterone levels in plasma were similar between F2 females from both F1
mice from stressed parents and F2 control females [{11) =.3932, p > .05; left panel].
Likewise, no differences in basal corticosterone levels were found between F2 males from
both F1 mice from stressed parents and F2 control males [{11) = 1.464, p > .05; right
panel]. Number of litters used in F: 5 litters from both F1 parents from stressed mice, and 8
litters from both F1 control mice. Error bars indicate SEM. *p < .05; ***p < .001.
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Transmission of enhanced anxiety and defective social interactions to F2 female offspring
occurs predominantly through F1 fathers. F1 females from both stressed parents were mated
with F1 control males and vice versa, and their female offspring were tested when they were
2 months old. (A) In the elevated plus maze, F2 females from single F1 fathers from stressed
mice spent significantly less time in the open arms compared with F2 females from control
mice and F2 females from single F1 mothers from stressed mice [A2,21) = 4.935, p< .05].
(B) Intheopen field, F2 females from single F1 fathers from stressed mice showed a
significant reduction in locomotor adaptation compared with F2 control females [H2,21) =
7.428, p < .01] but not compared with F2 females from single F1 mothers from stressed
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mice. Number of litters used in A and B: 6 litters from F1 females from stressed mice and
F1 control males, 6 litters from F1 males from stressed mice and F1 control females, and 10
litters from both F1 control females and males. (C) In the direct social interaction test with a
juvenile, F2 females from single F1 fathers from stressed mice spent significantly less time
interacting with and investigating the juvenile in contrast to F2 control females and F2
females from single F1 mothers from stressed mice [A2,16) = 15.53, p < .001]. Number of
litters used in C: 6 litters from F1 females from stressed mice and F1 control males, 6 litters
from F1 males from stressed mice and F1 control females, and 5 litters from both F1 control
females and males. (D) In the sociability test, F2 control females (7= 6), F2 females from
single F1 mothers from stressed mice (/7= 6), and F2 females from single F1 fathers from
stressed mice (n7= 6) spent significantly more time sniffing and interacting with the cage
containing Stranger 1 than with the empty cage [A1,11) = 40.80, p< .01, p<.05]. (E) In the
preference for social novelty test, F2 control females (/7= 6) spent significantly more time
interacting with and sniffing the cage containing Stranger 2 compared with the cage
containing Stranger 1 [A1,11) = 6.836, p < .05]. In contrast, F2 females from single F1
mothers from stressed mice (n = 6) and F2 females from single F1 fathers from stressed
mice (/7= 6) did not show any difference in time spent interacting with both enclosed
strangers (p > .05). Number of litters used in D and E: 3 litters from F1 females from
stressed mice and F1 control males, 3 litters from F1 males from stressed mice and F1
control females, and 2-3 litters from both F1 control females and males. Error bars indicate
SEM. *p<.05; **p< .01; ***p<.001.
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Figure7.

F2 transgenerational effects of chronic social instability are not due to the presence of the F1
father during female pregnancy. F1 males (from stressed and control mice) were removed
from the breeding cages after 2 weeks of mating, and F2 female offspring were tested as
previously described. (A) In the elevated plus maze, F2 females from single F1 fathers from
stressed mice spent significantly less time in the open arms compared with F2 control
females [42) = 4.556, p < .05]. (B) In the open field, F2 females from single F1 fathers from
stressed mice displayed a significantly lower adaptation to the new environment in
comparison with F2 control females [{2) = 3.865, p< .05]. (C) In the direct social
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interaction test with a juvenile, F2 females from single F1 fathers from stressed mice spent
significantly less time interacting with and exploring the juvenile compared with F2 control
females [£2) = 6.420, p < .05]. Number of litters used: 2 litters from F1 fathers from

stressed parents, and 2 litters from both F1 control mice. Error bars indicate SEM. *p < .05.
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Figure8.
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Chronic social instability-induced upregulation of Rcani and RcanZ2 genes in the CA1
region of females across generations. Quantitative real-time polymerase chain reaction for
Rcanl and Rcan2 messenger (m)RNA detection was performed using CA1 and CA3
complementary DNA samples from socially stressed and control mice, as well as their
female offspring (F1, F2, and F3). (A) Rcanl (left panel) and Rcan2 (right panel)
normalized mRNA levels in the CAL of stressed females were significantly upregulated
compared with control females, stressed males, and control males [for Rcanl A3,25) =
10.87, p< .01; for Rcan2 A(3,25) = 32.83, p< .001] 2 months after the end of the social
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stress treatment. No significant differences were detected in Rcani or Rcan2 mRNA levels
between stressed and control males (o> .05). (B) RcanZ (left panel) and RcanZ (right panel)
normalized mRNA levels in the CAl of female offspring (F1, F2, and F3) from stressed
parents were significantly increased compared with control female offspring [for Rcanl
A3,33) = 3.205, p<.05; for Rcan2 A3,33) = 11.19, p< .001]. Although Rcan mRNA
levels in the CA1 of F3 females from the stressed male lineage were not statistically
different from those in the control females, there is a clear tendency for Rcani upregulation
in the former group. (C) Rcani (left panel) and RcanZ2 (right panel) normalized mMRNA
levels in the CA3 of females directly exposed to social instability or in the female offspring
from stressed parents were not significantly different from those of control females [for
Rcanl R4,31) = .660, p> .05; for Rcan2 H4,31) = 1.124, p> .05). The control groups
depicted in panels B and C were composed of F1, F2, and F3 females from control mice.
Number of litters used in B and C: 4-5 litters from both stressed females and males, 3 litters
from F1 mice from both stressed parents, 3 litters from F2 mice from stressed fathers, and 2
litters from both control mice. Error bars indicate SEM. *p < .05; **p < .01; ***p < .001.
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