1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

HHS Public Access

Author manuscript
Dev Psychobiol. Author manuscript; available in PMC 2019 February 26.

Published in final edited form as:
Dev Psychobiol. 2017 April ; 59(3): 291-302. doi:10.1002/dev.21491.

Chronic social instability in adult female rats alters social
behavior, maternal aggression and offspring development

Florent Pittetl, Jessica A. Babbl:2, Lindsay Carinil, and Benjamin C. Nephew?
1Department of Biomedical Sciences, Tufts University: Cummings School of Veterinary Medicine,
North Grafton, Massachusetts

2Department of Anesthesiology, Perioperative Pain Medicine, Boston Children's Hospital and
Harvard Medical School, Boston, Massachusetts

Abstract

We investigated the consequences of chronic social instability (CSI) during adulthood on social
and maternal behavior in females and social behavior of their offspring in a rat model. CSI
consisted of changing the social partners of adult females every 2-3 days for 28 days, 2 weeks
prior to mating. Females exposed to CSI behaved less aggressively and more pro-socially towards
unfamiliar female intruders. Maternal care was not affected by CSI in a standard testing
environment, but maternal behavior of CSI females was less disrupted by a male intruder. CSI
females were quicker to attack prey and did not differ from control females in their saccharin
consumption indicating, respectively, no stress-induced sensory-motor or reward system
impairments. Offspring of CSI females exhibited slower growth and expressed more anxiety in
social encounters. This study demonstrates continued adult vulnerability to social challenges with
an impact specific to social situations for mothers and offspring.
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INTRODUCTION

The effect of the social environment on the behavioral ontogeny of organisms is a major
concern for both humans and animals. Compared with common laboratory physical stress
procedures (e.g., foot-shock, physical restraint), which are unlikely to mimic events
naturally faced by animals or humans, challenging animals with an adverse social
environment is considered as a more ethologically relevant way to investigate stress in
laboratory animals, triggering evolutionarily selected behavioral and neuroendocrine
responses (Martinez, Calvo-Torrent, & Pico-Alfonso, 1998; Palanza, Gioiosa, & Parmigiani,
2001; Tamashiro, Nguyen, & Sakai, 2005).

Correspondence Florent Pittet, Department of Biomedical Sciences, Tufts University: Cummings School of Veterinary Medicine,
North Grafton, MA 01536., florent.pittet@gmail.com.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pittet et al.

Page 2

The effects of the social environment on behavioral development is of critical relevance for
fields interested in animal behavior, especially considering the deleterious consequences of
social stress on welfare (Minier, Capitanio, Gottlieb, & McCowan, 2012; Rault, 2012) and
reproductive success which are mediated by maladaptive changes during gestation
(Wingfield & Sapolsky, 2003) and postnatal care (Bahr, Pryce, Débeli, & Martin, 1998).
Because of ecological pressures (Creel, Dantzer, Goymann, & Rubenstein, 2013) or
pressures due to human management for production (Proudfoot, Weary, & von Keyserlingk,
2012), research (Olsson & Westlund, 2007) or exhibition (Waples & Gales, 2002) animals
may be chronically challenged with adverse social conditions including extreme changes in
population density, forced social interactions, and repeated changes of social partners.
Without consensus on the terminology of social stressors, we here refer to this later
condition as “social partner instability” (Blanchard, McKittrick, & Blanchard, 2001,
Proudfoot et al., 2012). The study of social stress also has translational significance since the
vast majority of stimuli leading to psychopathology in humans are of a social nature (Brown
& Prudo, 1981; Buwalda et al., 2005; Rygula et al., 2005). Specifically, adverse social
environments and a lack of social support are key etiological factors in anxiety and
depression in humans (Kendall-Tackett, 2007). In addition, the study of social stress in
females is of critical interest due to their elevated susceptibility for affective mood disorders
(Earls, 1986; Herzog et al., 2009; Tamashiro et al., 2005) as well as for the transgenerational
consequences of stress on offspring.

Compared with early social experiences, extensively studied for the last two decades (see
Champagne, 2010; Champagne & Curley, 2005), the effects of adverse adult social
environments on adult social behavior and parental care remain underexplored in animal
models. In particular, although this topic should focus on females for the above mentioned
reasons, the vast majority of animal models of social stress have included only male subjects
(Bhatnagar, Vining, lyer, & Kinni, 2006; Klein et al., 1992), and/or used social stress
procedures that are only or more stressful for males (Herzog et al., 2009; Palanza, 2001,
Tamashiro et al., 2005). For instance, social defeat is an effective stressor for females of
some monogamous rodent species such as the California mouse (Trainor et al., 2011) but
appears to be far less effective for females of species which exhibit sexual dimorphism in
aggressiveness, like humans (Archer, 2009) and rats, more sensitive to chronic social
instability (Haller, Fuchs, Halasz & Makara, 1999). Several studies demonstrate robust
adverse effects of unstable social environment and/or disruption of social relationships on
human health and coping abilities (Cornwell, 2015; German & Latkin, 2011; Gerstorf,
Rdcke, & Lachman, 2011; Perry, 2006) and given the reliance of women on social support
(Plaisier et al., 2007; Tamres, Janicki, & Helgeson, 2002; Taylor, Klein, Lewis, Gruenewald
& Updegraff, 2000; Walen & Lachman, 2000), social instability stress possesses substantial
translational relevance.

The use of female models of social stress to understand intergenerational consequences has
recently been developed in several empirical studies applying the social stress during
specific reproductive periods, notably gestation (Elsenbruch et al., 2007; Kaiser & Sachser,
2005) and lactation (Babb, Carini, Spears, & Nephew, 2014; Murgatroyd & Nephew, 2013).
By applying the social stress during gestation and lactation, these studies target very
particular periods of reproduction when maternal females experience substantial changes in
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neuroplasticity (Numan & Insel, 2003) increasing their vulnerability to various stressors
(Neumann, Toschi, Ohl, Torner, & Krémer, 2001; O’Hara & McCabe, 2013). The behavioral
and transgenerational influence of chronic social partner instability has been explored in
female mice during the socially vulnerable (McCormick, Smith, & Mathews, 2008)
adolescent period (Saavedra-Rodriguez & Feig, 2013). In comparison, much less is known
about adult female’s vulnerability to chronic social stress and consequences on social
behavior, maternal care, and development of future offspring. Chronic social defeat in adults
can have profound and long lasting consequences on social behavior and associated
neuroendocrine factors (Champagne, 2010). Given the links between individual differences
in social and maternal behavior (Budaev, Zworykin, & Mochek, 1999; Koski, 2014;
Maestripieri, 1993; Pittet, Houdelier, et al., 2014) supported by neurophysiological studies
illustrating the involvement of common mechanisms in these behaviors (Keverne & Curley,
2004; Maestripieri, Lindell, Ayala, Gold, & Higley, 2005; Nephew & Bridges, 2008), it is
very likely that exposing adult females to chronic social instability can affect maternal care
and subsequent offspring development.

The objective of the current study was to investigate the effects of chronic social partner
instability during adulthood on female social behavior, maternal care, and the social
behavior of their offspring. In addition to social and maternal behavior, we investigated
predatory behavior (Kinsley et al., 2014) in adult females and offspring to determine
whether potential differences in aggressive behaviors are specific to the social context or
generalized to aggressive situations. Females were also tested for saccharin preference to
determine whether influences of social instability on social and maternal behavior, two
reward mediated behaviors (Ferris et al., 2005; Nephew, Murgatroyd, Pittet, & Febo, 2015;
O’Connell & Hofmann, 2011), are also associated with abstract anhedonia, a known
consequence of chronic social stress (Shimamoto, Holly, Boyson, DeBold, & Miczek, 2014).
Previous studies on social instability used paradigms that exposed females to demographic
variations including both social isolation and over-crowding as well as partner changes
(Chaby, Sheriff, Hirrlinger, & Braithwaite, 2015; Haller et al., 1999; Herzog et al., 2009).
The current study applied a less complex social partner instability paradigm incorporating
frequent partner changes in uniform density social groups for four weeks. Our hypothesis
was that social instability in Fg adult females will reduce social behavior, and this effect will
be transmitted to F; offspring through impaired maternal care.

METHODS

Animals

Animals in this study were maintained in accordance with the guidelines of the committee of
the Care and Use of Laboratory Animal Resources, National Research Council, and the
research protocol was approved by the Tufts Institutional Animal Care and Use Committee.
During the social instability procedure, the social interaction test and the maternal
aggression test, some individuals expressed agonistic behaviors but care was taken to check
for injuries and any signs of pain.

Animals involved in this experiment were Sprague Dawley rats (Rattus norvegicus) kept
under a 12:12 light dark cycle (light switched on at 0700) at 23 + 2 °C with food and water
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available ad libitum. Adults (60 females, 10 males used for reproduction and 20 males used
as intruders) were provided by Charles River laboratories (Wilmington, MA), and were
habituated to the colony for 2 weeks prior to experimental manipulation.

2.2 | General schedule

The general schedule is described in the Figure 1.

Sixty adult females (60-70 days old, 175-200 g) were housed in groups of three in clear
plastic cages (L 48 x W 126.5 x H 20 cm) for 2 weeks of habituation before the treatment
started. During this habituation period, females were tested for their saccharine preference.
They were also tested for their social behavior before treatment started as part of a separate
ongoing study (the present study focuses on the effects of social instability treatment and
these pre-treatment social behavior results are not included). Chronic Social Instability
treatment was then applied (see Section 2.3) for 4 weeks. One week after the end of the CSI
procedure, 30 control (CON) and 30 CSI females were tested for their social and predatory
behavior. One week later, 15 CSI and 15 CON females, randomly selected, were mated by
placing two females from similar treatment with one male for 4 days. The male was then
removed and the two females were kept in the same cage for the rest of gestation until they
were moved to individual cages 1-2 days prior to parturition. We obtained a sample of 10
CON and 10 CSI pregnant females. At birth (postnatal day 1, PND 1) pups were sexed using
ano-genital distance and all litters were then culled to 10 pups (five males and five females).
During lactation, maternal care, milk intake, and pup weight were measured at PND 2, 9,
and 16 and maternal aggression was measured at PND 2. Pups were weaned at PND 21 by
removing the mothers from the home cage and they remained in same sex sibling groups of
three until one male and one female from each litter were tested for their social and
predatory behavior (for a total of 20 F{CON and 20 F;CSI) between PND 65 and PND 72.
The non-focal animals served as novel animals in the social interaction test.

2.3 ] Chronic social instability (CSI) procedure

Within the 60 Fq females, 30 were randomly attributed to the CSI treatment and 30 to the
control (CON) treatment. The social instability procedure consisted in removing of one
female per cage to place her with two new cagemates every 2 or 3 days on a random
schedule. This procedure was applied over 28 days, while CON females remained in stable
groups of three during this period. To prevent any bias due to more frequent handling in CSI
compared with CON females, each CON female was also removed from her cage every 2 or
3 days and placed back several seconds later during the treatment period. Similarly, to
prevent any bias due to a difference in cage familiarity between CSI and CON females, each
time CSI females were transferred to new cages, the cages were changed for all CSI and
CON animals.

2.4 | Saccharin preference test

Adult females were tested for their saccharin consumption before and after treatment, as

well as during gestation (day 15-18 of gestation). Testing occurred during the night between
1600 and 0800 and for the saccharin tests that occured before mating; females were isolated
during this time. At 1600, female had access to two different bottles of either water or .02%
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saccharin solution. Bottles were weighed before and when they were removed the following
morning. Saccharin intake proportion was calculated as follows: Weight of saccharin
consumed/ total fluid intake.

2.5| Behavioral testing

Behavioral testing was videotaped to prevent human interference. In all the behavioral tests,
the camera was placed laterally, in front of the large side of the cage, 20 cm higher than the
cage floor level. Behaviors were later scored from videos by an observer naive to treatment
condition, using Odlog software (Macropod, Inc., Yarraville, Victoria, Australia), which
records latencies, frequencies, and durations.

2.6 | Social approach and social interaction

Thirty CON and 30 CSI Fg adult females were tested after the end of treatment, and 20
F1CON and 20 F,CSI offspring (10 males, 10 females in each group) were tested between
PND 65 and PND 72. Tested rats were placed in clean breeding cages (L 48 x W 26.5 x H
20 cm) for 10 min. An empty clear plastic mouse cage cover with a plastic mesh top (L 19.7
x W 30.5 x H 9.5 cm) was placed on one side on the testing cage for an additional period of
10 min. These first 20 min allow the experimental animal to acclimate to the testing
environment before the introduction of the social stimulus. A same-age, -sex, and -treatment
unfamiliar rat was then placed under the cage top for 10 min to test for social approach. The
cage top remained at the same place as during the habituation phase and allowed for
olfactory inspection of the social stimulus but prevented direct physical interaction. Then,
the cage top was removed and the animals were free to interact for 10 min to assess direct
social interaction.

The entire 40 min test was videotaped. For social approach, scored behaviors included time
spent distal to the cage top, in contact and on top of it, as well as olfactory investigation of
the novel rat through the mesh and self-grooming. During the social interaction period,
scored behaviors included olfactory investigation (distinctions between head, flank/back,
and ano-genital investigations), aggression (launching towards the other rat, boxing, or
biting), keeping the other rat down, allo-grooming, and self-grooming. Additionally, moving
toward (total duration of time spent in locomotion reducing the distance with the partner)
and away (total duration of time spent in locomotion extending distance with the partner)
from the social stimulus were recorded to calculate an index of prosocial movement for all
animals: total duration of moving towards the social stimulus/ total locomotion duration. The
use of the proportion rather than the global amount of locomotion prevents the global
activity level of test individuals to affect the measure of sociality.

Results obtained for Fy social behavior led to further investigation in their self-grooming
behavior in a non-social context. Self-grooming was thus scored during the first 10 min that
the F4 spent in the empty cage before the mouse cage top was introduced.

2.7| Predation test

The test rat was placed in a clean empty cage (L 48 x W 26.5 x H 20 cm) for 5 min before a
cricket was released in the cage and the behavior of the rat was videotaped for 10 min.
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Scored behaviors were the latency of first contact with the cricket, latency between first
contact and first attack (head and/or paws fast movement oriented to the prey), latency
between the first attack and the initial consumption of the prey, and the number of attacks
(unsuccessful attacks lead to the flight of the cricket followed by new chase and attack
behavior from the rat).

Maternal care, milk intake, and maternal aggression

Maternal behavior was tested on PND 2, 9, and 16 between 0900 and 1200. Pups were
removed from the maternal cage and placed together in a clean cage with bedding for 1 hr.
Videotaping started after the pups were weighed and placed back in their mother’s cage and
lasted 30 min. This procedure is known to stimulate the typical pattern of maternal care that
consists of retrieval to the nest, some nest building activity, grooming of the pups, and
nursing (Nephew & Bridges, 2011). Pups and mothers were left undisturbed for an
additional 90 min to assess milk intake over 120 min by weighing the pups again at the end
of this time. Scored behaviors included all maternal behaviors (retrieving, nesting, pup
grooming, nursing) as well as time spent in nest, time with all pups in nest, self-grooming,
exploration (extension against walls of the cage), locomotion (moving in the cage without
retrieving), and eating.

On PND 2, after maternal care testing and milk intake assessment, an unfamiliar male was
introduced in the cage for 30 min to trigger maternal aggression behavior. Videotaping
started when the male was placed in the cage and scored behaviors included defense
behaviors towards intruder (threat, aggression, keeping-down), as well as maternal care
(nesting, licking/grooming, and nursing), locomotion, and self-grooming. Additionally, the
time with all pups in nest, mother in nest and intruder in nest were recorded.

Analyses

Statistics were performed using SPSS 22 (IBM, Chicago, IL). Most of the behavioral data
did not reach the normality assumptions even after transformation. These data were analyzed
using non-parametric two-tailed statistic tests. Mann—-Whitney U tests compared means
between the sets and Chi square tests compared proportions of animals that expressed or did
not express targeted behaviors. Even though an important amount of nonparametric
comparison tests is described, we here present uncorrected results for independent non-
parametric tests to prevent the risk of conservative corrections to lead to type Il errors,
considering the mild character of our stress procedure. Weights of pups were analyzed using
repeated measure ANOVAs with age as repeated measure and treatment and sex as fixed
factors. Weights at each age were further compared using Bonferroni post hoc pair-
comparison tests, corrected for multiple comparisons. Graphic and tables present results as
mean + SEM. The analysis of the behavior of F; males and F; females revealed no effects of
sex and the results are presented with both sexes combined. Due to the large number of
variables and relatively small sample size, a biologically significant description of effect
sizes (Nakagawa, 2004) is also presented for results with a significant uncorrected p-value or
a close to significance trend (p < .06). For behavioral data which do not meet normality
assumptions, effects sizes associated with Mann—Whitney Utests were calculated by
applying the formula from Rosenthal (1994): r= Z/VN and odds ratio are reported for
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significant Chi square results. Partial n2 (2 p) are reported to detail effect sizes for the
ANOVA exploring the influence of treatment, age and interaction on infant weight.
Conventional interpretation of effect size is as follows: . >0.1 small, >0.3 medium, >0.5
large; Odds Ratio (OR): >1.5 small, >2 medium, >3 large; n2p: >.01 small, >.06 medium,
and 0.14 large (Cohen, 1988; Sullivan & Feinn, 2012).

RESULTS

Fg saccharin preference

Individuals that were later assigned to either CSI or CON groups did not differ in their
saccharin preference before treatment, after treatment prior to mating, or during gestation
(all p’s >.05).

Fg social behavior

During the social approach test, there were no differences between CON and CSI for time
spent proximal to the stimulus animal (CON: 259.57 +£2.72 s, CSI: 261.40 + 3.44 s; Mann-
Whitney U-test: U= 483.5, p=0.62) or the time spent in olfactory investigation of the
stimulus (CON: 71.77 £ 4.40 s, CSI: 76.20 + 5.34 5; U= 493.5, p=0.64). Nevertheless,
during free social interactions with the intruder, CON and CSI females behaved differently.
The proportion of females who expressed aggression toward the social stimulus was
substantially lower in CSI than in CON (CON: 17/30, CSlI: 8/30; XZ =555, p=.02, OR=
3.6). Additional social behavior data from Fq females and statistical results are presented in
Table 1. CSI females investigated the back and flanks of the intruder more (p = .049), tended
to express more prosocial movement (Mann-Whitney U-test: p=.058) and to held the
intruder down earlier (p =.051) than CON females (Table 1). CON females initiated
aggression towards the intruder sooner (p = .049) and spent significantly more time
exhibiting aggressive behavior (p = .01; Table 1). Considering aggressive individuals only,
the latency and duration of aggression did not differ between CON and CSI (latency: CON:
288.53 + 35.45 s CSI: 230.00 + 60.20 s; U= 52, p=10.37; duration: CON: 3.00 + 0.68 s,
CSI: 1.63 £ 0.38 s; U=49.5, p=0.29). CON and CSI females did not differ in their self-
grooming behavior with respect to frequency (CON: 5.03 £ 0.49, CSI: 5.90 £ 0.64; U=
504.4, p=0.42) or duration (CON: 19.27 £ 2.29 s, CSI: 20.97 £ 2.68 s; U= 473.5 p=0.73).

Fo predatory behavior

The latency for the first contact with the cricket did not differ between the groups (CON:
51.33 +19.63s, CSI: 39.38 £4.49s; U= 127.5, p=0.17), but CSI females attacked the
cricket faster after first contact (first contact to attack latencies: CON: 130.33 + 41.89 s, CSI:
45.62 £ 30.85s; U=53.5, p=.04, r=10.38) and tended to express more attacks (CON: 1.80
+0.38, CSI: 2.85 + 0.36; U=136.5, p=.07, r=0.35). Results are illustrated in Figure 2.

Fo maternal care, milk intake, and maternal aggression

Behavior of CON and CSI during the maternal care test and statistical results are reported in
Table 2. After a 60 min mother—pup separation, CON and CSI females did not differ
significantly in the time they spent retrieving, grooming, nursing, and nesting during the 30
min maternal care test on PND 2, 9, and 16 (all p’s >.05). The initial retrieving duration
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(latency to have all pups in nest after reunion) also did not differ between the CON and CSI
at PND 2 and 9 (PND 2: CON: 254.81 + 49.97 s, CSl: 354.0 + 56.80; U= 75.5, p=0.15;
PND 9: CON: 174.10 + 42.08, CSI: 329.30 + 107.25; U= 75.50, p=0.15). At PND 16,
offspring were too mobile to accurately assess retrieving latencies. Overall time spent in nest
did not differ between dams of the two sets at PND 2 (CON: 1,132.6 + 68.44 s, CSI: 996.8
+105.17s, U=38.0, p=0.39) and PND 9 (CON: 1,260.0 + 78.51, CSI: 1098.1 + 143.98; U
=46, p=0.80) and that variable was not included in the analysis of PND 16 since a
consistent nest could not be identified. Other behaviors (self-grooming, locomotion,
exploration, and eating) did not differ significantly between CON and CSI (all p’s >.05).

Milk intake over a 120 min reunion of Fq juveniles following a 60 min separation from the
mother did not differ between CSI’s and CON’s litters (D2: CON: 1.41 £+ 0.23 g, CSI: 1.06
+0.199; U=34.0, p=0.23; D9: CON: 5.36 £ 0.42 g, CSI: 4.61 +0.98 g; U=43.5, p=
0.62; D16: CON: 3.05+1.30 g, CSI: 4.71 + 0.87 g; U=60.0, p= 0.45).

In contrast, maternal care of CON and CSI dams significantly differed during the maternal
aggression test. Results are reported in Table 3. After the introduction of the male, CSI
females tended to resume maternal activities earlier than did CON females (p=.054). The
time spent nursing and nesting did not differ significantly, but CSI females spent more time
grooming the pups (p=.035). All the CON and CSI females were aggressive toward the
male introduced in their cage and the time devoted to aggressive behaviors did not differ
significantly between CON and CSI females (p > .05). Intruder males were observed in the
nests of CSI dams for a longer duration compared to CON dams (p = .04), and the time with
all pups in nest during this test tended to be shorter in CSI dams (p = .06).

F, development

The weight of pups (measured before separation) during lactation was affected by age
(ANOVA: Fy 33 = 8.013, p< .001, n?,= 0.97), treatment group (F1 3 = 8.013, p= .01, n%p=
0.18) and there was an interaction between age and treatment (Fq 36 = 7.42, p= .01, nzp:
0.17). Overall, offspring of CSI mothers gained weight more slowly than did offspring of
CON mothers. These results are illustrated in Figure 3. There were no effects of sex or
interactions between sex and other factors (all p’s >.05).

F1 social behavior

During the social approach test, the behavior of F{CON and F;CSlI did not differ
significantly for time spent proximal to the stimulus (F{CON: 483.03 + 36.25 s, F1CSI:
498.25 + 31.17 s, U= 146.5, p=0.46) or time spent in olfactory investigation of the
stimulus (F{CON: 98.61 + 12.51 s, F1CSI: 94.54 + 14.26; U= 161.0, p=0.77). During this
phase of social approach, F1CSI expressed more self-grooming behaviors (F{CON: 2.79
+0.37, F1CSI: 456 + 0.62, U= 241, p=.034, r=0.35; Figure 4). The same difference
appeared during the social interaction test (F{CON: 2.05 + 0.39, F1CSI: 3.55 £ 0.61; U=
278.0, p=.035, r=0.35; Figure 4). The behavior of F;CON and F,CSI oriented toward the
intruder did not differ significantly during social interaction (p > .05, see Table 4). Only five
individuals expressed aggression during this test and the proportion who expressed
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aggression did not differ between the two sets (F1CON: 1/20, F,CSI: 4/20, Xz =2.06, p=
0.15).

To determine whether differences between F{CON and F;CSlI in their self-grooming
behavior only appears in a social context, we compared frequency of self-grooming during
the exploration of the empty cage before the social stimulus was introduced and found no
differences (F{CON: 2.80 £ 0.33, F1CSI: 2.89 + 0.41; U= 190, p=0.78; Figure 4).

F1 predation behavior

The behavior of the F{CON and F1CSlI did not differ in the predation test, including the
latency of first contact (F{CON: 136.30 + 41.98 s, F1CSI: 8350 + 39.97 s, U= 1425, p=
0.12), the time between first contact and first attack (F{CON: 183.61 + 58.41 s, F1CSlI:
143.56 + 43.71 s, U=154.0, p= 0.82), the time between first attack and initial consumption
of the prey (F{CON: 232.67 £ 54.90 s, F1CSI: 272.50 + 61.59 s, U= 120.5, p=0.51) or the
number of attacks (F{CON: 4.0 £ 0.99, F,CSI: 3.30 £ 0.87, U= 180.0, p= 0.60).

DISCUSSION

This study investigated the influence of social partner instability in female rats during
adulthood on subsequent social behavior, maternal care, predatory aggression, and offspring
development and behavior. Our results demonstrate that chronic social partner instability has
persistent effects on social behavior, maternal aggression, and the morphological and social
development of offspring. Females exposed to social instability were less aggressive and
displayed more social exploration of unfamiliar female intruders, but were faster to attack a
prey. During lactation, CSI dams were less disrupted by exposure to a male intruder; they
tended to resume maternal activities more quickly and spent more time grooming the pups.
Offspring of females exposed to social instability exhibited impaired growth and displayed
robust signs of social anxiety when exposed to unfamiliar conspecifics.

Influence of CSI procedure on adult social and maternal behavior

The social behavior of adult females was affected by CSI procedure but contrary to our
initial expectations, there was no global reduction of social behavior by CSI exposed
females. A smaller proportion of CSI females expressed aggression toward a female intruder
compared with control females. CSI females also devoted less time to aggression and acted
more pro-socially than control females. Even though the social challenge applied in our
study is fundamentally different from social defeat paradigms, this suppression of aggression
by CSl is in accordance with results reported from male studies of social defeat (Blanchard
et al., 1995; Blanchard & Caroline, 1989; Meerlo, Overkamp, Daan, Van den Hoofdakker, &
Koolhaas, 1996; Sandi & Haller, 2015). CSI females were quicker to attack a cricket than
CON females despite similar latencies to make contact with the cricket, suggesting that the
reduced aggressiveness of CSI during social interaction is not due to defective sensory-
motor skills, known to be critical for prey catching (Kinsley et al., 2014).

Studies of social defeat in male rats report a general reduction of social behavior (Haller et
al., 1999). In contrast, we did not observe any reduction in social behavior in CSI females in
this study. In social mammals the establishment of bonds with social partners provides a
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buffering effect, increasing the ability of individuals to cope with stressful environments
(Kikusui, Winslow, & Mori, 2006). Stressed animals have been noted to be more attracted to
social partners (Kikusui et al., 2006; Taylor, 1981), a result which may be responsible for the
higher prosocial behavior expressed by CSI females in our test. In contrast to our results, in
female mice exposed to social partner instability during adolescence, Saavedra-Rodriguez
and Feig (2013) reported decreased sociality. They nevertheless assessed social behavior by
presenting a juvenile to an adult focal mouse, potentially preventing the emergence of
differences in prosocial behavior, which may otherwise have appeared between animals of
similar ages.

Unexpectedly, we did not find differences in the maternal care expressed by CON and CSI
females in our study. We were expecting such alterations given the strong influence of social
and stressful experience on maternal care (Gonzalez, Lovic, Ward, Wainwright, & Fleming,
2001; Melo et al., 2006) as well as consistent correlations between social behavior and
maternal styles across taxa (fish: Budaev et al., 1999; birds: Pittet, Houdelier, et al., 2014;
mammals: Maestripieri, 1993). However, it is hard to compare our results with previous
studies since most studies involving prenatal influences of social environment focus on
physiological and behavioral consequences on offspring and do not investigate maternal
behavior (Kaiser & Sachser, 2005; Siegeler, Sachser, & Kaiser, 2011). Additionally,
stressors are usually applied during gestation, a vulnerable developmental period for social
behaviors (Braastad, 1998; Takahashi, Baker, & Kalin, 1990), including maternal behavior
(Marino, Cronise, Lugo, & Kelly, 2002). Nevertheless, even when applied during pregnancy,
chronic social stress does not seem to highly impact postnatal care of female rats (Neumann,
Krémer, & Bosch, 2005). Together, these results suggest that social instability during
adulthood does not have a major effect on maternal care without the inclusion of an
additional social factor, such as a novel male intruder.

The current data indicate that CSI treatment overall did not greatly impact behavior during a
maternal aggression test. CSI females threatened and acted aggressively toward an intruder
male to a similar degree as control females. However, CSI females did appear somewhat
more tolerant to an intruder male than control females, as evidenced by an increased
duration of the intruder male in the nest of CSI females and the expression of more maternal
care when a male intruder was in the cage compared to control females. We acknowledge
the risk for these results to be potentially due to type I errors, but our analysis identified
medium to large effect sizes and a higher tolerance of rodent females toward male intrusion
following stress was also reported in a different study. Pardon, Gérardin, Joubert, Pérez-
Diaz, and Cohen-Salmon (2000) reported decreased maternal aggression and normal
sequences of maternal behavior in the “inappropriate situation” of infanticide danger
following gestation stress. Exposure to chronic stress has been postulated to induce
behavioral and neurophysiological changes that either enhance coping with later acute or
short term stressors (NUfiez, Ferré, Escorihuela, Tobefia, & Fernandez-Teruel, 1996;
Tamashiro et al., 2005) or induce exaggerated responses to acute stressors (McEwen, 2007),
depending on the severity of initial stress procedure (Anisman, Zaharia, Meaney, & Merali,
1998). In the current study, our results suggest that the CSI procedure reduced the reactivity
of females exposed to an intruder during lactation, considered an acute stressor (Neumann et
al., 2001). This result highlights that the consequences of social instability can be observed
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beyond the specific context of female/female interactions in a non-reproductive period.
Here, while potentially adaptive in an unstable social environment, the higher tolerance of
CSI mothers to intruders appears to be a maladaptive consequence of CSI, considering the
high risk of infanticide presented by males (Lonstein & Gammie, 2002).

The behavioral differences observed across context between CSI and CON females suggest a
neurophysiological impact of our procedure. First, exposure to chronic social stress can
induce depression-like behavior in related studies of stress during lactation (Carini,
Murgatroyd, & Nephew, 2013; Murgatroyd et al., 2015). Here, the saccharin preference data
indicate that CSI did not induce anhedonia, which is consistent with the lack of effect on
maternal care, an ethologically and translationally relevant reward mediated behavior.
However endocrine changes such as a disruption of the HPA axis (DeVries, 2002; Haller et
al., 1999; Herzog et al., 2009; Johnson & Young, 2015), may have mediated the behavioral
responses observed in CSI animals through interaction with the neuropeptides arginine
vasopressin (AVP) and oxytocin (OXT) (Champagne, 2010) which can affect the behavioral
responses to stressors (Neumann & Landgraf, 2012) and mediate affiliative and aggressive
behavior (Nephew, 2012; Nephew & Bridges, 2008).

Intergenerational influence of CSI procedure

The offspring of CSI exposed dams displayed a slight delayed growth throughout lactation
suggesting either impaired milk production or let down. A similar delayed growth was
reported for offspring of mothers exposed to social stress during lactation (Nephew &
Bridges, 2011). The weight gain difference between F;CSI and F;CON was likely too
gradual to be detected by a 2 hr milk intake assessment, particularly considering the
important inter-individual differences in nursing. Fq offspring of CSI and control mothers
did not exhibit changes in aggression behavior in the social interaction test but offspring of
CSI mothers expressed more self-grooming behaviors, a powerful index of anxiety (Castles,
Whiten, & Aureli, 1999; Spruijt, Van Hooff & Gispen, 1992) in social situations but not
during the exploration of a clean cage, known to be stressful for rodents (Castelhano-Carlos
& Baumans, 2009; Rasmussen, Miller, Filipski, & Tolwani, 2011). These data indicate that
exposure to social instability stimulated prosocial behaviors in the Fy generation while
triggering increased social anxiety in the F1, supporting the hypothesis that behavioral
consequences of unstable social environments may not always be transmitted in the same
direction due to generational differences in the timing and nature of the social instability
exposure.

Contrary to our initial hypothesis, the transgenerational consequences of CSI on offspring
social behavior were not associated with major maternal behavior impairment. Variations in
maternal care are known to have profound consequences on the behavioral development of
offspring, particularly concerning social behavior (Pittet, Le Bot, Houdelier, Richard-Yris, &
Lumineau, 2014b; Schino, Speranza, & Troisi, 2001; Spokas & Heimberg, 2008).
Nevertheless, if slight differences in maternal care might have been undetected by our
maternal behavior observation procedure, such discrete differences are unlikely to have
mediated the transgenerational consequence of the chronic social instability procedure. Two
“silent” alternative mechanisms may have supported the transmission of behavioral
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consequences to the Fy1 generation. First, a prenatal effect may have mediated the
transmission from Fg to F;. Results from animal and human studies provide a robust
foundation on the influence of prenatal stress (intrauterine exposure to high CORT levels) on
offspring’s social behavior (Clarke & Schneider, 1993), generally accompanied with lower
birth weight (Weinstock, Fride, & Hertzberg, 1988), while we report reduced growth in Fy
CSI. A second mechanism to consider is the possibility of epigenetic modifications
following the social instability procedure that may have been transmitted through the Fg
germ-line. For example, following a chronic mild physical/social stress, Zaidan, Leshem,
and Gaisler-Salomon (2013) have reported changes in gene expression of the corticotrophin
releasing factor receptor type | (CRF1) not only in maternal brain but also in oocytes and
brain of offspring from the two next generations.

CONCLUSION

This study was designed to investigate the influence of chronic social partner instability in
adult females before reproduction, a relatively underexplored period. Our results indicate
that adult chronic social instability exposure affects subsequent adult female behavior,
including the expression of social and predatory aggression. These results support the
existence of socially mediated behavioral plasticity in adults (Champagne, 2010). The
presence of effects of social instability on maternal care only during exposure to an intruder
demonstrates a unique degree of behavioral specificity. The results concerning maternal
aggression additionally support the hypothesis that behavioral modifications following
adverse environmental conditions are adaptive in this particular adverse environment but not
when there is a substantial mismatch between the development environment and the test
environment (Chaby et al., 2015). Finally, our results also indicate that social events,
experienced by adult females outside of gestation and lactation, are also likely to present
transgenerational consequences on offspring behavior.
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FIGURE 1.
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1 week

Behavioral

tests

Timeline schedule of the experiment including Fq behavioral testing, mating, maternal care

period and F testing are described. Thirty CON and thirty CSI females were tested for their
social and predatory behavior. Ten CON and ten CSI were mated and tested for their
maternal behavior. Twenty F; CON and twenty F;q CSI were tested for their social behavior
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Time sequence of CON and CSI predation behavior

Introduction

Contact Attack Consume
CON
CSlI
Time (s)
0 50 100 150 200 250 300 350 400
Ointroduction to contact O contact to attack @ attack to consume
FIGURE 2.

Mean + SEM duration of the three predation phases: introduction to first contact, first
contact to first attack and first attack to initial consumption of the prey. Mann-Whitney (-
test, *p < .05
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F1 average weight (g) J CON
m Csl

0 7 Manova 0.06

Age: F, 35 =1411.28, p <0.001
40 - | Set:F;33=38.01, p=0.01
Age x Set: Fy36=7.42, p=0.01
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FIGURE 3.
Mean + SEM weights of F1 pups during the lactation period according to postnatal day

(PND) and mother’s treatment. ANOVA revealed a main effect of age, a main effect of
mother’s treatment (Set; CON: 24.30 + 1.98, CSI: 21.70 = 1.79) and a significant interaction
between age and mother treatment due to faster weight gain of F{CON compared to F1CSI.
Values on the top of bars refer to Bonferroni post hoc comparisons between F{CON and
F1CSI weights at each age
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Self-grooming behavior of F, (Frequency)

6

D

0 CON
@ CSI

social approach

FIGURE 4.

social interaction empty clean cage

Mean + SEM frequency of self-grooming in the social approach test of F; animals, the
social interaction test and when exposed to an empty clean cage. Mann-Whitney (-test, *p

<.05
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