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Summary
Long (LMS) versus brief (BMS) daily separations of rat pups from their mothers have contrasting
effects on their adult stress responses and maternal behavior by respectively decreasing and
increasing licking received from their mothers. We hypothesized that LMS decreases pup licking in
mothers by inducing learned helplessness, creating a depression-like state. We subjected postpartum
rats to LMS (3 h), BMS (15 min) or no separation (NMS) on postpartum days 2–14. After weaning,
mothers were given a forced swim test (FST). LMS mothers exhibited more immobility and fewer
escape attempts than BMS or NMS mothers. These results suggest that LMS induces a depression-
like state, which may account for the reductions in maternal behavior seen in LMS mothers.
Immobility in the FST is recognized as an animal model of depression. Therefore, LMS may be a
model of maternal depression.
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Introduction
Syndromal depression is by far the most common serious medical complication of pregnancy
and the postpartum period. A recent comprehensive review of the highest quality studies
published over the past several decades funded by the U.S Department of Health and Human
Services' Agency for Healthcare Research and Quality (Gaynes et al, 2005) concludes that the
incidence of new depressive episodes meeting DSM-IV major or RDC minor criteria within
the first 3 months postpartum may be as high as 14.5%. This is similar to the conclusion of an
earlier meta-analysis of the literature that syndromal depression occurs in approximately 13%
of women during the first several months postpartum (O'Hara and Swain, 1996). O'Hara et al.
(1990) found that rates of major and minor depression were higher in parturient than
nonparturient women, although not significantly. However, a significantly higher percentage
of postpartum women showed elevated depression scores and poor social adjustment compared
to nonparturient women.
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Maternal depression affects children in multiple domains, including emotional, cognitive and
physiological. Among effects on socioemotional development are behavior problems, reduced
positive affect expression, difficulty with emotion regulation, and social impairments.
Emotional effects include increased negativity and fearfulness (Pauli-Pott et al., 2004) and
behavior problems (Beck, 1999) as well as more insecure attachments (Cicchetti et al., 1998).
Cognitive effects on children experiencing maternal depression have been documented across
childhood (Brennan et al. 2000; Cogill et al., 1986; NICHD Early Child Care Research Network
1999). Physiological consequences for children of depressed mothers include less weight gain
in the first 2 yr of life (Hendrick 2003; O'Brien et al., 2004), elevated cortisol and
norepinephrine, and lower dopamine levels (Diego et al 2004; Halligan et al., 2004).
Unfortunately, there are at present no animal models of maternal depression.

Animal models of depression have taken advantage of the similarities between the behavioral
consequences of chronic, inescapable and/or unpredictable stressors and depression. Stressors
have included primarily physical stressors such as restraint, foot shock, active or passive
avoidance tasks, water restraint, thermal extremes, pharmacological agents and surgical
procedures, but also social stressors such as social defeat (Newport et al 2002; Benmansour et
al 1999; Lucki et al., 2001; Malatynska et al 2002; Cryan et al., 2002; Ripoll et al., 2003;
Lucassen et al., 2004). The Forced Swim Test (FST) is one model of inescapable stress and
depression-like behavior (Porsolt et al., 1977; Yadid et al., 2001). Validation of this test
includes successful treatment with antidepressants (Benmansour et al 1999; Lucki et al.,
2001; Malatynska et al 2002; Cryan et al., 2002; Ripoll et al., 2003; Lucassen et al., 2004).
Immobility, the behavioral marker of depression-like state in this model, decreases following
treatment with antidepressants.

Unfortunately, non-primate models of depression involve primarily physical stressors or social
stressors involving aggression, rather than disruption of social relationships. Human depression
more often entails loss of, disruption of, or change in significant social relationships. Thus, an
homologous animal model would be one based on depression-like responses to social
relationship disruptions. The effects of maternal separation on infants and their later
development has been used extensively in primates as a paradigm for studying bereavement,
loss and depression (Seay et al., 1962; Kaufman & Rosenblum 1969; Suomi et al., 1976; Hinde
et al., 1978; Laudenslager et al., 1982; Capitanio et al., 1986; Kalin & Takahashi 1988; Coe et
al., 1989; Reite et al., 1989; Laudenslager et al 1990; Weiner et al., 1990; Boccia et al.,
1991a; Boccia et al., 1991b; Reite et al., 1991). This has been a valuable animal model that has
provided important information on separation-induced depression effects on the course of
behavior responses, adult sociality, short- and long-term changes in immune measures, sleep
disturbances, hormone and neurotransmitter disturbances and effects of antidepressants.
Unlike human mothers, however, non-human primate mothers do not typically evidence
depressive responses after separation from their infants. Although occasionally such a response
is seen (e.g., Rasmussen & Reite 1982), inability to reliably induce depression in monkey
mothers eliminates separation from infants as a useful model of postpartum depression and
maternal depression in general.

Repeated maternal separations during the postpartum period have profound effects on rats
when they reach adulthood (Levine 1957; 1962; Denenberg 1964; Levine et al 1967; Ader &
Grota, 1969; Plotsky & Meaney, 1993; Ogawa et al 1994; Ladd et al 1996; Lui et al 1997;
Caldji et al 1998; Boccia & Pedersen 2001; Gonzalez et al 2001; Ogawa et al 1994). Brief
(approximately 15 min) maternal separations (BMS) have contrasting effects from long 3 to
6h separations (LMS). These effects have been found on hormonal and behavioral responses
to stressors, maternal behavior and aggression, and neurochemical systems regulating these
areas. Mothers who are separated from their pups for brief daily periods have been shown to
increase their maternal behavior, especially pup-licking, while mothers separated for long
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periods have been shown to decrease their maternal behavior (Boccia & Pedersen, 2001; Lovic
et al 2001). Remarkably, the impact of repeated separations on rat mothers' emotionality has
not been studied at all.

We hypothesized that repeated long separations from pups, may produce a depression-like state
of learned helplessness in rat mothers. With repeated separations, the rat mother may learn that
it cannot control access to its pups, therefore efforts to do so and to exhibit active maternal
behaviors such as pup-licking decline. Induction of learned helplessness in this way may induce
a depression-like state in the rat mother. We tested our hypothesis by measuring FST
performance shortly after weaning in rat mothers that had been subjected to brief, long or no
separation from pups on postpartum days 2–14.

Methods
Subjects

Three shipments of 20 pregnant Long Evans rats were obtained from Charles River (Raleigh
NC) and arrived in the lab on pregnancy day 15. Each cohort of females was impregnated on
the same day and arrived in our laboratory on gestation day 15. Females in each cohort that
gave birth on the same day were used in this study.

Procedures
At 1000h on the day after each wave of mothers gave birth (postpartum day 2), birth litters
were removed from their mothers' cages and male and female pups in each litter were separated.
Experimental litters composed of 5 male and 5 female pups were then formed by taking each
pup from a different birth litter. Fifteen mothers (5 per cohort) were randomly assigned to each
of the 3 maternal separation groups (see description below). In each cohort, females in excess
of the 15 experimental females ensured adequate numbers of synchronous births, and provided
pups to permit composition of litters of equal numbers, balanced sex distribution, and unrelated
pups to each mother. Each experimental mother was given an experimental litter that contained
none of her own birth pups and no pups related to each other.

Mothers assigned to the no maternal separation (NMS) or brief maternal separation (BMS)
groups were given experimental litters as soon as they were formed which was approximately
45–60 min after removal of their birth litters. Mothers assigned to the long maternal separation
(LMS) group were given their experimental litters at 1300h. On subsequent postpartum days
(3–14), mothers assigned to the BMS group were separated from their litters for 15 min
beginning at 1245h, mothers assigned to the LMS group were separated from their litters for
3 h beginning at 1000h, and mothers assigned to the NMS group were not separated from their
pups or disturbed at all. Separations involved first removing each mother from her home cage
to her own holding cage where she remained for the entire duration of that day's separation.
Each litter was then removed from its maternal cage and placed as a group in its own small
holding cage in an Ohmeda incubator set at 32°C. Holding cages for mothers and litters and
the bedding in those cages were not changed during the repeated separation period. At the end
of the separation period, the litter was returned to the home cage and pups were distributed
evenly over the floor of the cage. Mothers were then returned to the center of their home cages.
Routine cage maintenance was suspended from 2 days prior to parturition until postpartum day
15 when twice weekly cage and bedding changes resumed.

On postpartum days 2 through 6, mother-pup interactions were videotaped for 4h during the
light phase beginning at 1430h (0700–1900h lights on) and 4h during the dark phase from 2230
to 0230. A high resolution, low light Panasonic camera was focused on each maternal cage, so
that the image of the cage filled the entire field of view. A mirror the same length as the cage
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was placed behind the cage at an angle so that the behavior of the mothers could be observed
even when they were facing away from the camera.

Pups were permanently removed from dams' cages the morning of postpartum day 21. The
pups entered other experimental protocols at this time. Mothers were subjected to the FST that
afternoon and the following day. Because the pups were targeted to enter other experimental
protocols, the FST was scheduled for the day after weaning, so as to ensure no impact on the
pups. The FST was conducted in a cylindrical tank (40 cm high and 18 cm in diameter)
constructed of clear Plexiglas (Overstreet, 2002). The tank was filled with water (25°C) to a
depth that rats could not touch the bottom with their hind paws. On day 1, mothers were tested
in the swim tank for 15 min. Twenty-four h later, they were tested for 5 min. Behavior in the
swim tanks was videotaped on both days with Panasonic VHS camcorders placed
approximately 1.5 m from the tanks.

Both days' FST tapes were subsequently scored using The Observer (Noldus Information
Technology, 2002) to score real-time duration and frequency of behavior. Behaviors observed
included immobility (cessation of swimming except for small movements required to stay
afloat), swimming (any greater movement) and escape attempts (swimming to the bottom of
the tank and pushing off). Mean percentages of time spent immobile and numbers of escape
attempts were used in subsequent analysis.

Mothers' frequency of pup-licking was scored during 10s intervals every 4min from the 4h
videotapes recorded on postpartum days 2–6. Videotapes were reviewed on a large 24"
Panasonic monitor that allowed larger-than-life-size viewing of the behavior. Observer
reliability was established at 90% or greater before scoring tapes for analysis.

Mothers that did not deliver on the targeted day, killed pups or lost 3 or more pups for other
reasons before weaning were not included in this study. Because of this attrition and some
technical errors, the final sample included 35 mothers, 12 BMS, 13 LMS and 10 NMS.

Data Analysis
Behaviors during the FST and pup-licking during postpartum day 2–6 were analyzed using
Analyses of Variance (ANOVAs) and CoVariance (ANCOVA) with separation condition
(NMS, BMS, LMS) as a between subjects variable and test day as a within subjects variable.
Pup licking was examined as an independent behavior. Significant effects were further
investigated with Bonferroni post-hoc tests. Relationships between FST data and pup-licking
behavior were analyzed using Pearson Product Moment correlations.

Results
Immobility in the Forced Swim Test

Immobility in the FST was significantly affected by separation experience (Main Effect of
separation experience: F(2/35)= 7.629, P=.002, see Figure 1). Mothers that had been repeatedly
separated from their pups for 3h per day (LMS) showed significantly higher percentage of
immobility in the FST than mothers subjected to NMS or BMS, indicating greater depression-
like response. This significant difference was seen on both the first and second day of the FST
(separation condition X day of test interaction, ns). This suggests that the experience of repeated
long separations from pups may have induced a depression-like learned helplessness state
rather than rendering mothers more vulnerable to induction of learned helplessness by the first
day's inescapable swim stress experience.

Escape attempts by the rats were significantly higher on the first day of testing than the second
(F(1/35)=4.349, p=.044, figure 2). On the first day of testing, the groups did not differ in escape
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attempts (F(2/35)=0.818 ns). However, on the second day of testing, escape attempts were
significantly affected by separation experience (F(2/37)=3.693, p=.035). Mothers that had been
subjected to LMS made significantly fewer escape attempts on the second day of the FST than
mothers subjected to NMS or BMS (see figure 2).

Relationship between immobility and maternal behavior
There was a trend for mean pup-licking on post-partum days 2–6 to be statistically different
between separation groups (F(2/35) = 2.739, p=.07). Mothers in the LMS group (M = 6.72 ± .
83 SEM) tended to lick their pups less than mothers in the NMS or BMS separation conditions
(M = 8.66 ± .53 and M = 8.34 ± .28, respectively).

A negative relationship was found between maternal immobility on day 2 of the FST and
maternal pup-licking behavior on postpartum days 2–6. Immobility in the FST correlated
significantly with pup-licking frequencies (r= −.41, p=.01, 33 df, see figure 3) such that higher
rates of pup-licking were associated with less immobility on day 2 of the FST. Correlations
with immobility during the 5 min blocks of day 1 of the FST were also negatively correlated
with pup-licking on postpartum days 2–6, although not significantly so (first block r= −.310
p=.06; second block r=−.153, ns; third block r=−.270, p=.11). When the groups were examined
separately, these correlations remained negative, although not significantly, for NMS (r= −.
376) and LMS (r=−.419), probably due to reduced power. Correlations between immobility
on day 2 and pup-lick for BMS mothers was near zero. Similar patterns of correlation for
immobility during the 5 min blocks on day 1 and pup-lick were found for the separate groups.

Discussion
Repeated, long separations of rat mothers from their pups increased immobility and decreased
escape attempts during the FST performed at weaning, 1 wk after the last separation from their
pups. These effects were evident on the first day of the test, which suggests that LMS experience
actually induced depressive responses (rather than increased vulnerability to induction of
depressive response to the inescapable test), which was then exhibited in the FST. Others have
found FST differences on the first day of testing when comparing selected rat strains or in
animals with genetic alterations or neonatal manipulations (Keck et al 2001; Bulduk &
Canbeyli 2004). Other manipulations, such as inescapable shock (Yilmaz et al 2002) or lesion
studies (Tataroglu et al 2004), produce differences on day 2 but not day 1 of the FST. This
suggests there may be two, separable forms of depression, one related to genetic or early
experience-induced vulnerability that results in rapid onset "hopelessness" when initially
exposed to stress and another produced by chronic, inescapable and/or unpredictable stressors
experienced in adulthood that results in a vulnerability to emergence of hopelessness when
again subjected to subsequent repeated inescapable stressors. The results reported here
represent a unique outcome in which the first form of depression, rapid onset, is induced by
disruptions of attachment relationships in an adult (mothers to pups). These animal models
may provide important information about the similarities and differences in the underlying
pathology of these two forms of depression.

The effects of LMS experience on rat mothers' FST performance may be the first rodent model
of depression that is induced solely by disruption of a social relationship. Other rodent models
of learned helplessness/depression involve exposure to chronic, inescapable or unpredictable
physical stress. Social stressor models have focused on aggression and social defeat. The effects
of LMS described here appear to be a closer approximation than other rodent models to human
and nonhuman primate depressive states produced by repeated or permanent separations of
closely attached individuals. In particular, human maternal depression has been associated
with, among other things, a loss of control (Beck 2002), which may therefore make a learned
helplessness model of maternal depression particularly useful. This model, therefore, needs
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further characterization and validation, in terms of other components of human depression,
including anhedonia, HPA hyperactivity and response to antidepressant treatment. Validation
would warrant detailed investigation of the neurobiology of LMS induced maternal depression-
like behavior.

It is also of great interest that FST performance was related to maternal pup-licking, which has
profound effects on the development of stress responses in offspring (Caldji et al 1998; Liu et
al 1997; see also Pedersen & Boccia 2002). FST immobility correlated negatively with pup-
licking across all mothers, regardless of separation history, and for both days of the FST. This
suggests that depression-like states may contribute to the level of expression of maternal
behavior.

There are some controversies in the interpretation of both the FST and the maternal separation/
pup-licking in the literature that suggest caution in the interpretation of these results. There has
been some discussion in the literature regarding whether immobility in the FST is an indicator
of despair or learned helplessness or whether it is an indicator of passive, in contrast to active,
coping (Cryan et al 2002, 2005). This distinction, however, may also be applied to human
depression, particularly anaclitic depression, where reduced activity has be interpreted as an
energy conserving coping response (e.g., Kaufman & Rosenblum, 1969). With regard to
maternal separation, there has been discussion about the suspension or continuation of normal
husbandry during the separation period, particularly with regard to the meaning of the
unseparated condition as a control group (e.g., Pryce & Feldon, 2003). While the impact of
separation on pup's later stress responses in adulthood appear to be complexly related to
maternal behavior, and husbandry practices, the focus of this study was on the impact of
maternal separation on the mothers. The notion of control group is a significant one, and we
chose to focus on separation per se, and included a no-separation group which we referred to
as NMS. Whether the presence or absence of husbandry impacts the mother's responses to
separation during the first two weeks of their pups' lives is unknown at the present time.

Syndromal (major or minor) depression appears to be at least as prevalent during the
postpartum period as syndromal depression in the general population of women. Debilitating
subsyndromal depressive symptoms, however, are more common in new mothers (O'Hara et
al., 1990). While depression has profound consequences for the women experiencing it,
maternal depression has the added complication of negative outcomes for children of these
women (Beck, 1999; Cicchetti et al., 1998; Pauli-Pott et al., 2004). The effects of LMS on FST
performance presented here may be of great utility in providing a model system in which to
study both the immediate and long-term consequences of postpartum depression on both
mothers and offspring.
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Figure 1.
Mothers' immobility in the FST. Day 1 results are divided into three 5-min blocks. Mothers
who experienced long separations from their pups (LMS) exhibited greater immobility in the
FST at weaning. Lines indicate significant main effect that percent time immobile was greater
in LMS than the other two groups on both the first and second days of testing.
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Figure 2.
Mothers' escape attempts in the FST. Day 1 divided into 3 5-min blocks. Legend as in figure
1. Lines indicated by "a" highlight the main effect that all animals exhibited more escape
attempts on Day 1 than Day 2. Lines indicated by "b" highlight that mothers who experienced
long separations from their pups exhibited fewer escape attempts during day 2 of the FST.
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Figure 3.
Relationship between mothers' pup licking and immobility on the second day of the FST.
Mothers' pup-licking on postpartum days 2–6 was negatively correlated with immobility in the
FST (r=−.41, p=.01). Separation experience of each individual is distinguished by symbols, as
indicated in the graph.
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