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Abstract

Maternal adversity is associated with long-lasting consequences on cognitive development, behavior and physiological responses in rat
offspring. Few studies have examined whether repeated maternal stress produces repeated activation of the hypothalamus—pituitary—adrenal
(HPA) axis in mothers and whether it modifies maternal behavior. Here, we tested a novel model of perinatal stress using repeated exposure to
“purely” psychological stressors throughout the gestation and lactation periods in rats. We first tested the diurnal influences of repeated 1-h strobe
light exposure on maternal corticosterone secretion. Despite the hyporesponsiveness to stress documented in late pregnant and lactating mothers,
we observed an enhanced response to strobe light in the afternoon compared to the morning in stressed mothers during lactation. Next, dams were
exposed to 24-h forced foraging followed by 10-h wet bedding during the diurnal peak of corticosterone secretion. Although no corticosterone
responses to forced foraging and wet bedding were observed, the combination of both stressors had a significant effect on maternal behavior.
Mother—pup interactions were significantly altered during the first 8 days of lactation. Taken together, these findings suggest that lactating mothers
maintain responsiveness to specific and repeated psychological stressors, in particular at the time of the diurnal peak in corticosterone secretion.
Depending on the stressor applied, either neuroendocrine activation or changes in maternal behavior might be important determinants of the long-
term consequences in the offspring. The combination of forced foraging, wet bedding and strobe light might represent a novel model of mild
maternal adversity using “purely” psychological stressors.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Human epidemiological data as well as animal studies
consistently show that early life stress is associated with defects
in cognitive and affective development as well as impaired
physiological stress responses (Meaney and Szyf, 2005; Pryce et
al., 2005; Mirescu et al., 2004; Chapillon et al., 2002; Lemaire et
al., 2000; Vallee et al., 1999; Cianfarani et al., 1998; Maccari et
al., 1995), which increases the susceptibility to physiological
and psychological pathologies later in life (for reviews see
Seckl, 2001; Weinstock, 2001; Matthews, 2002). Such
programming is thought to be a consequence of complex

* Corresponding author. Douglas Hospital Research Center, 6875 Lasalle
Blvd, Verdun, QC, Canada H4H 1R3. Fax: +1 514 762 3034.
E-mail address: waldom@douglas.mcgill.ca (C.-D. Walker).

0018-506X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.yhbeh.2006.08.008

interactions between differential gene expression or vulnerabil-
ity factors, stress hormones released by the hypothalamic—
pituitary—adrenal (HPA) axis in mothers (Kapoor et al., 20006),
and variations in maternal care (for reviews see Fish et al., 2004;
De Kloet et al., 2005). In rats, the perinatal period represents a
critical window for brain development (Avishai-Eliner et al.,
2002; Morgane et al., 1993). A burst of brain growth and a rapid
neuroendocrine maturation occur during this period which
makes the brain highly vulnerable to environmental program-
ming (Meaney and Szyf, 2005; Ozanne and Hales, 2002;
Matthews, 2002). Several paradigms of prenatal and perinatal
maternal stress have been used to induce behavioral and
biological dysfunctions in rodent offspring, including immobi-
lization or restraint in a plastic cylinder (Maccari et al., 1995;
Rojo et al., 1985; Smith et al., 2004), novel environment
exposure (Muir etal., 1985; Maestripieri et al., 1991), immersion


mailto:waldom@douglas.mcgill.ca
http://dx.doi.org/10.1016/j.yhbeh.2006.08.008

78 M. Léonhardt et al. / Hormones and Behavior 51 (2007) 77-88

in cold water (Guo et al., 1993), hyperthermia (Shiota and
Kayamura, 1989) and others. The frequency and duration of
exposure to gestational stress as well as the stressor combination
have been varied, often to introduce an unpredictable
component over the entire gestation (Rojo et al., 1985) or
during the last week of gestation (Muir et al., 1985; Maccari et
al., 1995). Other experimental protocols have used acute or
chronic maternal stress during the lactational period, including
maternal separation (Plotsky and Meaney, 1993), reduction of
bedding/nesting materials (Brunson et al., 2005), noise stress
(Windle et al., 1997) and endotoxin injections (Shanks et al.,
1999).

Whereas the effects of repeated perinatal maternal stress
exposure have been well documented in the offspring, it is
generally assumed that repeated perinatal stress causes a steady
release of stress hormones in mothers, despite evidence of a
blunted period of stress responsiveness in the mother during late
pregnancy, parturition and lactation (Lightman, 1992; Neumann
etal., 1998; Toufexis et al., 1999; Douglas et al., 2003) in rodents
and possibly also in humans (for review see Tu et al., 2005). This
blunted stress response has been suggested as a mechanism to
limit the adverse effect of glucocorticoid exposure in fetuses and
neonates. In fact, few studies have attempted to determine
whether repeated maternal stress does indeed produce a steady
release of glucocorticoid and whether habituation occurs under
conditions of repeated exposure to psychological stressors.
Repeated stressful events can have important consequences on
maternal behavior in humans (Llewellyn and Nemeroff, 1993)
and in animals (Champagne and Meaney, 2006; Smith et al.,
2004; Darnaudery et al., 2004; Patin et al., 2002; Maestripieri et
al., 1991). In humans, the early postpartum period is a vulnerable
period, often associated with the onset of depression (Mastor-
akos and Ilias, 2000) and the risk of postpartum depression is
increased by exposure to stressful events during pregnancy
(Federenko and Wadhwa, 2004). Moreover, parental care may
be altered by stressors associated with poverty (McLoyd and
Wilson, 1990). In animals, mothers exposed to repeated stress
during pregnancy display enhanced anxiety-related behaviors
(Darnaudery et al., 2004; Maestripieri et al., 1991), spend more
time near their pups and nurse them more (Muir et al., 1985)
although others have also reported a reduction of nesting/
grouping pups and arched back nursing (Smith et al., 2004). In a
recent model of early postnatal adversity and maternal neglect,
Brunson et al. (2005) showed that limited availability of nesting
material impaired nurturing behavior with reduced and frag-
mented nursing and grooming of the pups. In addition, in
mothers displaying high or low pup-directed licking/grooming
(LG) behavior, repeated exposure to restraint stress during the
last week of gestation reduces pup licking/grooming in high LG
mothers to a level comparable with those of low LG mothers
(Champagne and Meaney, 2006). This pregnancy stress effect
can be mediated by a reduction in oxytocin receptor levels, an
important neuroendocrine parameter of the lactating dam
implicated in the regulation of maternal care (Champagne and
Meaney, 2006). In addition, prenatally stressed pups might also
elicit different maternal care, i.e., maternal licking (Moore and
Power, 1986a) and it appeared that the natural trend of foster

dams to lick more males than females was eliminated by prenatal
stress (Moore and Power, 1986D).

To increase the potential for translational studies from rodents
to humans and our understanding of the effects of pre- and
perinatal stress in human cohorts, the use of “purely”
psychological stressors appears to be more appropriate and
powerful. Several paradigms of early life adversity have a mixed
composition of psychological and physical stress. For instance,
maternal restraint stress in a plastic cylinder under strong light
has an obvious psychological component, but an increase in
body temperature and reduction in locomotion also constitutes a
physical stressor. Thus, the present study was designed to
examine a novel model of early perinatal maternal adversity on
maternal behavior and maternal glucocorticoid secretion using
repeated exposure to ecologically relevant psychological
stressors. We first tested whether maternal glucocorticoid
secretion following exposure to strobe light was altered during
gestation and lactation. Since blunted responses to stress in
pregnant and nursing females have been reported in the morning
(low basal plasma corticosterone levels), we tested whether
maternal responses to this stressor displayed a diurnal
component and could be enhanced in the afternoon at the time
of the diurnal peak of corticosterone secretion. In a second series
of experiments, we used repeated exposure to high foraging
demand and wet bedding as psychological stressors applied at
the time of high basal glucocorticoid secretion throughout
pregnancy and lactation. Forced foraging is known to impair
mother—infant interactions and adrenocortical activity in
nonhuman primate species (Rosenblum and Andrews, 1994)
and in rodents (Hennessy and Sharp, 1990). Similarly, housing
on soiled bedding is a powerful stressor that increases heart rate,
body temperature and locomotor activity (Harkin et al., 2002).
Using this stressor combination, we observed a significant effect
of this stressor on maternal behavior and on plasma glucocor-
ticoid concentrations in stressed mothers.

Materials and methods
Animals

Adult Sprague-Dawley virgin female (250 g) and male rats (275 g) were
purchased from C. River (St Constant, Quebec) and maintained in the Animal
Facility at the Douglas Hospital Research Center in controlled conditions of
light (lights on at 0800 h and off at 2000 h), temperature (18-25°C) and
humidity (25-40%) and with ad libitum access to food and water. Females were
group housed (2—3 per cage) during 2 weeks to synchronize their estrous cycle
prior to mating. After mating and the observation of sperm in vaginal smears
(gestational day 0), females were singly housed and the conditions of light were
changed according to the experiment (experiment 1: lights on between 0700 and
1900 h; experiment 2: lights off between 0800 h and 2000 h). Pregnant females
were randomly assigned to the control (C) and stress (S) groups. The day of birth
was considered as postnatal day (PND) 0 and on PND1 all litters were culled to
10 pups per mother. All procedures were approved by the Animal Care
Committee of McGill University and followed ethical guidelines from the
Canadian Council on Animal Care.

Repeated maternal stress during the gestation and lactation periods

As depicted in Fig. 1, pregnant and lactating females were subjected to
repeated stress on GD9, 12, 15, 19 and PND3, 8, 14 and 21. Mothers were left
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Fig. 1. Experimental design for repeated stress experiments. In experiment 1
(A), stressed females were exposed to 1 h of strobe light twice daily during the
light phase on gestation day (GD) 9, 12, 15, 19 and postnatal day (PND) 3, 8, 14,
21. Blood samples (¥ ) were taken before, during and after each stress exposure.
In experiment 2 (B), stressed females were exposed to 24 h of forced food
foraging followed by exposure to wet bedding for 10h during the dark phase on
GD8-9, 11-12, 14-15, 18-19 and PND2—-4, PND7-8, PND13-14, PND20-
21. Blood samples (¥ ) were taken 5 times in 34 h; before, during and after each
stress. In both experiments, control females were left undisturbed except for
blood sampling at the same time as stressed females.

undisturbed between days of stress exposure. Two different stress paradigms
were used.

Strobe light stress (experiment 1): On each of the stress days, pregnant and
lactating mothers were exposed to high intensity strobe light (white light, 5-7
flash/second; 10 W bulb) for 1 h in their home cage placed in an opaque box
lined with black felt. Stress was applied in the morning (between 0800 h and
0900 h) and in the afternoon (1630 h—1730 h). Control mothers were left
undisturbed in their home cage. For nursing mothers, pups from stressed
mothers were separated from their mother during stress light exposure and
maintained on a warming pad. Maternal blood samples were collected from the
tail vein by cutting the tip of the tail (approximately 1-2 mm) and collecting
blood drops. The tail was only cut once and blood samples were collected prior
to stress onset and at 30 min, 60 min and 2 h after the onset of stress. Control
mothers were not subjected to stress although blood from these animals was
collected at the same time points as for stressed mothers.

Forced foraging and wet bedding stress (experiment 2): Forced food
foraging was intermittently applied to pregnant and lactating mothers for 24-
h periods (Day 1) by mixing 125% of the food normally eaten by control
mothers at the same reproductive stage. This forced the mother to forage for food
without creating food deprivation during the critical periods of pup growth.
When applied in lactating mothers, food was available ad libitum for the
offspring in an area of the cage only accessible to the pups via a small hole in a
plexiglass partition placed in the cage. When partitions were placed after
parturition, the mother and her litter were housed in a larger cage in order to
maintain the original housing space for the mother. This stressor was followed
on day 2, by exposure to a wet bedding material for 10 h during the dark period
of the light—dark cycle (between 0900 h and 1900 h). The wet bedding
procedure was initiated by placing a slowly leaking water bottle over the top of
the cage. Mothers were kept on the wet bedding for 10 h, after which they were
placed on fresh bedding in clean cages.

Blood samples were collected from control and stressed mothers via the tail
vein tip, using a mild restraint procedure at various times prior to and during
exposure to these psychological stressors (see Fig. 1). Plasma was separated by
centrifugation and stored at —20°C prior to being assayed for corticosterone
concentrations.

Plasma corticosterone determination

Plasma corticosterone concentrations were assayed by specific radioimmu-
noassay (RIA) using a kit from ICN (Medicorp, Montreal, Canada) as previously
described (Deschamps et al., 2003). Briefly, 5 ul of plasma was incubated with
125]_corticosterone (8000 cpm) and a specific anti-corticosterone serum (ICN
kit). The free fraction was separated from the bound fraction by addition of an
excess charcoal buffer and centrifugation. The radioactivity contained in the
bound fraction was counted in a gamma counter. The limit of detection of the
assay was 0.2 pg/dl and the interassay and intra-assay variability was 12%, and
3%, respectively. All samples were assayed in duplicates.

Maternal behavior

In order to control for the effects of blood sampling on maternal behavior
and establish “normal” behavioral conditions as a reference point for both the
control and stress groups described above, we introduced an additional control
group of mothers which were left undisturbed and were not subjected to blood
sampling procedures (Cu). Mothers in the Cu group were only weighed at
regular time intervals throughout gestation and lactation.

Maternal behavior was observed on PND3—4 and on PND6—8 during either
a “rest” day (PND3 and 6) or a “stress” day (PND4 and 8). Each dam was
observed in her home cage for four 72-min observation periods per day
including three periods during the dark phase (0930 h, 1330 h and 1730 h) and
one period during the light phase (2100 h) of the light—dark cycle. Within each
observation period, the behavior of each dam was scored every 3 min (25
observations per period for 4 periods per day, i.e., 100 observations per mother
per day). Clusters of behaviors were divided into 3 categories, i.e., actions
directed towards the mother, towards the pups and actions aimed at building the
nest. Behaviors directed towards mothers consisted of self grooming (GS),
eating or drinking (E), wandering (W), and sleeping alone (WP, wander passive).
Behaviors directed towards the pups were active nursing (active arched back
nursing position, NA), passive nursing (blanket-like position, NP) and pup
grooming (GP) and retrieving. For each mother in each experimental group, the
overall frequency of behavioral occurrence was computed. Qualitative
assessment of behavioral changes was determined using higher occurrence of
specific behaviors over the observed days and depicted in a representative
analysis grid by color code (cf., legend of Fig. 7).

Statistical analysis

All results are presented as group means+SEM and the level of significance
was set at £<0.05. Hormonal results and behavioral data were evaluated by
ANOVA with or without repeated measures over time followed by post hoc
Newman—Keuls tests for further examination of group differences. One-way
ANOVA and Student’s two-tailed #-tests were performed when appropriate.

Results

Diurnal changes in maternal corticosterone response to strobe
light stress

Repeated 1-h strobe light exposure between GD9 and
PND21 did not affect maternal body weight gain during
gestation (1=0.76, P>0.05) or lactation (+=1.10, P>0.05) and
did not reduce litter size at birth (¢#=—0.61, P>0.05) (Table 1).
Moreover, repeated stress did not affect pup’s body weight at
PND1 (Control: 6.89+0.39 g; Stressed: 6.72+0.27 g, P>0.05)
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Table 1
Litter size at birth and maternal weight gain during gestation and lactation.
Experiment Group Maternal body weight Litter size
gain (g) at birth
Gestation Lactation
Experiment 1 Control ~ 94.00+10.81  33.00+9.24  13.50+0.65
(strobe light) (n=6)
Stressed  86.65+3.70 2225+5.77 14.30+1.02
(n=5)
Experiment 2 Control ~ 99.35+4.66 9.53+5.30 16.33+1.28
(forced foraging/  (n=06)
wet bedding) Stressed ~ 84.17+8.81 6.26+8.93 18.20+1.02
(n=5)

All values represent mean+SEM. For experiment 1, gestation is from
gestational day (GD) 0 to GD19 and lactation from postnatal day (PND) 1 to
PND21 while gestation is from GDO to GD18 and lactation from PND2 to
PND22 for experiment 2. Body weight on GDO was comparable between
mothers randomly attributed to control (C) and stressed (S) groups. Pup weight
at PNDO-1 at PND20-21 was comparable between C and S litters. All litters
were culled to 10 pups/mother on PNDI.

and at PND21 (Control: 49.24+2.91 g, Stressed: 42.14+1.81 g;
P>0.05). In addition, we determined that the repeated blood
sampling protocol did not affect basal corticosterone levels
measured within the first hour of lights off in control mothers
throughout gestation or lactation (except on PND13, Table 2).

Repeated 1-h strobe light exposure significantly increased
maternal corticosterone secretion compared to control mothers
in the afternoon, but only on PND3 (Fig. 2). Three-way
ANOVA with repeated measures over time and time of the day
(AM/PM) showed a significant main effect of time (GDI19:
F(3,24)=3.90 P<0.05; PND3: F(3,24)=6.00 P<0.01;
PNDS8: F(3,24)=7.86, P<0.01) as well as a significant
(P<0.01) AM/PM effect (F(1,8)=17.45; PND3: F(1,8)=
210.99, PNDS8: F(1,8)=72.89) at each of these ages. The
main effect of group (Control vs. Stress) was only significant
on PNDS8 (F(1,8=14.99, P<0.01). We observed a significant
time x AM/PM interaction at GD19 (F(3,24)=3.89 P<0.05)
and there was a significant increase in corticosterone secre-
tion in the afternoon compared with the morning (F(3,48)=
7.75 P<0.001), at 30 min (#(3,32)=14.56, P<0.01), 60 min
(F(3,32)=19.24, P<0.001) and 120 min F(3,24)=19.16,
P<0.001). On PND3, the ANOVA showed a three-way
interaction (group x time x AM/PM interaction: F(3,24)=4.68,
P<0.05). At this age, the corticosterone response was

Table 2

significantly higher in stressed mothers compared to control
mothers during the afternoon at 30 min (F(1,64)=13.01
P<0.001) and 120 min (F(1,64)=7.64 P<0.01). Moreover,
levels of corticosterone were significantly higher in the
afternoon than in the morning at all times in control and
stressed mothers (C: 0, 30, 60 min, P<0.001 and 120 min,
P<0.01 and S: 0 min, P<0.05 and 30, 60, 90 min, P<0.001).
On PNDS, we observed a significant group X time interaction
(F(3,24)=3.76 P<0.05), stressed mothers displayed an overall
higher corticosterone secretion (F(3,24)=10.75 P<0.001) at
30 min (£(1,32)=9.77, P>0.01), 60 min (F(1,32)=7.53,
P>0.01) and 120 min (F(1,32)=15.67, P>0.001).

Analysis of the area under the curve for the corticosterone
secretion following strobe light exposure (Fig. 3) showed a
significant effect of group (Control vs. Stressed: F(1,8)=11.13,
P<0.05) and time of day (AM vs. PM: F(1,8)=26.06,
P<0.001), but no effect of age. We observed an age x AM/PM
interaction (F(7,56)=2.38, P<0.01), and corticosterone secre-
tion in the PM was significantly higher than in the AM at GD15
(F(1,64)=9.02, P<0.01), at GD19 (F(1,64)=14.65, P<0.001),
at PND3 (F(1,64)=6.69, P<0.05) and PND8 (F(1,64)=5.62,
P<0.05). Although significant effects of stress could not be
demonstrated at specific ages using our three-way ANOVA
analysis, there was a trend for PM corticosterone secretion to be
higher in stressed mothers compared to control mothers on GD9,
GD19 as well as all postpartum ages. When the magnitude of the
response to strobe light was determined in virgin females, we
observed a large corticosterone AUC due to the blood
sampling and strobe light exposure (AUC CORT: AM=3954+
576 pl/dlx 120 min, n=6; PM=2488+754 pl/dlx 120 min). In
the AM, corticosterone secretion to strobe light in virgin
females was higher than that observed in pregnant and lactating
mothers. In the PM, the corticosterone response to strobe light
in lactating females was comparable or higher than that of
virgin females.

Effect of forced foraging and wet bedding stress on maternal
plasma corticosterone secretion throughout gestation and
lactation

Repeated forced foraging followed by wet bedding starting
during the second week of gestation until weaning did not
affect maternal body weight gain during gestation (#=1.98
P>0.05) or lactation (#=0.36, P>0.05) or the number of pups

Basal plasma corticosterone levels in mothers as a function of gestation and lactation age

Group Maternal basal corticosterone levels (ug/dl)

Gestation Lactation

GDS8 GDI11 GD14 GDI8 PND2 PND7 PNDI13 PND20
Control sampled (n=6) 1430+3.00  32.56+6.80  34.7 £4.05 83.27+6.11 51.53£13.50  33.25+£5.00  36.77+4.32 31.67+4.05
Control Undisturbed (n=4) 17.98£2.80  ND 32.26+£2.40 ND 26.22+5.03 28.15+£4.64  23.01+£2.41*%*  28.73+3.83

Blood samples were collected 1 h after lights out at 0900 h in control mothers subjected to the repeated blood sampling paradigm as for stressed mothers (Control
sampled) and in control mothers left undisturbed except for blood sampling at the specific ages when corticosterone levels were measured (Control undisturbed). ND:

not determined. Values are group means+SEM.
* P<0.05 compared to Control sampled group (Student #-test).
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Fig. 2. Diurnal variations in the time course of plasma corticosterone concentrations in response to repeated 1-h strobe light with blood sampling (Stressed mothers, S,
n=06) or blood sampling alone (Control mothers, C, n=4) on GD19, PND3 and PNDS. Values are presented as means+SEM. *P<0.05; **P<0.01; ***P<0.001 S-

PM vs. C-PM.

per litter (r=—1.07, P>0.05) (Table 1). Pup body weight at
birth (Control: 6.28+0.14 g, Stress: 5.88+0.14 g; P>0.05) or
PND20 (50.96+3.98 g, Stress: 48.68+£2.66 g, P>0.05) was
not altered by the psychological stress regimen.

The corticosterone response to the stress of forced foraging
(Fig. 4) was expressed as the difference between corticosterone
levels at basal time (0 min; 0900 h; dark phase) and 2 h after the
onset of foraging (2 h; 1100 h, dark phase). Because forced
foraging was initiated at the beginning of the dark phase, we
expected that corticosterone levels in control animals would
decrease between the 0-min and 2-h time point (thus a negative
delta) due to normal diurnal variations in corticosterone
secretion. On GD18-19, the delta corticosterone secretion
was mostly negative in control mothers, while earlier, on
GDI11-12 and GD14-15, there was no apparent circadian
change in controls. On GD8-9, the positive delta in control
mothers might reflect the stress due to the first episode of blood
sampling alone. Forced foraging during gestation tended to
increase corticosterone secretion in stressed compared to
control mothers (positive deltas against the normal circadian
decrease) on GD8-9, GD11-12 and GD14-15, although the
increase did not reach statistical significance at any of those
ages. On GD18-19, there was a large drop in corticosterone
secretion in control mothers, due to large circulating value of

Fig. 3. Total maternal corticosterone secretion (area under the curve over
120 min) in response to repeated 1-h strobe light exposure with blood sampling
(Stressed mothers, S, n=6) or blood samplings alone (Control mothers, C,
n=4) in the morning and in the afternoon. Responses are measured during
gestation on GD9, 12, 15, 19 and lactation on PND3, 8, 14, and 21 during the
light phase. Values are presented as means+SEM.

corticosterone at 0 min (C=83.27+6.11 pg/dl and S=75.64+
12.96 pg/dl), but no response to forced foraging stress. During
lactation, we observed a significant response to this stressor
only on PND7-8 (¢=3.58, P<0.01).

Similar to foraging stress, the corticosterone response to wet
bedding (Fig. 5) was expressed as the difference between
corticosterone levels at time 0 min (0900 h; dark phase, after
24 h of foraging stress) and 1.5 h after the onset of wet bedding
(1030 h, dark phase). Because wet bedding was initiated at the
beginning of the dark phase, we expected that corticosterone
levels in control animals would decrease between the 0-min and
1.5-h time point (thus a negative delta) due to normal diurnal
variations in corticosterone secretion. Indeed, this was observed
for all ages starting on GD14—15. Although wet bedding was
previously reported to cause dramatic cardiovascular responses
in male rats (Harkin et al., 2002), this stressor did not
significantly influence corticosterone responses in females
either during gestation or lactation (Fig. 5). In virgin females,
we observed a small, but not significant increase in corticoste-
rone secretion in response to wet bedding (C: 5.45+9.67 pg/dl,
n=6, S: 21.39+7.98 pg/dl, n=6; P>0.05).

Effect of repeated psychological stressors on maternal
behavior

For evaluation of maternal behavior, we compared C and S

@
g - 80007 Tmpm mothers to an additional group of control unhandled mothers
?,HE eo0o] L2AM (Cu), which were not disturbed for blood sampling or stress.
ol Behavior was evaluated on both resting days (between stressor
-3 4000+ exposure, PND3 and 6) and days of stress exposure (PND4 and
o _g . 8). The repeated combination of forced foraging and wet
8 = @%% bedding stress did not significantly affect maternal behavior on
2 0 s K = days of rest (PND3 and 6) during the dark (0900 h—1012 h) and

c s|C s cC s|C s light (2100 h—2212 h) phases of the cycle (Fig. 6). In contrast to

GD9 | GD12 | GD15 | GD19 | PND3 | PND8 |PND14|PND21 resting days, maternal behavior was disturbed during the days of

wet bedding (PND4 and 8) during the dark and light phases of
the cycle. At PND4, during the exposure to wet bedding (dark
phase), stressed mothers displayed a significant reduction in the
frequency of active nursing compared to control mothers
(group x behavior effect, F(4,60)=3.30, P<0.05, post hoc NK,
P<0.01). No further changes in active nursing were noted
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Fig. 4. Changes in plasma corticosterone concentration with forced foraging and blood sampling (Stressed mothers, S, n=5) or blood samplings alone (Control
mothers, C, n=6). Maternal corticosterone responses are represented at specific times during gestation (GD8-19) and lactation (PND2 through 21) by the delta
between plasma CORT levels at 9 h and 11 h during the dark phase. Values are presented as means=SEM. ** P<0.01; *P<0.05 stressed vs. control mothers.

during the light phase at this age. Exposure to wet bedding
during the dark phase on PNDS8, did not modify the frequency
of active nursing in stressed mothers as on PND4, but
significantly increased the frequency of pup grooming com-
pared to control mothers (C and Cu; group xbehavior
interaction, F(4,72)=4.06, P<0.01, post hoc NK, P<0.05). In
the light phase, however, active nursing was again significantly
increased in stressed mothers compared to both control groups
(group x behavior effect, F(4,72)=2.94, P<0.05, post hoc NK,
P<0.05).

Qualitative analysis of maternal behavior over the 3-min bins
of the entire observation period revealed other differences
induced by stress (Fig. 7). In this figure, each square represents
the dominant behavior observed for all females in one treatment
group and color codes discriminate between behaviors directed
towards pups and those directed towards mothers. This
representation provides a visual and qualitative analysis of the
behavioral measures averaged in Fig. 6. On PND3, which is a
rest day, stressed mothers tended to exhibit more frequent
behaviors directed towards themselves compared to C and Cu
mothers during the light phase (more grey colors compared to
yellow). In the dark phase, all mothers exhibited more behaviors
directed towards self than their pups. During the exposure to
wet bedding (dark phase), stressed mothers on PND4 spent very

little time caring for their pups. Their time was mainly devoted
to nest building and retrieving pups into the nest, whether they
were burying the pups in the wet bedding or transferring the
pups to a part of the cage that was cleaned of bedding. On
PND8, however, stressed mothers spent more time grooming
their pups during wet bedding exposure and as a consequence,
exhibited less frequent behaviors directed towards themselves
compared to C and Cu mothers. Finally, after termination of
exposure to wet bedding (light phase), stressed mothers on
PNDS spent almost all their time nursing their pups, contrary to
C and Cu mothers on PNDS8 that spent time caring for
themselves.

Discussion

The aims of the present study were to determine whether
repeated psychological stress throughout gestation and lactation
would lead to robust and steady corticosterone responses and be
associated with significant behavioral changes in mothers.
Since stress hyporesponsiveness is documented in late pregnant
(Johnstone et al., 2000; Douglas et al., 2003; Neumann et al.,
1998) and lactating (Lightman, 1992; Walker et al., 2001) rats,
we tested mothers both outside (GD8-15) and inside the
“hyporesponsive” period (GD18-lactation, PND14). The first
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Fig. 5. Lack of acute corticosterone secretion to wet bedding and blood sampling in stressed mothers (S, n=5) compared to control mothers (C, n=6) subjected to
blood sampling alone. Maternal corticosterone secretion is represented at specific times during gestation (GD8-19) and lactation (PND2 through 21) by the delta
between plasma CORT levels at 9 h and 1030 h during the dark phase. Note that wet bedding stress was applied immediately after 24 h of forced food foraging

(Stressed mothers) or blood sampling alone (Control mothers).

set of results provided evidence that repeated strobe light
exposure in the AM and the PM increased maternal corticoste-
rone responses in the afternoon even when animals were tested
during the hyporesponsive period of lactation. During
gestation, there was a trend for stressed mothers to display
increased corticosterone secretion compared to control mothers
in the PM, although this increase did not reach statistical
significance. Our second experiment showed that the combina-
tion of repeated forced foraging and wet bedding did not alter
corticosterone secretion in pregnant rats and caused a small
response only on days 7—8 of lactation. However, this stressor
induced significant changes in maternal behavior during the first
8 days of lactation.

In contrast to several models of maternal adversity using a
variety and/or combination of physical and psychological
stressors that often lead to reduced birth weight in the
offspring, we chose to determine maternal corticosterone
responses to exclusively psychological stressors applied
during the prenatal and postnatal periods. These included
exposure to strobe light or to a combination of forced foraging
and wet bedding stress. Repeated exposure to these stressors
did not cause any significant changes in maternal weight gain,
litter size or offspring’s weight at birth. In our first
experiment, repeated 1-h strobe light exposure, a purely
psychological stressor induced significant corticosterone

responses in lactating rats (PND3) in the afternoon without
affecting maternal corticosterone secretion when the stressor
was presented in the morning. During, gestation, stressed
mothers tended to display higher corticosterone secretion than
control mothers in the PM although the difference in secretion
was not significant. This is an interesting observation given
that the late gestation and lactation periods in the rat have
been associated with blunted HPA axis responses to a variety
of stressors (Lightman, 1992; Neumann et al., 1998; Toufexis
et al., 1999; Douglas et al., 2005, for review see Douglas,
2005 and Tu et al., 2005). However, most of the data reported
in the literature have been obtained from pregnant or lactating
animals exposed to stress in the morning as this time of day is
associated with higher stress responsiveness when the HPA
axis activity is at its lowest (Bradbury et al., 1991). Significant
corticosterone responsiveness to stress at the time of the
diurnal peak of corticosterone might be related to a greater
CNS drive to the hypothalamic PVN that overrides blunted
neuronal responses observed in lactating females in the
morning (Da Costa et al., 1996, 1997; Abbud et al., 1994).
Unfortunately, as our blood collection protocol did not allow
for the determination of plasma ACTH responses, we cannot
at present be certain that the hypothalamus—pituitary unit
remains fully responsive to stress in lactation. Alternatively,
increased corticosterone secretion after stress in the PM might
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experiment 2) on maternal behavior on PND3—4 and 6—8. Frequency of active nursing, passive nursing and grooming of the pups was calculated over a period of
72 min in observation bins of 3 min during the dark (top) or light (bottom) phase of the cycle. Maternal behavior was observed either during rest periods (in between
days of exposure to stress, left panels) or during periods of wet bedding stress (right panels). Note that wet bedding occurred during the dark phase (top, right panel).
An additional control undisturbed group (Cu) was added to determine whether blood sampling alone (C) modified maternal behavior. Values are presented as means
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be due to increased adrenal sensitivity to ACTH in lactating
females compared to earlier in gestation. This might be
possible for females during late pregnancy where the increase
in corticosterone secretion under basal conditions was shown
to be dissociated from significant increases in plasma ACTH
secretion (Atkinson and Waddell, 1995). However, in an
earlier report (Walker et al., 1992), we showed that the adrenal
sensitivity of mothers on day 10 of lactation was not
significantly different from that of virgin females in the AM
or in the PM, suggesting that important changes in adrenal
sensitivity might not be a primary factor mediating increased
stress responses, at least during the lactation period. A third
mechanism that could explain the increased PM response to
strobe light in animals that had been exposed in the AM to the
same stressor might be a facilitation of PM responses by the
previous AM stress. Such a facilitatory trace has been
demonstrated to occur in male rats for at least 12 h and
cause elevated ACTH responses to the diurnal input at lights
off (Akana et al., 1992). It is therefore interesting to speculate
that facilitation of corticosterone responses to a second
exposure to stress by a prior stress remains present at least
during the lactation period. Further experiments will need to
address this issue.

In our second experiment, we used two psychological
stressors with ecological relevance such as forced foraging for
food and exposure to wet bedding. Based on our previous
results with the strobe light, and because these stressors might

be more disruptive during the active phase of the diurnal
cycle, we exposed mothers to the combination of stressors
during the dark period of the cycle. We hypothesized that
exposure to 24-h high foraging demand followed by 10-h wet
bedding at the time of high basal glucocorticoid secretion
would induce a significant corticosterone response in mothers
as for strobe light exposure. Indeed, strobe lighting is known
to be a milder stress than soiled bedding that directly
influences the home cage environment (Harkin et al., 2002).
Moreover, forced foraging is also a powerful stressor that
affects the rearing environment by increasing the number of
maternal separation episodes due to the effort required to
obtain food (Lyons et al., 1998; Champoux et al., 2001).
Surprisingly, the impact of these two stressors on maternal
corticosterone secretion was mild and varied as a function of
the stressor. Whereas forced foraging only increased cortico-
sterone secretion on PND7-8, wet bedding failed to elicit a
corticosterone response at any age studied. Maternal and pup
weight were not affected indicating that the amount of food
scattering was sufficient to avoid caloric restriction that could
in itself activate the HPA axis. Stressful foraging demand was
used in earlier studies in guinea pigs and squirrel monkeys
(Hennessy and Sharp, 1990; Lyons et al., 1998; Coplan et al.,
2005; Champoux et al., 2001) and for nonhuman primates, a
robust rise in glucocorticoid secretion and an elevation of
CSF CRF were observed. In rodents, few studies have used
this paradigm and none has done so during lactation.
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Although increased maternal separation episodes induced by
this stressor are clearly stressful for the rat offspring (Francis
and Meaney, 1999; Meaney, 2001), our data demonstrate that
forced foraging does not constitute a stressor for the mother
(except at one time point). It is possible that the lack of
significant responses to this manipulation might be related to
habituation or to a relative tolerance to the disruption of
contact with the litter.

Wet bedding exposure did not induce a significant
corticosterone response at any of the ages tested. Soiled or
wet bedding is currently used in models of chronic mild stress
in association with other stressors to induce depression-like
symptoms in rats (Willner et al., 1987, for review see Willner,
2005; Moreau et al., 1992). However, few studies have used
wet or soiled bedding as an individual stressor. In one of
these studies, Harkin et al. (2002) have shown that wet
bedding is a powerful stressor that elicits large changes in
heart rate, body temperature and activity in male rats during
almost the entire duration of the stressor. We also observed
that wet bedding induced a small corticosterone response in
virgin females. In our study, wet bedding was applied after
24-h forced foraging and therefore, the HPA axis might not
have returned to a “basal” state at the onset of wet bedding,
masking a potential adrenocortical response to wet bedding. If
this hypothesis were correct, then blood levels of corticoste-

rone at the onset of wet bedding (0900 h) should be higher
than those measured 24 h earlier at the onset of forced
foraging. When this comparison was performed, no signifi-
cant increases in “basal” corticosterone concentrations were
found at any age studied (data not shown). Alternatively, we
suggest that the ability of the mother to cope behaviorally
with the stressor might be greater than that of males, at least
during the lactation period. As shown with our behavioral
observations, wet bedding exposed the pups to cold
temperature and triggered specific behaviors in the mother
that aimed at regulating the temperature of her offspring.
Indeed, the changes in maternal behavior that we observed in
our experiments were a consequence of trying to overcome
the wet bedding situation and included two main strategies:
mothers either tried to bury their pups in the wet sawdust or
retrieved them all and attempted to nurse them in a place
cleared of any soiled bedding material. During the first
exposure of the nursing mother to wet bedding on PND4,
mothers spent significantly less time nursing their pups, but
seemed to increase the huddling behavior by spending more
time to build the nest (Fig. 7). On PND8, mothers coped with
the decreased temperature by spending more time in the nest
licking and grooming their pups, in order to remove the wet
bedding from their offspring. Maternal behavior remained
affected by wet bedding after termination of the stressor
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during the light phase of the cycle on PNDS. At this time,
stressed mothers continued to spend more time with their
pups, but in active nursing whereas control mothers were off
the nest more often. It is well established that natural
variations in maternal care can program the HPA axis of the
rat offspring (Ladd et al., 2000; Liu et al., 1997; Fish et al.,
2004), thus suggesting that alterations of maternal behavior
such as those induced by wet bedding might have
consequences on the HPA axis of the offspring later in life.
The extent of changes in maternal behavior during forced
foraging was not determined in our experiments. However,
we observed that mothers spent less time with their pups
during the light phase at PND3, the day after forced foraging
exposure. This alteration in maternal behavior could be a
consequence of the 24 h of previous foraging stress. Finally,
it might be important to note that even if blood sampling is
considered as a stressful procedure, there are no differences in
maternal behavior between control and control undisturbed
mothers, suggesting that alterations in maternal behavior are
induced mainly by exposure to the combination of forced
foraging and wet bedding.

In conclusion, our studies demonstrate that lactating
females can mount a significant corticosterone response to
the repeated application of strobe light. The response is
observed specifically in the PM, at the time of the diurnal peak
in endogenous glucocorticoid production but not consistently
in the AM. A similar trend is observed during late gestation
although significant level of responses was not reached at that
stage. This suggests that the known stress hyporesponsiveness
of lactation might be dependent upon the diurnal state of HPA
axis activation and/or be modified by stress-induced facilita-
tion in cases of repeated exposure to stressors within a short
time period. Other psychological stressors such as forced
foraging and wet bedding induced no significant corticoste-
rone responses in the dark phase of the diurnal cycle, but had
a major impact on maternal behavior towards the pups. Our
results demonstrate that while repeated strobe light exposure
might trigger neuroendocrine changes in mothers, the
combination of forced foraging and wet bedding throughout
gestation and lactation might provide a model of adversity that
disturbs maternal behavior without significantly activating
corticosterone secretion. This model has the advantage of
including primarily psychological stressors, thus mimicking
somewhat situations of maternal adversity in humans.
Contrary to several other models of maternal adversity, our
combination of stressors does not lead to significant metabolic
consequences in the mother or offspring at birth, thus allowing
to dissociate the neuroendocrine and behavioral effects from
those usually associated with restricted intra-uterine growth.
The long-term consequences of this regimen of maternal
adversity on cognitive, behavioral and neuroendocrine devel-
opment in offspring remain to be determined.
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