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Early-life stress can induce marked behavioral and physiological impairments in adulthood
including cognitive deficits, depression, anxiety, and gastrointestinal dysfunction. Although
robust rat models of early-life stress exist there are few established effective paradigms in the
mouse. Genetic background and protocol parameters used are two critical variables in such model
development.Thus we investigated the impact of two different early-life stress protocols in two
commonly used inbred mouse strains. C57BL/6 and innately anxious BALB/c male mice were
maternally deprived 3 h daily, either from postnatal day 1 to 14 (protocol 1) or 6 to 10 (protocol
2). Animals were assessed in adulthood for cognitive performance (spontaneous alternation
behavior test), anxiety [open-field, light/dark box (L/DB), and elevated plus maze (EPM) tests],
and depression-related behaviors (forced swim test) in addition to stress-sensitive physiological
changes. Overall, the results showed that early-life stressed mice from both strains displayed
good cognitive ability and no elevations in anxiety. However, paradoxical changes occurred in
C57BL/6 mice as the longer protocol (protocol 1) decreased anxiety in the L/DB and increased
exploration in the EPM. In BALB/c mice there were also limited effects of maternal separation
with both separation protocols inducing reductions in stress-induced defecation and protocol
1 reducing the colon length. These data suggest that, independent of stress duration, mice
from both strains were on the whole resilient to the maladaptive effects of early-life stress.
Thus maternal separation models of brain—gut axis dysfunction should rely on either different

stressor protocols or other strains of mice.
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INTRODUCTION

Early-life stress has been implicated in the development of long-
lasting behavioral and physiological alterations such as anxiety,
depression, and cognitive impairments in adulthood (Carpenter
et al., 2007; Drake et al., 2007; Lazinski et al., 2008; Wachs, 2009;
Dinan et al., 2010). Notably, a link has been established between
early-life trauma and the development of irritable bowel syndrome
(IBS), a common and debilitating functional gastrointestinal (GI)
disorder which is highly co-morbid with psychiatric diseases (Bair
et al., 2003; Mertz, 2003; Dinan, 2005; North et al., 2007; Wood,
2007; Eriksson et al., 2008; O’Mahony et al., 2009). However, inde-
pendent of the intensity or nature of the event, some people are
naturally resistant to stressful events, suggesting that both genetic
and environmental factors play a key role in the modulation of
the stress response and susceptibility (Charney and Manji, 2004;
Levine, 2005; Wurtman, 2005; Hotoleanu et al., 2008). Yet, the exact
mechanisms underlying the likelihood to develop stress-related
disorders remain poorly understood (Krishnan and Nestler, 2008;
Mayer et al., 2008; McKernan et al., 2009).

Animal models of psychiatric diseases have considerably con-
tributed to our understanding of stress-induced psychopathologies
over the past decades (Cryan and Holmes, 2005; Anisman et al.,
2008; O’Mahony et al., 2011). One well-established model in rats is

the maternal separation (MS) paradigm, for which rodent pups are
separated each day from their mother for varying lengths of time
during the postnatal period (Ladd et al., 2004; Veenema et al., 2006;
Weaver et al., 2007; Schmidt et al., 2011). MS has been reported to
induce long-lasting behavioral and physiological changes that can
persist into adulthood (Pryce et al., 2005; Macri and Wurbel, 2006;
O’Mahony et al., 2009; O’Malley et al., 2010; Uhelski and Fuchs,
2010). Most of these MS protocols have produced reproducible
results in rats, however, attempts to replicate these findings in the
mouse have been less than successful, notably due to the difficulty
to induce consistent and robust behavioral alterations measurable
in adulthood (Millstein and Holmes, 2007; O’Mahony et al.,2011).
Given the importance of mice in behavioral genetics research there
is a clear need to develop robust mouse models of MS (Jacobson
and Cryan, 2007).

Maternal separation effects on anxiety behavior in adulthood
are commonly assessed with widely used tasks such as the light/
dark box (L/DB), the open-field (OF), or the elevated plus maze
(EPM) for anxiety (Romeo et al., 2003; Cryan and Holmes, 2005;
Millstein and Holmes, 2007). With regard to depression, tasks
that are shown to be sensitive to the behavioral effects of anti-
depressants such as the forced swim test (FST) are widely used
(Cryan et al., 2005). It should be acknowledged that whilst such
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tasks are robust behavioral screening paradigms, they have lim-
ited face, and construct validity as models of the disease per se
(Jacobson and Cryan, 2007; Pryce and Seifritz, 2011). Nonetheless,
increases in immobility in the FST have been shown to be sensi-
tive to various factors that influence or are altered by depression
in humans, including genetic predisposition, previous exposure
to stress, changes in food intake, alterations in sleep architecture,
and drug-withdrawal-induced anhedonia and psychostimulant
withdrawal (Cryan and Holmes, 2005).

Choice of separation protocol is one of the main variables in
developing rodent models of early-life stress. Increasing evidence
suggests that specific durations of MS or genetic background may
impact the development of susceptibility to MS-induced changes
in adulthood in mice (Millstein and Holmes, 2007; O’Mahony
etal.,2011; Schmidt et al., 2011). Thus it has been demonstrated
that chronic daily separation of at least 180 min, from postnatal
day (P) 0 to 14 impacts on anxiety, as assessed by the OF and
EPM (Romeo et al., 2003; Millstein and Holmes, 2007). On the
other hand, MacQueen et al. (2003) have demonstrated a longer
chronic separation period from P4 to P21 increased immobility
in the FST in C57BL/6 mice. Moreover, higher exploration in
the EPM has also been reported in CD-1 mice using a P2—P14
separation protocol (Venerosi et al., 2003), while no change was
found in male C57BL/6NCrIBR in anxiety-related behavior fol-
lowing a 180-min chronic separation from P0 to P9 (Parfitt et al.,
2004). Further, chronic 15-min separation for instance from P1
to 14, is reported to yield opposite effects on emotion-related
behaviors in both NMRI and outbred albino mice, showing no
change or a decrease in anxiety (Cabib et al., 1993; Moles et al.,
2004). These shorter separation periods may imitate the natural
rearing situation for the rats, where the mother leaves her pups
for short periods to gather food (Oreland et al., 2009). Therefore
this paradigm may not be useful for the study of disorders that
are induced by early-life stress such as IBS. Regarding gender,
overall, male mice appear to be more affected by MS than female
(Millstein and Holmes, 2007).

In the present study we sought to behaviorally validate a robust
mouse model of early-life stress for assessing psychiatric and
brain—gut axis dysfunction. Thus we assessed the behavioral and
physiological impact of two different MS paradigms differing both
in the time of initiation of the separation procedure and in their
length in term of days of separation, in two inbred mouse strains
which differ in their stress susceptibility, the innately anxious
BALB/c, and the commonly used C57BL/6 strain (Belzung and
Griebel, 2001; Jacobson and Cryan, 2007; Millstein and Holmes,
2007). Indeed, BALB/c mice have been proposed to be a model
of pathological anxiety (Belzung and Griebel, 2001) and have
been shown to display higher anxiety levels than C57BL/6 mice
(O’Mahony et al., 2010). Therefore, we expected BALB/c mice
to be more sensitive to early-life stress than C57BL/6 animals.
The differences between the two protocols we used lied on the
fact that BALB/c mothers are known to display less maternal
care toward their pups than C57BL/6 mothers (Romeo et al,,
2003; Priebe et al., 2005) and short daily 15-min (“handling”)
MS induces mothers to compensate on maternal care levels to
their pups at reunion, that may result in lower anxiety behavior
in adulthood (Millstein and Holmes, 2007; Schmidt et al., 2011).

Therefore, our hypothesis was that a 3-h, rather than 15-min,
daily separation, would be more likely to induce stress at an adult
stage (Veenema et al., 2007), in both strains, but also more spe-
cifically so in BALB/c mice. Also, as the mother—pup dyad may
acclimatize to daily separations for a protocol starting at P1 and
induce mothers to overcompensate for separation, we compared
a long separation protocol from P1 to 14 (Veenema et al., 2007)
with a shorter separation protocol from P6 to 10 (Groer et al.,
2002), assuming that the second protocol would be more likely
to disturb mother—pup interactions and induce stress than the
longer protocol.

MATERIALS AND METHODS

ANIMALS

Atotal of 15maleand 15 female BALB/cOlaHsd and C57BL/60laHsd
mice, 7 weeks old, were purchased from Harlan UK Laboratories.
Mice were allowed to habituate for 10 days to the animal facility
prior to mating. Each male was housed with one female, maintained
in standard plastic mouse cages (22 cm X 16 cm X 14 cm) and kept
under standard housing conditions (room temperature 22 * 1°C,
55+ 5% humidity, fed ad libitum), in a 12-h light/dark cycle (lights
on7a.m.to 7 p.m.). Males were removed from the dam at gestation-
day 15 to habituate females to single-housing before giving birth.
Following weaning, at P21, the female pups were culled and males
were used for behavioral analysis in adulthood. This was done so
as not to add extra stress to the mothers during the separation
period. Offspring were group-housed two to four per cage. Mice
underwent behavioral procedures at adult stage, 8 weeks of age.
All experiments were conducted in accordance with the European
Directive 86/609/EEC, the Recommendation 2007/526/65/EC and
approved by the Animal Experimentation Ethics Committee of
University College Cork.

MATERNAL SEPARATION PROCEDURE

Litters were randomly assigned to control or stress groups at birth.
Mouse pups underwent two distinct procedures of daily 180-min
separation (see Figure 1). Protocol 1 pups were separated from the
mother from P1 to P14 (long protocol) whereas protocol 2 pups
were separated from P6 to 10 (short protocol). Control group was
left undisturbed in their home cage during the separations experi-
ments (“animal-facility-reared group, AFR”) except for routine
cage changes.

Experiments were conducted during the light phase between 9
and 12 a.m. All litters were brought from the breeding room into
a different experimental room. Pups were individually separated
without bedding and placed in an open plastic container with a
heating blanket underneath. This type of isolation separation has
been suggested to increase stress severity (Anisman et al., 1998;
Millstein and Holmes, 2007). Mothers were then removed from
the experimental room to avoid ultrasound communication with
the pups. After the 3-h-separation, pups were returned to their
mothers. Control pups were also moved to experimental room but
remained undisturbed with their mother, without handling as daily
and brief handling may decrease anxiety behavior at adult stage
(Cabib et al., 1993; Parfitt et al., 2004). Following MS procedure,
pups remained undisturbed until weaning at P21. Maternal care
was not assessed in this study, as it is already extensively described in
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FIGURE 1 | Representation of the experimental design of early-life stress
procedure. C57BL/6 and BALB/c mice pups were separated from their
mother for a long (protocol 1, P1-14) or short (protocol 2, P6-10) period, while
control animals were left undisturbed, except for routine cages changes
("animal-facility-reared, AFR"); all pups then remained undisturbed until
weaning and underwent a battery of behavioral testing for cognition, anxiety
and depression-like behaviors at adulthood (8 weeks old). Animals were
sacrificed at 13 weeks old. Mice weight was monitored from weaning on till
the end of experiments.

literature for these mouse strains (Anisman et al., 1998; Calatayud
and Belzung, 2001; Caldji et al., 2004; Priebe et al., 2005; Millstein
and Holmes, 2007). Experimental groups were generated from at
least four different litters.

EXPERIMENTAL DESIGN

At adulthood (8 weeks old), mice underwent a battery of behavio-
ral tests (Figure 1) over a period of 5 weeks. Each behavioral test
was conducted 1 week apart and was conducted in sequence from
the least to the most stressful test (Crawley, 2008). Mice were also
weighed weekly at this time. At 13 weeks old, animals were sacrificed
by cervical dislocation and samples collected.

BEHAVIORAL TESTING

Conditions common to all tests

Lighting conditions were similar for all experiments, with room
lighting (100 lux at 1 m above floor), except for the EPM which
was conducted in dim light (20 £ 2 lux). For all procedures,
animals were brought to the room at least 1 h prior to testing.
Animals of the same litter were tested one at a time. An effect
of group order on behavioral outcome within litter was consid-
ered, which may occur in studies with group-housed animals
(Millstein and Holmes, 2007; Veenema et al., 2007); however,
to counterbalance this effect, animals of all groups were tested
in a random fashion and under the same conditions (Millstein
and Holmes, 2007). All experiments were conducted between
9 a.m. and 2 p.m. All apparatus were cleaned between animals
with 70% ethanol to remove odors. The order of testing was
random regarding litters and groups, with an experimenter blind
to conditions. Pups tested in behavioral tasks were from at least
three different litters for each group, with each of them hav-
ing equivalent and counterbalanced litter size. As a result, mean
values were calculated from all pups irrespective of litters. For
C57BL/6 control group n = 14, protocol 1 n = 19, protocol 2
n=11; BALB/c control group n = 13, protocol 1 n= 11, protocol
2n=13.

Spontaneous alternation behavior

At 8 weeks old, mice were tested in the spontaneous alternation
behavior (SAB) test, which assesses working memory (Lalonde,
2002). The task was carried out as described previously (Jacobson
etal., 2007b). The maze consisted of a black plastic 3-arm Y-maze
(15cm x5 cm X 10 cm, Lx Wx H). Mice were individually placed
in one of the 3 arms and allowed 5-min free exploration. The
sequence of visited arms was noted. At the end of the trial, mice
were placed back in their home cage with littermates. The two main
parameters measured were the number of entries as an index of
locomotor activity and the percentage alternation as a measure of
working memory.

Open-field

At 9 weeks old, mice were tested in the OF for anxiety-related behav-
ior. The apparatus was a gray plastic open arena without any bed-
ding (40 cm X 30 cm X 25 cm, Lx W H). Mice were allowed 10-min
free exploration in the box, behavior was recorded using a video
camera and the number of fecal pellets in the arena was counted as
an index of anxiety (Barone et al., 2008). For data analysis, the arena
was divided into 16 equal areas with the 4 central ones constituting
the central zone. The percentage of time spent in the center was
considered an inverse score for anxiety-like behavior, the number
of squares crossed was counted as an index of locomotor activity,
and rearing numbers were assessed for stereotypic behavior. To
assess if differences between groups became apparent over time
(van Heerden et al., 2010), data were also analyzed across two dif-
ferent time-periods: the first and last 5-min block. At the end of
the trial, mice were placed back in their home cage with littermates.

Light/dark box

At 10 weeks old, mice were tested in the L/DB test for anxiety as
previously described (O’Mahony et al., 2010). The apparatus was
a plexiglas enclosure (44 cm X 21 cm X 21 cm, L X WX H) sepa-
rated into two compartments, a large and brightly lit open area
(transparent), and a smaller, dark close and safe part (14 cm long),
comprising a small opening (10 cm X 5 cm) to allow transitions
between the two parts. Mice were individually placed into the light
part, and allowed 10-min free exploration. The number of transi-
tions between the two parts, latency to enter the dark part and the
time spent in the light part were manually scored post test using
the recorded videos. At the end of the trial, mice were placed back
into their home cage with littermates.

Elevated plus maze

At 11 weeks old, mice were tested in the EPM test of anxiety which
was carried out essentially as described previously (Jacobson et al.,
2007a). The apparatus was made of an elevated cross plastic maze
(1 m from the floor), comprising two open and two closed arms
(50 cm % 5 cm X 15 cm walls), respectively constituting the fearful
and safe areas. Mice were individually placed into the center of the
maze facing an open arm to avoid direct entrance into a closed
arm and leave the mice free choice for open or close arm and were
allowed 5-min free exploration. The time spent in each arm, and the
number of entries, were scored (entrance in one arm being defined
as all four paws inside the arm). At the end of the trial, mice were
placed back into their home cage with littermates.
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Forced swim test

At 12 weeks old, depression-like behavior in the FST was assessed
as previously described (Cryan et al.,2001). Mice were individually
placed in a transparent plexiglas cylinder (24 cm height x 21 cm
diameter), containing 15 cm-depth water maintained at room tem-
perature (22 £ 1°C) for a single 6-min trial. Water was changed
between each mouse. The latency to immobility was monitored and
the last 4 min were scored for the total time of immobility (Cryan
etal.,2002; Jacobson and Cryan, 2007). Immobility was defined as
the total absence of movement except slight motions to maintain
the head above the water. At the end of the trial, mice were dried
and placed back into their home cage with littermates.

TISSUE HARVESTING

Mice were sacrificed by cervical dislocation and decapitated at
13 weeks old; all sampling occurred between 8:30 a.m. and 1:00 p.m.
The colon was removed, mechanically cleaned and its length was
measured (0.1 cm precision) as an index of colonic inflammation, as
colon length reductions have been associated with the occurrence of
an inflammatory process (Reber et al., 2006). Body weight evolution
from weaning on, thymus and spleen weight were also investigated
as chronic social stress is often associated with body weight change,
thymus hypotrophy, and splenomegaly (Bartolomucci et al., 2005;
Engler et al., 2005; Reber et al., 2007).

STATISTICAL ANALYSIS

Two-way ANOVA (factors: MS and time) was used to assess
bodyweight data and also behavior and tissue data (factors: MS pro-
tocol and strain). The normal distribution of the data was assessed
with a Shapiro—Wilk test. Where relevant, post hoc analysis was
conducted using Fisher’s post hoc test. Statistical significance was
set at p < 0.05. Data are expressed as mean = SEM.

RESULTS

MATERNAL SEPARATION EFFECTS ON BODYWEIGHT

Maternal separation had an overall effect on weight in C57BL/6
mice (Figure 2A). Indeed, two-way ANOVA revealed an effect of
MS [F(2,466) = 18.17, p < 0.0001] and time, from weaning until
13 weeks old [F(10,466) = 526.21, p < 0.0001] but there was no

MS X time interaction [ F(20,466) = 1.59, p=0.051]. Post hocanalysis
further revealed that protocol 1 MS mice had lower bodyweight than
control group on week 4 (p<0.001). Two-way ANOVA also showed
an overall MS effect on bodyweight in BALB/c mice (Figure 2B),
from weaning until 13 weeks old [F(2,371) = 19.11, p < 0.0001], as
well as a time effect [F(10,371) = 461.26, p < 0.0001], although no
difference raised on post hoc analysis (p > 0.05 all days); however
there was no MS x time interaction [F(20,371) = 0.74, p = 0.781].

MATERNAL SEPARATION EFFECTS ON BEHAVIOR

Spontaneous alternation behavior in Y-maze

Neither of the two MS protocols produced any cognitive impair-
ment (Figure 3A). Indeed, two-way ANOVA revealed there was no
MS effect [F(2,75) = 1.18, p = 0.313], or MS X strain interaction
[F(2,75) = 1.86, p = 0.163] in the % alternation. However, there
was an overall strain effect [F(1,75) = 8.04, p = 0.0059]. Post hoc
analysis revealed that MS protocol 1 C57BL/6 alternated more than
their respective BALB/c animals with no other difference between
strains or groups (C57BL/6 control vs. protocol 1, p=0.773; control
vs. protocol 2, p = 0.474; BALB/c control vs. protocol 1, p = 0.121;
control vs. protocol 2, p = 0.536; C57BL/6 vs. BALB/c, control,
p =0.102; protocol 1, p = 0.030; protocol 2, p = 1.00).

Two-way ANOVA showed there was also no effect of MS on
locomotor activity (Figure 3B), as assessed by the number of entries
in the three arms [F(2,75) = 1.12, p = 0.332]; there was also no
MS X strain interaction [F(2,75) = 0.62, p = 0.539]. However, there
was an overall strain effect [F(1,75) = 4.77, p=0.0321], but further
post hoc analysis did not reveal any significant difference between
groups (C57BL/6 control vs. protocol 1, p = 0.232; control vs. pro-
tocol 2, p=0.482; BALB/c control vs. protocol 1, p = 0.943; control
vs. protocol 2, p = 0.695; C57BL/6 vs. BALB/c, control, p = 0.123;
protocol 1, p = 0.697; protocol 2, p = 0.078).

This strain effect may indicate that overall BALB/c mice alter-
nated and moved less than C57BL/6 mice.

Open-field behavior/locomotor activity

Maternal separation had no effect in any of the measured param-
eters in either of the two strains over a 10-min session (Table 1).
Indeed, two-way ANOVA revealed there was no MS effect in the
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L} T T T T T T T T T
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FIGURE 2 | Effect of MS on bodyweight evolution. MS had an overall effect in
C57BL/6 (A), but not BALB/c (B) mice, over time, although protocol differences
only rose for an isolated time-point, at 4 weeks old (C57BL/6 protocol
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E
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o
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1 < controls). n = 11-19 per strain per stress condition. Black “Ct,” control AFR
groups; white “P1," protocol 1; blue “P2,” protocol 2; ***p < 0.001, stress vs.
control groups. Data expressed as means + SEM.
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C57BL/6 mice alternating more than protocol 1 BALB/c mice. n= 11-19 per strain per
stress condition. Data expressed as means = SEM. Black “Ct," control AFR groups;
white “P1," protocol 1; blue “P2;" protocol 2; *p< 0.05, C57BL/6 vs. BALB/c mice.

Table 1| Effect of MS on behavior in the open-field test by 5-min blocks.

Parameter Time C57BL/6 BALB/c
(minute)
Control Protocol 1 Protocol 2 Control Protocol 1 Protocol 2
% Time center 0-5 6.5+1.1 10.4+1.8 10.8+2.1 59+1.6 406+1.1" 7.24+1.6
5-10 121+15 13.2+1.8 122+23 79+15 12.55+2.7 106+1.6
10 93+£1.0 11.8+1.6 11.5+1.8 6.9+1.3 83+1.6 89+1.3
Squares crossed number 0-5 129.9+7.2 140.9+9.1 130.56+99 119.5+£104 117.2£15.1 122.2+9.9
5-10 116.4+4.4 116.3+£5.2 109.3+£9.0 117.1+£75 107.56+7.7 113.7+£4.2
10 246.2+9.7 257.2+13.3 239.8+16.4 236.7+17.0 2247+21.3 235.8+9.7
Rearing number 0-5 425+3.1 53.8+4.2 53.2+4.5 35+6.9 36.4+£6.7* 447175
5-10 52.6£2.9 55.8+2.4 55.5+£4.8 56.4+£6.3 54.8+6.2 66.6£4.1
10 95.1+5.0 109.7+5.9 108.7+8.9 91.4+£11.9 91.2+£11.5 111.3+£10.9

MS had no effect in either strain on the % time in the center, number crossed squares or rearing number. However, there were some strains differences with
protocol 1 C57BL/6 spending more time in the inner part and doing more rearing than protocol 1T BALB/c mice. n = 11-19. Data expressed as means + SEM. Black
“Ct” control AFR groups; white “P1,” protocol 1; blue “P2,” protocol 2. *p < 0.05, *p < 0.01, C57BL/6 vs. BALB/c mice.

percentage of time spent in the center of the arena [ F(2,75) = 1.24,
p = 0.29] or MS X strain interaction [F(2,75) = 0.08, p = 0.92].
However, there was an overall strain effect [F(1,75) = 5.29,
p=0.024], but further post hoc analysis did not reveal any signifi-
cant difference between MS groups or strains (C57BL/6 control
vs. protocol 1, p = 0.194; control vs. protocol 2, p=0.318; BALB/c
control vs. protocol 1, p = 0.528; control vs. protocol 2, p = 0.347;
C57BL/6 vs. BALB/c, control, p = 0.256; protocol 1, p = 0.094;
protocol 2, p = 0.25).

When analyzing the locomotor activity (number of squares
crossed), two-way ANOVA revealed there was no MS effect
[F(2,75) =0.03, p=0.97], MS X strain interaction [F(2,75) = 0.52,
p=0.59], or strain effect [F(1,75) = 1.59, p = 0.211].

Finally, for the number of rearing, two-way ANOVA did not
reveal any MS effect [F(2,75) = 1.65, p = 0.20], MS X strain inter-
action [F(2,75) = 0.72, p = 0.49], or strain effect [F(1,75) = 0.78,
p=0.381].

The analysis was further split into the first and the last 5 min
to investigate if temporal differences did arise over time (Table 1).
For the time spent in the center of the arena during the first 5 min,

two-way ANOVA did not reveal any MS effect [F(2,75) = 1.45,
p = 0.24] or MS X strain interaction [F(2,75) = 1.53, p = 0.22];
however, there was a strain effect [F(1,75) = 6.60, p = 0.012]. Post
hoc analysis further revealed that protocol 1 MS C57BL/6 mice
spent significantly more time in the center of the arena than BALB/c
mice (p = 0.007), but there was no difference between the other
groups (C57BL/6 control vs. protocol 1, p = 0.07; control vs. pro-
tocol 2, p = 0.076; BALB/c control vs. protocol 1, p = 0.47; control
vs. protocol 2, p = 0.563; C57BL/6 vs. BALB/c, control, p = 0.795;
protocol 2, p = 0.15). For the last 5 min, two-way ANOVA did not
show any MS effect [F(2,75) = 1.15, p = 0.32], MS X strain interac-
tion [F(2,75) = 0.46, p = 0.63], or no strain effect [F(1,75) = 1.85,
p=0.178].

For the number of squares crossed during the first 5 min,
two-way ANOVA did not highlight any MS effect [F(2,75) = 0.1,
p = 0.91], MS X strain interaction [F(2,75) = 0.32, p = 0.72], or
strain effect [F(1,75) = 2.75, p=0.101]. For the last 5 min, two-way
ANOVA also did not show any MS effect [ F(2,75) = 0.43, p=0.65],
MS X strain interaction [F(2,75) = 0.58, p = 0.56], or strain effect
[F(1,75) = 0.05, p = 0.819].
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Regarding the number of rearings during the first 5 min, two-way

ANOVA did not show any MS effect [F(2,75) = 1.63, p = 0.20] or
MS X strain interaction [F(2,75) = 0.49, p = 0.61]; however, there
was a strain effect [F(1,75) = 5.86, p = 0.018]. Post hoc analysis fur-
ther revealed protocol 1 MS C57BL/6 mice displayed significantly
more rearing than BALB/c mice (p = 0.027), but there was no dif-
ference between the other groups (C57BL/6 control vs. protocol
1, p = 0.118; control vs. protocol 2, p = 0.197; BALB/c control vs.
protocol 1, p = 0.871; control vs. protocol 2, p = 0.229; C57BL/6
vs. BALB/c, control, p = 0.343; protocol 2, p = 0.313). For the last
5 min, two-way ANOVA did not show any MS effect [ F(2,75) = 1.24,
p = 0.30], MS X strain interaction [F(2,75) = 0.92, p = 0.40], or
strain effect [F(1,75) = 1.63, p = 0.205].

As a result, C57BL/6 mice showed some evidence of lower
anxiety-related behavior than BALB/c mice across time in the OF
test, although their overall locomotor activity and exploration did
not differ.

Elevated plus maze

Maternal separation had an effect on anxiety behavior displayed by
C57BL/6 mice in the EPM, but no effect in BALB/c mice (Figure 4).
Indeed, for the % time spent in the open arms (Figure 4A), two-way
ANOVA showed there was no overall MS effect [F(2,75) = 2.09;
p = 0.131] and no MS X strain interaction [F(2,75) = 1.031;
p = 0.362]; however, there was a strain effect [F(1,75) = 18.62;
P <0.0001]. Post hoc analysis further revealed that C57BL/6 mice
of both MS protocols spent more time in the open arms than
non-separated control animals (protocol 1, p = 0.048; protocol 2,
p = 0.025). Also, post hoc test showed C57BL/6 mice of both MS
protocols spent more time in the open arms than their respective
MS BALB/c mice (protocol 1, p = 0.005; protocol 2, p = 0.002),
but there was no difference between C57BL/6 and BALB/c control
animals (p = 0.174).

Regarding the % entries in the open arms (Figure 4B), two-way
ANOVA indicated there was no MS effect [ F(2,75) =2.24; p=0.113];
however, there was a MS X strain interaction [ F(2,75) =4.05; p=0.021]
and a strain effect [F(1,75) = 24.30; p < 0.0001]. Post hoc analysis
revealed all MS C57BL/6 mice displayed higher % entries than con-
trol animals (protocol 1, p = 0.001; protocol 2, p = 0.005), whereas

there was no difference for BALB/c animals (control vs. protocol 1,
p = 0.755; control vs. protocol 2, p = 0.567). Post hoc test also showed
C57BL/6 mice of both MS protocols displayed higher % entries than
their respective MS BALB/c mice (both MS protocols, p < 0.0001).

To assess if this was due to a difference in locomotor activity,
the total number of entries was monitored (Figure 5C). Two-way
ANOVA showed there was no overall MS effect [F(2,75) = 1.25;
p = 0.293], MS X strain interaction [F(2,75) = 1.28; p = 0.285], or
strain effect [F(1,75) = 0.01; p = 0.977].

Overall, these data suggest that MS induced a decrease in anxi-
ety in C57BL/6 mice and confirm that BALB/c are more anxious
than C57BL/6 mice.

Light/dark box

Maternal separation did not have any effect on anxiety-related
behavior in the L/DB (Figure 5). Indeed, for the latency to dark
part (Figure 5A), two-way ANOVA indicated there was no overall
MS effect [F(2,73) = 0.59; p = 0.558] and no MS X strain interac-
tion [F(2,73) = 0.69; p = 0.504]; however, there was a strain effect
[F(1,73) =23.60; p<0.0001]. Post hocanalysis revealed that control
and protocol 1 C57BL/6 mice displayed a lower latency to enter the
dark part than their respective BALB/c mice (control, p = 0.003;
protocol 1, p < 0.0001; protocol 2, p = 0.071), but there was no
difference between control and MS mice in both strains (C57BL/6
control vs. protocol 1, p = 0.798; control vs. protocol 2, p = 0.501;
BALB/c control vs. protocol 1, p = 0.324; control vs. protocol 2,
p=0.715).

Regarding the number of transitions between the light and dark
part (Figure 5B), two-way ANOVA showed there was no overall
MS effect [F(2,71) = 0.5; p = 0.606] and no MS X strain interac-
tion [F(2,71) = 2.75; p = 0.071]; however, there was a strain effect
[F(1,71) =78.08; p<0.0001]. Post hocanalysis further revealed that
separated protocol 1, but not protocol 2, C57BL/6 mice displayed
a higher number of transitions than control animals (protocol 1,
p = 0.021; protocol 2, p = 0.765), whereas there was no difference
in BALB/c (control vs. protocol 1, p = 0.37; control vs. protocol 2,
p = 0.639). Also, post hoc test showed C57BL/6 mice of all groups
presented with a higher number of transitions than all BALB/c
mice (all groups p < 0.0001).
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FIGURE 4 | Effect of MS on anxiety behavior in the elevated plus-maze. MS arms exploration than their respective MS BALB/c mice. n = 11-19 per strain per
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differences as MS C57BL/6 mice displayed higher % time and % entries inopen  C57BL/6 vs. BALB/c mice.

Frontiers in Behavioral Neuroscience

www.frontiersin.org

April 2011 | Volume 5 | Article 13 | 6


http://www.frontiersin.org/Behavioral_Neuroscience/
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Savignac et al.

Genetic influence on stress resilience

The time spent in the light part was also assessed (Figure 5C)
and two-way ANOVA indicated there was no overall MS
effect [F(2,71) = 0.17; p = 0.848], no MS X strain interaction
[F(2,71) = 0.25; p = 0.78], and no strain effect [F(1,71) = 0.09;
p = 0.77]. Overall, these data suggest that MS protocol 1 induced
a decrease in anxiety in C57BL/6 and confirm that BALB/c mice
are more anxious than C57BL/6 mice under baseline conditions.

Forced swim test

Maternal separation did not have any effect on antidepressant-
like behavior in the FST (Figure 6). Indeed, for the latency to
immobility (Figure 6A), two-way ANOVA revealed there was no
MS effect [F(2,75) = 0.01, p=0.991] and no MS X strain interac-
tion [F(2,75) = 1.92; p = 0.154]; however, there was a strain effect
[F(1,75) = 69.13; p < 0.0001]. Post hoc analysis further indicated
that all groups of C57BL/6 mice displayed a significantly higher
latency than their respective BALB/c groups (p <0.0001), but there
was no difference between control and MS groups (C57BL/6 con-
trol vs. protocol 1, p = 0.148; control vs. protocol 2, p = 0.894);
BALB/c control vs. protocol 1, p = 0.283; control vs. protocol 2,
p=0.953).

For the time of immobility (Figure 6B), two-way ANOVA did
not show any MS effect [ F(2,74) = 0.57; p=0.57], MS X strain inter-
action [F(2,74) = 0.52; p = 0.596] or strain effect [F(1,74) = 1.91;
p=0.172]. This indicates that BALB/c mice tend to display higher
depression-like behavior than C57BL/6 animals.

MATERNAL SEPARATION-INDUCED EFFECTS ON PHYSIOLOGY: THYMUS,
SPLEEN WEIGHT, COLON LENGTH, AND FECAL OUTPUT IN THE
OPEN-FIELD

For technical reasons, spleen and thymus weights of some animals
could not be measured. For spleens weight (Table 2), two-way
ANOVA showed there was no overall MS effect [F(2,33) = 0.69;
p = 0.507]; however, there was a MS X strain interaction
[F(2,33) = 5.32; p=0.0099] and a strain effect [ F(1,33) = 45.39;
p < 0.0001]. Post hoc analysis further revealed that all C57BL/6
mice displayed significantly lighter spleen than all BALB/c ani-
mals (controls, p = 0.05, both MS protocols, p < 0.0001), but
there was no difference between control and MS groups (C57BL/6
control vs. protocol 1, p = 0.255; control vs. protocol 2, p=0.315;
BALB/c control vs. protocol 1, p = 0.122; control vs. protocol 2,
p=0.104).

FIGURE 5 | Effect of MS on anxiety behavior in the light/dark box. MS had
no overall effect in either of the two strains in latency do dark (A) and time in the
light part (C). However, MS protocol 1 C57BL/6 mice displayed increased
number of transitions (B) than control animals. There were also strains
differences with control and protocol 1 C57BL/6 mice displaying lower latency to
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per stress condition. Data expressed as means + SEM. Black “Ct," control AFR
groups; white “P1," protocol 1; blue “P2," protocol 2. * p < 0.05, stress vs.
control groups; *p< 0.01, **p< 0.001, C57BL/6 vs. BALB/c mice.
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FIGURE 6 | Effect of MS on depression-related behavior in the forced swim
test. MS had no overall effect in either strain in latency to immobility (A) or time
of immobility (B). However, C57BL/6 mice of all groups displayed longer latency
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protocol 1; blue “P2," protocol 2. *p < 0.001, C57BL/6 vs. BALB/c mice.
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Table 2 | Effect of MS on physiological parameters.

Tissue weight as C57BL/6 BALB/c
% body weight

Control Protocol 1 Protocol 2 Control Protocol 1 Protocol 2
Spleen 0.0811+£0.0047 0.0751 +0.0032 0.075+0.0047 0.094 +0.0042* 0.1055 £ 0.0061++ 0.1046 + 0.0034+++
Thymus 0.00557 +0.0023 0.0593+0.0017 0.0608 +0.0029 0.0365 + 0.0026+++ 0.0424 +£0.0051++ 0.0434 +0.0028+
Colon length (cm) 7.4+0.2 7.6+£0.1 7.4+02 12+£0.3 11.24£0.3%++ 11.9+£0.4
Fecal pellets in the 7.1+£0.7 5.2+0.5% 7.9+0.7 15.8+0.6* 129+ 1.3%+ 10.7 £0.9%**+++

open-field

MS had no effect on spleen and thymus weight in either strains. Protocol 1 induced a reduction in colon length in BALB/c mice compared with control group. Both
MS protocols induced reduced defecation in the open-field in BALB/c mice compared with controls. There were strains differences with MS C57BL/6 mice of both
protocols displaying lighter spleen, heavier thymus, shorter colon, and higher number of fecal pellets in the open-field than their respective BALB/c mice. n = 4-11
for spleen; 5-12 for thymus, n = 11-19 for colon and fecal pellets. Data expressed as means + SEM. Black “Ct” control AFR groups; white “P1,” protocol 1, blue
“P2/ protocol 2. *p < 0.05, ***p < 0.001 stress vs. control groups; *p < 0.05, **p < 0.001, C57BL/6 vs. BALB/c mice.

For thymus weight (Table 2), two-way ANOVA showed MS
had no overall effect [F(2,47) = 1.03; p = 0.364] and there was
no MS X strain interaction [F(2,47) = 0.26; p = 0.772]. However,
there was an overall strain effect [F(1,65) = 61.75; p < 0.0001].
Post hoc test indicated that C57BL/6 mice of all groups displayed
lighter thymus than all BALB/c mice (p < 0.0001), but there was
no difference between control and MS groups (BALB/c control vs.
protocol 1, p = 0.172; control vs. protocol 2, p = 0.073; C57BL/6
control vs. protocol 1, p = 0.305; control vs. protocol 2, p = 0.203).

For the colon length (Table 2), two-way ANOVA did not high-
light any MS effect [F(2,75) = 0.88; p=0.417] or MS X strain inter-
action [F(2,75) = 2.43; p = 0.095], but showed an overall strain
effect [F(1,75) =418.42; p<0.0001]. Post hoc analysis indicated that
C57BL/6 mice of all groups displayed shorter colon than all BALB/c
mice (p < 0.0001), but also that protocol 1 MS BALB/c displayed
shorter colon than control mice (p = 0.034); however, there was no
other difference between control and MS groups (C57BL/6 control
vs. protocol 1, p = 0.548; control vs. protocol 2, p = 0.976; BALB/c
control vs. protocol 2, p = 0.747).

Regarding the number of fecal outputs produced in the OF
(Table 2), two-way ANOVA revealed there was an overall MS
effect [F(2,71) = 5.65; p = 0.0053], a MS X strain interaction
[F(2,71) = 7.53; p=0.0011], and a strain effect [F(1,71) = 97.16;
p<0.0001]. Post hoctest showed MS BALB/c mice produced a lower
number of fecal pellets than control animals (protocol 1, p=0.014;
protocol 2, p < 0.0001), but there was no difference in C57BL/6
(protocol 1, p=10.068; protocol 2, p=0.486). These results suggest a
decreased colonic motility in BALB/c MS animals. Also, all C57BL/6
mice produced significantly less fecal outputs than BALB/c mice
(control, p<0.0001; protocol 1, p< 0.0001; protocol 2, p = 0.024).

DISCUSSION

The aim of this study was to develop a MS model in the mouse which
could be used to investigate brain—gut axis disorders which have been
strongly linked to early-life stress (Anisman etal., 1998; Holmes etal.,
2005; Barreau et al.,2007; O’Mahony et al., 2009; Schmidt et al., 2011).
Although rat models already exist, mice present the advantage of being
more easily genetically manipulated, more cost-effective and easier
to house than rats (Cryan and Holmes, 2005; Jacobson and Cryan,
2007). However, in general, our data employing two different MS

protocols in two different strains, failed to show any robust change
that would indicate that MS would be a suitable inducing agent to
model brain—gut axis dysfunction or psychiatric disorders in mice.
Indeed, this was despite us following recommendations from previous
studies to increase stress severity, such as separating pups from each
other or using no bedding during the MS period (D’Amato et al.,
1992; Anisman et al., 1998; Millstein and Holmes, 2007).

This absence of general effect of MS on mice is in marked con-
trast with what is observed in our laboratory using a similar rat
model of 3-h daily separation as well. Early-life stress in Sprague-
Dawley male rats increases anxiety levels (OF task), visceral sensi-
tivity (colorectal distension test) and colonic motility (fecal output
in OF arena) (O’Mahony et al., 2009) in adulthood. Other studies
have also reported that mice appear to be resistant to chronic MS
procedure, with no change in anxiety parameters in C57BL/6] and
CD1 mice (Macri and Laviola, 2004; Parfitt et al., 2004; Millstein
and Holmes, 2007). On the other hand, some studies show chronic
MS in mice can lead to behavioral changes. Indeed, increased anxi-
ety following MS has been reported in the EPM and novel object
exploration (Venerosi et al., 2003; Veenema et al., 2007) as well
as evidences of increased depression-related behavior in the FST
(MacQueen et al., 2003). However, cautious interpretation of the
latter should always be observed as discrepancies exist in the lit-
erature regarding the real nature of the behavior displayed by mice
(Pryce and Seifritz, 2011), with this test being more believed to
constitute a test to screen antidepressant treatments (Cryan and
Mombereau, 2004; Cryan et al., 2005). Nonetheless, difficulties are
still experienced in establishing a robust model with consistent
stress-induced behavioral changes. Such discrepancies are well
known and it is acknowledged in the literature that it is difficult
to establish an early-life stress mouse model (Millstein and Holmes,
2007; O’Mahony et al., 2011). Noteworthy, it has been suggested in a
recent study that stress-induced differences may not be highlighted
when mice behavior is scored for the total time of a given task but
rather when data are analyzed in a time-dependent manner (van
Heerden et al., 2010). Therefore, we also analyzed the data of OF
in a time-wise manner, but no MS effect raised either. The other
behavioral tasks were not analyzed in a time-dependent manner
as some changes already occurred, for instance in the EPM, when
analyzing the data for the total duration of the test.
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The reasons underlying the absence of robust sensitivity to MS
in mice, despite such findings occurring in other species such as rats
(O’Mahony et al., 2011) and primates (Pryce et al., 2005) is a mat-
ter of debate. One of the main reasons suggested by (Millstein and
Holmes, 2007) is the compensation in maternal care that is provided
by the mothers at reunion with pups. Indeed, the reunion of mothers
with their pups elicits over-care behavior that may compensate for
the time of separation and counteract any negative effects of MS
procedures. However, a recent study has shown that although extra
maternal care behavior were given by BALB/c mothers to their pups,
this was not sufficient to counterbalance early-life stress and pups
still displayed increased anxiety at adulthood (Wei et al., 2010).

The length and time of onset of daily separation were also
parameters to take into account, which is one of the reasons why
we used along (P1-14) or a short (P6-10) separation protocols. We
tested both the long protocol as it is one of the most commonly used
in literature (Romeo et al., 2003; Veenema et al., 2007) as well as the
short one (Groer et al., 2002) because we thought that separating
mothers and pups for only a few days would disorganize the dyadic
interaction and increase stress severity. However, neither protocol
induced increased anxiety or depression-related behavioral changes
in adulthood. Different protocols have been investigated in mice,
from 1 to 18 days of separation (MacQueen et al., 2003; Macri and
Laviola, 2004; Parfitt et al., 2004) and it has been suggested that 6 h
of separation would be more likely to induce changes rather than
3 h of separation (Kulikov et al., 1995; Parfitt et al., 2004).

The exact postnatal days the pups are separated for also has
an influence on the impact of MS. Three hours of daily separa-
tion starting at P4 does not seem to be robust enough in gerbils
(Jaworska et al., 2008) but induced changes following 18 days sepa-
ration in the FST in mice (MacQueen et al., 2003). Also, some MS
protocols starting at PO did not bring robust changes in behavior
at adulthood (Parfitt et al., 2004; Millstein and Holmes, 2007).
Moreover, the hyporesponsiveness of the HPA axis during the early
postnatal period (Slattery and Neumann, 2008) suggests that initia-
tion of early-life separation before P3 may not be suitable to induce
persistent effects (Groer et al., 2002). Therefore, although we used
this protocol in the present study and MS had no major effect on
adult behavior, P1 or 2 to P14 separation is the most commonly
used protocol and which also seems to induce behavioral and physi-
ological alterations (Romeo et al., 2003; Veenema et al., 2007).

The effects of other modifications of the MS protocol could
also be investigated. It has recently been suggested that to create a
robust early-life stress model, the MS protocol could be combined
with another stressor, or the MS procedure could be made unpre-
dictable by alternating the time of day when the separation takes
place (Franklin et al., 2010; George et al., 2010; Niwa et al., 2010),
because conducting MS at the same time each day may result in
mice habituating to the stressor. Future studies should investigate if
these parameters differentially affect adult behavioral and physiol-
ogy in BALB/c compared to C57BL/6 mice.

Although overall MS did not induce increased anxiety or depres-
sion-related behavior, MS C57BL/6 animals of both protocols para-
doxically displayed evidence of increased exploration in the EPM
and MS C57BL/6 protocol 2 (short protocol), decreased anxiety-
related parameters in the L/DB, without evidence of hyperactivity
or modified locomotor activity in the OF. Although in the present

study, mice of both MS protocols were separated daily for 3 h, the
decreased anxiety displayed by mice is similar to that induced by
15-min chronic daily separation (“handling”), that is described
to induce either decreased anxiety or no behavioral impairment
(D’Amato et al., 1998; Millstein and Holmes, 2007). Interestingly,
any MS-induced changes occurring in behavior were restricted to
C57BL/6 mice, and these changes involved a reduction, rather than
an increase, in anxiety-related behavior. These results were surpris-
ing as the two mouse strains selected for these two MS procedures
were carefully chosen for their reported differences in anxiety-related
behaviors, BALB/c mice displaying higher anxiety than C57BL/6
animals and being proposed as a model of pathological anxiety
(Belzung and Griebel, 2001; Jacobson and Cryan, 2007; Millstein and
Holmes, 2007; O’Mahony etal.,2010). Therefore, as expected, innate
strain differences between control animals occurred in behavioral
assessments, with BALB/c mice displaying higher baseline anxiety
levels. However, we assumed the innately anxious BALB/c would
be more sensitive to MS separation than C57BL/6 mice. One of
the reasons for these findings may be the difference in maternal
care pups received from their mother at reunion. C57BL/6] mice
are generally less anxious than BALB/cJ which may thus contrib-
ute to the fact that mothers from these strains being referred to as
“good and bad mothers” respectively (Anisman et al., 1998; Millstein
and Holmes, 2007). These suggestions have also been confirmed
by cross-fostering studies, where exchanging C57BL/6 and BALB/c
mothers and pups lead to the opposite anxiety phenotype between
the exchanged pups and their natural mother (Priebe et al., 2005).
Therefore, C57BL/6 mice are described to be better mothers than
BALB/c mice (Millstein and Holmes, 2007). As MS induces moth-
ers to give extra maternal care at reunion with pups (Millstein and
Holmes, 2007), C57BL/6 mothers may have better compensated for
separation than BALB/c mothers, giving better maternal care, result-
ingin a “handling” effect, decreasing offspring’s stress at adulthood.

Also, a major difference between C57BL/6 and BALB/c mice that
may be at the origin of their behavioral phenotype is the lower sero-
tonin rates BALB/c mice display compared with C57BL/6 mice, that
lies in the innate variation in the gene encoding central tryptophan
hydroxylase (Zhang et al., 2004; Cervo et al., 2005; Jacobson and
Cryan,2007; Browne et al.,2011). Lower serotonin rates are known
to be part of the pathophysiology of a broad range of psychiatric
disorders ranging from hyperactivity to depression (Holmes et al.,
2002; Young and Leyton, 2002; Popova, 2008). Therefore, lower
brain levels of 5-HT in BALB/c mice may result in a differential
reaction to early-life stress.

Fecal pellets released during the OF task were scored as an index
of stress-induced autonomic response (Julio-Pieper et al., 2010;
Wang et al., 2010). Interestingly, MS BALB/c (both long and short
protocols) displayed decreased fecal outputs compared to control
animals. Although somewhat surprising, we found similar results
in BALB/c mice following social defeat stress (Savignac and Cryan,
unpublished). The opposite effect was expected, as exposure to a
novel environment increases fecal output (Barone et al.,2008; Wang
etal.,2010). These data suggest mice may have displayed a decrease
in colonic motility which would be relevant to IBS patients display-
ing a constipation phenotype, which has not been established in
traditional IBS mouse models (Bercik et al., 2004; Kimball et al.,
2005; Coates et al., 2006).
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Although MS mice did not display overall behavioral changes,
some additional physiological parameters were analyzed. MS
induced some modest evidence of body weight alterations in pro-
tocol 1 (long protocol), inducing a lower bodyweight in C57BL/6
mice compared with controls, only at an early stage (4 weeks old).
However, these changes were not consistent and only at an isolated
time-point therefore we cannot conclude that MS here had an over-
all effect on bodyweight. There is a lot of discrepancy in literature
regarding stress and bodyweight changes. Indeed, both increases
and decreases in bodyweight gain have been described, not only
following early-life stress but also other types of stressors (Loizzo
et al., 2006; Krishnan et al., 2007; Veenema et al., 2008; Savignac
etal.,2011). Together, these data suggest that bodyweight alterations
induced by stress are under complex regulatory processes and may
depend on the nature and context of stress.

Maternal separation did not induce any change, overall, in spleen
and thymus weight and only protocol 1 (long protocol) induced
reduced colon length in BALB/c mice. Splenomegaly has been asso-
ciated with increased recruitment of immune cells to fight infection
or combat the effects of stress whereas thymus weight alterations
results in changes in the number of immature thymocytes, which
are sensitive to stress-induced activation (Reber et al., 2007). Colon
length has also been described to be reduced in the case of colonic
inflammation (Reber et al., 2007). It would be tempting to sug-
gest that protocol 1 (long protocol) induced some sort of mild
inflammation in BALB/c mice; however, no other physiological
change occurred. Taken together, the absence of robust physiologi-
cal changes in the mice across the protocols gives further indication
that these mice were resistant to the two early-life stress protocols
used. Accordingly, as all these parameters are described to be altered
in the case of increased stress (Bartolomucci et al., 2005; Reber
etal.,2007), further physiological assessments were not conducted
in the present study.

Finally, although the two mouse strains used in this study did not
display behavioral and physiological alteration, the data obtained
still bring important information for future studies. First, a pro-
tocol that is well established in rats, does not consistently work
in mice, further emphasizing the fundamental differences that
occur between studies conducted with different animal species.
Therefore, caution should always be taken in the interpretation of
data and the generalization to human disorders. Also, even though
the long protocol we used here has been shown to work in other
laboratories using C57BL/6 mice (Veenema et al., 2007), it did

not work in our laboratory, which stresses out the importance of
inter-laboratory testing and the potential for substrain differences
in mice. As a result, the effects of a particular type of stress must be
highly dependent on intra-laboratory conditions and rely on subtle
environmental variations. Nonetheless, our data presented here
should clearly influence future attempts to establish a mouse MS
model. Our data further highlight the importance of understanding
the underlying mechanisms of stress-resistance that appears to be
particularly sensitive to slight protocol variations. Other studies
have described that following a 10-day social defeat stress, about
40% of mice develop resilience to stress, due to molecular adapta-
tions in brain reward pathways (Krishnan et al., 2007). Hence, our
data also demonstrate the impact that environmental conditions
can have over genetic predisposition. Given the genetic background
differences between the two mouse strains we used in this study,
BALB/c were predicted to be more stress-sensitive than C57BL/6
mice. Therefore, it would be interesting to investigate what molecu-
lar mechanisms these two different mouse strains have in common
in adapting to environmental changes.

In conclusion establishing an early-life stress mouse model
relies on numerous parameters, small modifications inducing
large inter- and intra-mouse strain differences. Thus, although
precautions were taken to ensure the severity of the stressors,
overall mice remained resistant to both a long and short maternal
separation protocols. These results thus build on previous data
showing that resistance to MS-induced anxiety is often observed
in mice (Millstein and Holmes, 2007). Thus, increasing the length
of daily separation combined with an additional and/or unpre-
dictable stressor may be required to induce robust and consistent
phenotypical impairments relevant to brain—gut axis disorders.
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