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Early life adversities together with genetic predispositions have been associated with elevated risks of neuropsychiatric disorders

during later life. In order to investigate the underlying mechanisms, many chronic, early-life stress paradigms in multiple animal

models have been developed. Previously, studies reported that maternal separation (MS) in the early postnatal stages triggers depres-

sion- and/or anxiety-like behaviors in rats. However, similar studies using mice have reported inconsistent behavioral outcomes. In

this study, we sought to assess behavioral outcomes from two different early-life stress paradigms; a conventional 3-hour MS and a

maternal separation with early weaning (MSEW) paradigm using C57BL/6] male mice with independent cohorts. Our data dem-

onstrated that both MS and MSEW paradigms did not produce reported behavioral anomalies. Therefore, MS paradigms in mice

require further validation and modification.
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INTRODUCTION

Early-life aversive experiences including childhood abuse,
trauma, and neglect have been associated with increased risk for
neuropsychiatric disorders, accompanied by potential neurophysi-
ological changes such as the reduced volume and abnormal activa-
tion in the hippocampus, amygdala, and prefrontal cortex [1-5]. To
identify underlying mechanisms of early-life, stress-induced brain
dysfunction, maternal separation (MS) paradigms were developed
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in rodents [6, 7]. In typical maternal separation paradigms, pups
undergo 3 hours or more episodes of separation from the dam
daily, which has been linked to increased levels of stress hormones
and behavioral changes in adult animals [8, 9]. While maternal
separation paradigms in rat models are relatively well-established,
behavioral effects upon MS paradigms in mice are often incon-
sistent (Table 1) [10, 11], which may be due to subtle differences
among separation paradigms, animal handling, or housing envi-
ronments.

Here, we employed two different, early-life stress paradigms — a
conventional protocol with 3-hour separation from P2 to P14 (MS)
and a relatively recent protocol with longer time for maternal sepa-
ration together with early weaning at P17 (MSEW) in C57BL/6]
mice [12]. Following the two different paradigms, animals un-
derwent multiple behavioral tests relevant to depression-like and
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Table 1. Summary of some commonly used maternal separation paradigms and behavioral effects in adult male mice on emotion-related behaviors

Maternal separation

Behavioral phenotype in MS group in adulthood

Strains paradigm (compared to controls) LG

C57BL/6] 3hours MSonP1-P9  Elevated anxiety-like behavior in EPM and OF [14]

CD-1 3hours MSon P2-P14  Decreased anxiety-like behavior in EPM. [15]

CD-1 24 hour MS on P12 No changes in locomotor activity in OF No change in total time spent im- [16]
mobile in FST.

C57BLI/6NCrIBR 3hours MSon P0-P9  No changes in anxiety-related behavior in DWT. [17]

C57BL/6] 3hours MSon P1-P10  No change in DWT. Decreased anxiety-like behavior in dark phase EZM [18]
but increased anxiety in EPM.

12951, BALB/cBy], C57BL/6],  3hours MSon P0-13  No overall changes in anxiety and depressive-related behavior in EPM, [10]

DBA/2),FVB/N] LDB,OF and FST.

C57BL/6] 24 hours MS on P9 No change in OF activity. Decreased anxiety in EPM. [19]

C57BL/6] 3 hour MS on P1-14 Increased anxiety in EPM but no change in anxiety behavior in OF [20]

C57BL/6] and BALB/c 3hoursMSonP1-14  No change in depressive-like behavior in FST. [21]

C57BL/6) and DBA/2] 24 hour MS on P9 Lowered anxiety-related behavior in OF. No changes in hole board explor- [22]
atory activity. No change in depressive-like behavior in FST.

C57BL/6] 3hoursMSonP2-14  No change in LDB anxiety-related behavior. NSF behavior not affected. [23]
Decreased anxiety-like behavior in OF in last 15 minutes. No change in
depressive-like behavior in FST.

CCRY7 deficient C57BL/6] 3hoursMSonP1-14  No change in anxiety-like behavior in OF and EZM. No change in depres- (24]

sive-like behavior in saccharin preference test.

MS, maternal separation; EPM, Elevated Plus Maze; EZM, Elevated Zero Maze; FST, Forced Swim Test; OF, Open field; DWT, Defensive withdrawal test;

LDB, Light/dark box; NSE Novelty suppressed feeding.

anxiety-like behaviors and cognitive functions at P60. We hypoth-
esized that the MSEW paradigm would result in increased severity
in anxiety- and depressive-like behavior as well as enhanced con-
textual and cue fear learning as reported [12, 13]. Intriguingly, we
could not observe the predicted behavioral anomalies upon either
MS or MSEW paradigm.

MATERIALS AND METHODS

Animals

C57BL/6] breeding pairs were housed in a specific pathogen-free
environment and maintained at 22°C with 55% humidity. Food
and water were provided ad libitum on a 12-hr light/dark cycle
(lights on at 0700 h). Breeding pairs were checked daily for lit-
ters. If birth occurred, age was designated as P0. All the pups from
one dam (a litter) were randomly assigned to one of the groups.
Upon weaning, littermates were group-housed (up to 4 per cage).
All experimental procedures were conducted in accordance with
guidelines for the care and use of laboratory animals for scientific
purposes with approved protocols from the Institutional Animal
Care and Use Committees of Duke-NUS Medical School (Protocol
number: 2014/SHS/999). All tests were conducted on the same co-
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horts of animals. The MS cohort originally consisted of 9 MS and
8 MC mice while the MSEW cohort was comprised of 9 MSEW
mice and 12 MC mice. During the course of testing, one cage in
the MC group in the MSEW cohort exhibited excessive fighting
and three mice progressively sustained severe injuries and were
excluded from some tests. Other exclusions are listed in the figure
legends.

Maternal separation procedures

In the maternal control (MC) group, with the exception of rou-
tine bi-weekly cage changes, pups were left untouched with the
dams until weaning at P21. For both maternal separation proce-
dures, dams were moved from home cages to a clean cage with ad
libitum food and water during separation. Additionally, cages con-
taining the dams were placed in a separate room to prevent any
potential communication among the dams and pups. At the end
of the separation period, both pups and dams were returned to the
home cage.

Maternal separation (MS)
In the maternal separation group (MS), pups were removed from
their home cages from P2 to P14 for 3 hours daily at randomized
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time points during the light cycle [10, 23]. From P2 to 7, pups were
placed together on a heating pad maintained at 37°C during the
separation period. From P7 to 14, pups were placed onto separate
containers individually without heating. Pups were weaned at P21.

Maternal separation with early weaning (MSEW)

MSEW procedure was conducted as described previously [12,
25]. Briefly, pups were removed from their home cages from P2 to
5 for 4 hours per day at randomized time points during the light
cycle and placed together on a heating pad maintained at 37°C.
From P6 to 16, pups were removed from the dams for 8 hours
daily and placed into separate containers individually without
heating. Pups were weaned at P17.

Behavioral testing of offspring
At P60, male mice were subjected to behavioral tests in the order

listed below. Behavioral tests were only conducted in males.

Open field

The open field test was conducted in an arena measuring 40
cm by 40 cm by 30 cm in height using an automated VersaMax
Animal Activity Monitor and VersaMax software v.4.12-1AFE
(AccuScan Instruments, Columbus, Ohio) under ~400 lux illumi-
nation during the light phase (1200~1900). To capture the general
locomotor activity of mice under non-aversive condition, the open
field test was also conducted during the dark phase (2000~0000)
under low illumination (<10 lux). Mice were put onto the center
of the arena for 60-min testing and baseline locomotor activity
was automatically recorded. Locomotion was measured as total
distance traveled and stereotypy was measured as the number of
consecutive beam breaks (<1 second).

Light/dark box

A red acrylic enclosure was inserted to divide the open field
chamber into equal light and dark compartments for the light/
dark box test. The light (40x20x30 cm’, ~400 lux) and dark
(40x20x30 cm’, ~60 lux) compartments were connected via an
opening (5x5 cm’) allowing transitions between both compart-
ments. During the 10-min test, the percent of time an animal spent
in the light compartment and locomotor activity were recorded
using the VersaMax software. In addition, the number of transi-

tions between the compartments was scored manually.

Tail suspension

The tail suspension test was performed to measure depression-
like behavior by using the Tail Suspension Test Cubicle, PHM-300
(Med Associates, USA). Each mouse was suspended to a hook that
392
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was 20 cm above the ground with an adhesive tape for 6 min. Two
animals were tested at the same time and separated by partitions to
avoid potential communication between each other. Their overall
movement was recorded using Tail Suspension Software, v.3.4.1.0
(Med Associates, Georgia, Vermont, USA) and activity thresholds
were adjusted to detect immobility.

Forced swim test

The forced swim test was conducted using methods previously
described [26]. Each mouse was gently placed in a custom-made
cylinder (height, 40 cm; diameter, 20 cm) containing 13 cm of wa-
ter at room temperature for 6 min and then returned to the home
cage. Twenty-four hours later, the mouse was retested for 6 min. A
professional video camcorder (Canon, Japan) was used to record
trials for further analysis. Immobility time was scored using the
Topscan Realtime Option software, v3.00 (Clever Sys, Inc., USA).
A mouse was judged immobile when it ceased any movements
except those that were necessary to keep its head above water. Im-
mobility time is expressed as a percentage of the total time mea-

surement.

Contextual and cued fear conditioning

Fear conditioning was conducted using the Fear Conditioning
System, MED-VFC2-NIR-M (MedAssociates, USA). Mice were
habituated to the chamber for two minutes. For the fear condition-
ing procedure, a 30-s tone (CS: 90 dB 10 kHz white noise or sine
wave) was presented that co-terminated with an electric foot shock
(US:2's, 1.0 mA). The conditioning procedure was repeated twice
with inter-tone intervals of 2 min. Animals were returned to their
home cages about 1 min after the last foot shock. 24 hours later,
mice were tested for contextual and cued fear. For contextual fear
memory recall, mice were replaced in the conditioning chamber
for 5 min without any tone or foot shock, and then removed after-
wards. To test cued fear memory, mice were placed into the origi-
nal chamber that was redecorated to alter the visual cues, illumina-
tion and texture. The grills on the floor were covered with a white
board, a red filter was placed over the overhead lamp, and the plain
walls were covered with wallpaper of geometric patterns. Two min
later, the CS was presented for 2 minutes. Mice were returned to
home cages 1 min after termination of tone presentation.

In the fear conditioning experiments, the activity of animals was
measured using Video Freeze Software, v 1.20.5.0 (MedAssociates,
USA). Freezing responses to the conditioned context and tones
were analyzed and expressed as total number of episodes and
percentage of the observation time (freezing [%]=freezing time/
observation timex100 %).

https://doi.org/10.5607/en.2017.26.6.390
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Statistical analyses

Data were analyzed and plotted using GraphPad Prism (Graph-
pad Software, San Diego, California, USA) and presented as
mean+SEM. Unless otherwise stated, data were analyzed by un-
paired t-test. Measures on tail suspension, forced swim and open
field tests across time was performed by Two-Way ANOVA with
repeated measures followed by Tukey’s honest significance test.
A p<0.05 was accepted as statistically significant. In addition,
extreme values were subjected to Grubbs test for outliers (http://
graphpad.com/quickcalcs/Grubbsl.cfm) and excluded from

analysis.
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RESULTS
MS and MSEW effects on depressive-like behaviors

Tail suspension

Either MS or MSEW was carried out on separate batches of
animals, with separate groups of control mice (MC) from litter-
mate dams. There was no significant effect of either MS or MSEW
paradigm on the stationary time in the tail suspension test (Fig.
1A and B). A two-way ANOVA with repeated measures showed
no significant interaction between treatment conditions and time
upon either MS (F; (;=0.412, p=0.839) or MSEW (F; ,5,=1.916,
p=0.102). There was no main effect of treatment condition, given
that the stationary time was not significantly different between MS
and MC mice (F; 3=0.507, p=0.489), and between MSEW and
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Fig. 1. MS and MSEW mice did not exhibit depression-related behavior compared to controls. There was no significant difference in the time spent sta-
tionary on the tail suspension test between (A) MS mice and MC mice and (B) MSEW and MC mice. One mouse from each group in the MS cohort was
excluded for excessive climbing and three mice from the MC group in the MSEW cohort were excluded for severe injuries. There was no significant dif-
ference in the immobility time during the second trial of a forced swim test between (C) MS and MC mice and (D) MSEW and MC mice. One mouse in
the MS cohort was excluded for excessive hyperactivity and two mice in the MC group in the MSEW cohort were excluded for severe injuries. All values

are means+SEM.
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controls (F 15=2.574,p=0.130).

Forced swim test

Either MS or MSEW paradigm did not induce any significant
effect on immobility time during the test trial of the forced swim
test (Fig. 1C and D). A two-way ANOVA with repeated measures
revealed no interaction between treatment condition and time
for the MS (F; 4,=1.134, p=0.349) as well as MSEW (F ,,,=1.208,
p=0.311) cohorts. The main effects of treatment condition for both
MS (F, 4=0.469, p=0.495) and MSEW (F, ,,=0.125, p=0.725)
were not statistically significant. Taken together, these data indicat-
ed that either MS or MSEW paradigm did not produce any salient
effects on the depressive-like behavior.

A

vy)

Total Distance Over Time Time spent in centre versus margin

B VS (n=9)
2000 - MS (n=9) 7 4000 O MC (n=8)
N © MC (n=8) g
£ 1500 8 3000
< 3
. o
©1000 £ 2000
£ 2
5 500 o 1000
£
. -
10 20 30 40 50 60 Centre Margin

Time (minutes)

m

Total Distance Over Time

|

Time spent in centre versus margin

MS and MSEW effects on general locomotor activity and
anxiety-like behavior

We tested animals in the open field for 60 minutes to measure
the general locomotor activity. Distance traveled in the open field
was defined as a general measure for horizontal activity. Time
spent in the center zone was also measured as an index of anxiety-
like behavior.

Open field (light phase)

During the open field exposure during light phase (approxi-
mately 400 lux), MS and MSEW conditions produced no differ-
ence in the distance traveled (Fig. 2A and C). A two-way ANOVA
with repeated measures indicated no interaction between MS
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Fig. 2. MS and MSEW mice show changes in locomotor activity in the open field during the dark phase but did not display anxiety-like behavior com-
pared to controls. In the open field conducted during the light phase, there were no significant differences on distance traveled over time between (A)
MS and MC group and (C) MSEW and MC group. On the time spent in the center zone, which can be interpreted as an anxiety-related behavior, there
were no significant differences between (B) MS and MC group and (D) MSEW and MC group. Two mice from the MC group in the MSEW cohort were
excluded for severe injuries. In the open field conducted during the dark phase (E) MS mice traveled significantly more than controls during the 30, 35,
40 and 60 min (p<0.01) and (G) MSEW traveled significantly less over time compared to MC (p<0.05), but post-hoc tests were not significant. There
were no differences in the time spent in center of the open field between (F) MS and MC and (H) MSEW and MC mice during the dark phase. One
mouse from the MC group in the MS cohort was excluded for as an outlier for excessive hyperactivity and one mouse from the MC group in the MSEW
cohort was excluded for severe injuries. In the light/dark box test, there were no significant differences in the time spent in light and dark compartments
as well as the number of transitions between both compartments between (I and K) MS and MC mice and (J and L) MSEW and MC mice. *Indicates
p<0.01 for the post-hoc test for that particular time bin. All values are means+SEM.
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and time (F ;,,;,=1.81, p=0.0528) and between MSEW and time tests were performed on the time spent in the center and revealed
(F11.157=0.591, p=0.835). Either MS or MSEW did not produceany  no significant difference between MS (p=0.511), MSEW (p=0.488)
effect on the total distance traveled (F, ,,,=0.0515, p=0.823) and ~ compared to MC groups.

(F17=0.312, p=0.584), respectively. With regards to anxiety-like

behavior, MS and MSEW conditions had no significant effect with ~ Open field (dark phase)

respect to the center duration in the open field (Fig. 2B and D). T- Interestingly, either MS or MSEW resulted in significant ef-
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Fig. 3. Mice which experienced MS or MSEW did not exhibit impairments in hippocampal and amygdala-dependent fear-related emotional memories.
In the acquisition phase of the fear conditioning test, there were no significant difference between (A) MS and MC mice and (B) MSEW and MC mice
in the percent freezing time when exposed to the conditioned stimulus (tone) paired with the unconditioned stimulus (foot shock). Habit, Habituation;
US, Unconditioned Stimulus; CS, Conditioned Stimulus. Three mice from the MC group in the MSEW cohort were excluded for severe injuries. During
the contextual fear recall 24 hours after training, there were no significant differences between (C) MS and MC mice and (D) MSEW and MC mice on
percent freezing time. During the cue fear recall 24 hours after training, there was also no significant ditferences between (E) MS and MC mice and (F)
MSEW and MC mice on percent freezing time. One mice from MS and MSEW group were each excluded as outliers for low freezing responses. All val-
ues are means+SEM.
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fects on general locomotor activity in an one-hour open-field
test. Statistical analyses indicated no interaction between MS
and time (F, 5,=0.382, p=0.961) and between MSEW and time
(F1110=0.778, p=0.662), but there was a main effect of treat-
ment condition; MS treated mice (F, ,,=12.4, p=0.0034) traveled
more distance over time, while MSEW treated mice (F, 4 =4.94,
p=0.0393) traveled less (Fig. 2E and G). A post-hoc analysis indi-
cated that MS mice traveled significantly more than the MC group
during the 30 (p=0.000517), 35 (p=0.00111), 40 (p=0.000796),
and 60 minutes (p=0.00028) during the open-field test, indicat-
ing slight hyperactivity of animals. With regards to anxiety-like
behavior, MS and MSEW conditions had no significant effect with
respect to the center duration in the open field (Fig. 2F and H).
T-tests indicated no difference in the time spent in the center for
MS (p=0.517) and MSEW (p=0.360) compared to their respective
control groups.

Light/dark box

MS and MSEW conditions did not elicit any significant effect
on the time spent in either the light or dark compartments (Fig.
2I and K). A multiple t-test indicated no significant difference
between the time spent in either the light or dark compartments
for MS (p=0.721) or MSEW (p=0.318) mice, compared to the MC
groups during the first 10 minutes. There was no significant dif-
ference in the number of transitions between MS (p=0.845) and
MSEW (p=0.222), compared to MC groups (Fig. 2] and L). This
indicates that both batches of MS and MSEW mice did not exhibit
an increased anxiety-like phenotype in the light/dark box test.

MS and MSEW effects on acquisition and retention of fear
memory

Either MS or MSEW condition did not produce any significant
effects on the percentage of time spent freezing during the first
day of a training phase in the fear-conditioning assay (Fig. 3A and
B). Freezing behavior is the absence of any movement except for
respiration and is used as an index for fear conditioning. A two-
way ANOVA with repeated measures indicated no interaction be-
tween MS and trials (F; -5=0.307, p=0.907) and between MSEW
and trials (F; 4=0.451, p=0.811). MS (F,, 5=0.0830, p=0.777) and
MSEW (F, ,4=0.153,p=0.701) produced no effect on the percent-
age freezing time. This indicates that MS and MSEW mice were
not impaired in acquiring emotional memories compared to the
MC groups.

On the Day 2 of the fear-conditioning assay, MS and MSEW
also did not produce significant effect on the percentage freezing
time during the contextual and cued recall sessions. During the
contextual recall session, there was no significant difference in
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the percentage freezing time between MS (p=0.169), compared to
MC group, and MSEW (p=0.847), compared to MC group (Fig.
3C and D). In addition, no significant difference was found in the
percentage freezing time between MS (p=0.888) and MC group
and between MSEW (p=0.827) and MC group during the cued re-
call session (Fig. 3E and F). These data suggested that mice which
experienced either MS or MSEW did not exhibit any significant

impairment in fear memory consolidation and retention.
DISCUSSION

We sought to identify an early-life stress paradigm that could
exert long-lasting and reproducible changes in animal behavior
and stress reactivity to investigate a potential environmental trig-
ger in the pathophysiology of neuropsychiatric disorders such as
anxiety, depression, and schizophrenia [27, 28]. The conventional
3-hour, MS paradigm was compared with a relatively new MSEW
paradigm to determine which paradigm could be more effective
in altering emotionality and increasing stress reactivity in adult-
hood. To our surprise, however, we observed that both MS and
MSEW paradigms did not elicit any significant behavioral changes
in depressive-like behavior and anxiety-like behavior (Fig. 1 and 2)
as well as fear memory acquisition or recall in both the contextual
and cue fear test (Fig. 3). The only difference we could observe was
that mice which underwent MS paradigm traveled significantly
further distance than controls, while mice which underwent
MSEW traveled significantly less in the open field test, both of
which were not consistent with outcomes from previous studies
[10,21]. Our lack of reproducibility in eliciting previously reported
behavioral change in depressive- and anxiety-like behaviors upon
MS are surprisingly consistent with previous reviews [10, 11].
More intriguingly, the MSEW paradigm, which was reported to
produce robust anxiety-like behavior, did not elicit any significant
behavioral change in C57BL/6] male mice [12,25].

One caveat is that the limited sample size of our groups may have
resulted in insufficient power to detect significant effects [29]. In
addition, factors such as the housing/experimental conditions and
colony/sub-strain divergence may explain why our results differ
from similar studies conducted with C57/BL6 mice [30-32] . Fur-
ther studies are needed to assess if these results are replicable.

These lack of consistent phenotypes upon MS and MSEW para-
digms may indicate the limited effectiveness of these paradigms
in modeling an early life stress in mice, compared to other species
such as rats or primates [33, 34]. Instead, although we did not in-
vestigate in this study, early-life stress paradigms based on stressing
dam and on additional early life stressors could be more effective.

These paradigms are: reduced nesting material from P2-P9, which
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disrupts dam-pup interactions [35], social isolation of young ani-
mals following MS [36], and maternal stress in the form of tube
restraints or forced swimming on dams [37]. Rather than focusing
on modifying the duration of maternal separation, alterations to
the early rearing environment or additional stressors may be a bet-
ter alternative or inclusion in maternal separation paradigms.
Taken together, we observed no significant behavioral change
upon either MS or MSEW paradigm on male mice. MSEW, which
has been gaining popularity over MS recently, could not elicit
previously reported results. Our results necessitate further replica-
tion studies and the optimization of a stress paradigm in mice to
bring about long-lasting and reproducible behavioral changes. The
development of such paradigms will be critical in investigating the
causal relationship between early-life aversive experience and the

pathophysiology of human psychiatric disorders.
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