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Abstract

Early life stress is known to influence affective and cognitive functions in later life but comprehensive explanation for the
impact of early life stress on attentional functions, behavioural control and social behaviour is inadequate. The early life
stress was induced by exposing rat pups to 6 h of maternal separation and isolation (MS) stress from postnatal days 4-14
i.e. during SHRP period. The long-term impact of MS in these rats was evaluated by assessing anxiety, sociability, social
preference, spatial learning and memory along with a detailed evaluation of attentional functions during young adulthood
period. Adult male MS rats showed increased anxiety-like behaviour, impaired flexibility in social interactions, and increased
reward-seeking behaviour. MS rats also showed faster spatial learning in the partially baited radial arm maze and exhibited
moderately enhanced sustained attention in the 5-choice serial reaction time task (SCSRTT). These results suggest that early
MS has both positive and negative consequences in adulthood. Increased cognitive ability in MS rats, as evidenced by the
improved sustained attention and spatial learning and memory, is usually advantageous and indicates positive influences of
early stressors that might lead to the development of resilience and enhanced compensatory mechanisms later in adulthood.
MS stress has compromised flexibility in social behaviour that promotes solitary lifestyle and social isolation. Heightened
reward-seeking behaviour, as shown by the MS rats, could be a predisposing factor for substance abuse and addiction. Thus,
our study highlights the crucial and differential impact of early life challenges on behaviour during adulthood and suggests
that the positive aspects could be an asset that may be utilized to suppress the negative effects of early life stress in adulthood.

Keywords Maternal separation stress (MS) - 5-Choice serial reaction time task (SCSRTT) - Sustained attention -
Perseveration - Cognitive flexibility - Learning and memory - Anxiety

Introduction

Maternal care plays an important role in brain development
and maturation (Champagne et al. 2003; Liu et al. 1997).
Bowlby was the earliest to show that disruption in early
maternal care would hamper the development of brain and
behaviour and proposed the attachment theory (Andersen
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2005; Bowlby 1954). Studies have shown that an early
life stress rodent model that disrupts maternal care, called
‘maternal separation and isolation stress’ (MS), has profound
impact on postnatal brain development affecting functional
maturation of critical brain regions involved in cognitive and
affective functions (Becker et al. 2007; Carlson and Sroufe
1995; McEwen 2000; Oitzl et al. 2000).

The early postnatal period, specifically postnatal day
(PND)4-PND14 in rats, is crucial for the ontogeny of the
stress system and is termed as the stress hyporesponsive
period (SHRP) (Levine 1994; Schapiro et al. 1962; Schmidt
et al. 2003; Walker et al. 1986). In this period, there is mini-
mized stress responsiveness leading to a window for synap-
tic pruning and formation of a functional network of critical
brain regions that mediate and regulate stress response later
in life. During these early postnatal days, specific mater-
nal behaviours involving licking and grooming modulate
the HPA axis by inhibiting or reducing its activity (Levine
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1956, 1957, 1960; Levine and England 1960). Stress, par-
ticularly MS, during SHRP, leads to increased corticoid
levels in the circulation during adulthood (Liu et al. 2000).
These alterations are mostly the consequences of synaptic
changes within functional neuronal networks (Bock et al.
2005) affecting maturation of critical brain regions (Benes
et al. 2000). Several lines of evidence suggest that such early
life stressors lead to abnormally high synaptic density in
medial prefrontal cortex (mPFC) (Ovtscharoff and Braun
2001), reduced dendritic spines in anterior cingulate cortex
(ACC) (Bock et al. 2005) and increased amygdalar volume
(Lupien et al. 2011) causing functional impairment. Our ear-
lier study had also shown that MS during SHRP sensitizes
the hippocampus—amygdala—cortical neural network later in
life during young adulthood (Sampath et al. 2014).

Complex behaviours involving cognitive control or emo-
tional regulation require the coordinated activity of multi-
ple brain regions. MS stress-induced alterations in neural
networks could, therefore, manifest as mood disorders and
cognitive impairments in adulthood (Newport et al. 2002).
Several studies in MS rats have shown impairments in affec-
tive functions including increased anxiety-like behaviour
(Aisa et al. 2007; Huot et al. 2001; Salm et al. 2004; Wig-
ger and Neumann 1999), depressive-like behaviour (Aisa
et al. 2007; Hall et al. 1998; Ladd et al. 2000; Plotsky et al.
1998; Willner 1990) and anhedonic behaviour (Huot et al.
2001; Willner et al. 1987; Zurita et al. 1999). Cognitive
impairments such as learning deficits in Morris water maze
and object recognition test (Aisa et al. 2007; Garcia et al.
2013) have also been reported. Further, we have previously
reported that MS stress in rats results in increased anxiety
behaviour in adulthood (Dayalan Sampath et al. 2010), along
with enhanced fear memory and fear generalization (Sam-
path et al. 2014).

On the other hand, there have been studies implicating
the cognitive enhancements (Makena et al. 2012; Oomen
et al. 2010) and improvement in affective functions too upon
early life stress exposure (Chocyk et al. 2014; McCoy et al.
2016; Rana et al. 2015). These variable findings about the
effect of early life stress on adulthood cognitive and affective
functions suggest that there is a need for studies that system-
atically evaluate both cognitive and affective functions to
better understand the impact of MS on brain and behaviour.
Importantly, these variabilities in findings could be due to
different factors such as duration, type, and timing of neona-
tal manipulation and sex and strain of animals (Kosten et al.
2012). To address these issues, one possible solution would
be to study these various cognitive and affective behaviours
in single MS model.

Particularly, social behaviour and attention-related
aspects are not well explored in early life stress models.
Attention is a crucial component for learning and memory
in both affective and cognitive domains (De Brigard 2012).
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A few studies had assessed attentional aspects in early
life stress but (Colorado et al. 2006; Lovic et al. 2011)
these reports also provided inconsistent findings: one
study showed no effect of MS on attention (Kentrop et al.
2016) while others showed improved attentional abilities
(Boutros et al. 2017; Lehmann and Feldon 2000; Lehmann
et al. 1998) and a few others reported impaired attentional
processing following MS in rats (Carlyle et al. 2012;
Ellenbroek et al. 1998; Fuentes et al. 2014; Tzanoulinou
et al. 2016; Wilson et al. 2012).

Although there are few studies where two or few
behaviours are being assessed with single MS model,
comprehensive studies are not found in the literature yet.
Therefore, the present study has carried out a series of
experiments that spanned both cognitive and affective
domains with an emphasis on attentional functions. This
would be more appropriate and would better represent the
human conditions as human subjects may not only present
one or two symptoms, instead a cohort of symptoms span-
ning both cognitive and emotional domains. Since social
behaviour involves both components of cognitive and emo-
tional aspects, the study also assessed different forms of
social behaviour in MS rats.

Materials and methods
Subjects

Male Wistar rats of 2—3 months were used for the present
study. These rats were housed 3—4 per cage in Central
Animal Research Facility (CARF), NIMHANS, Bengaluru
in a climate-controlled room having light—dark cycle with
food and water available ad libitum. All the experiments
were conducted according to the ethical guidelines of the
NIMHANS Institute and approved by the Institutional Ani-
mal Ethics Committee (AEC/54/338/N.P./M.K) of NIM-
HANS, Bengaluru.

Female rats with 18—19 days of pregnancy were pro-
cured from CARF, NIMHANS and maintained in 12:12 h
light:dark cycle (from 8.00 a.m. to 8.00 p.m. light was ‘on’
and from 8.00 p.m. to 8.00 a.m. lights were ‘off”). The day
of delivery was considered as postnatal day zero (PNDO).
Maternal separation and isolation (MS) stress procedure
was carried out from PND 4-PND 14. The total number
of dams used in the present study was 18 (9 litters for MS
stress and 9 litters for Control). During MS procedure,
male and female segregation was not performed. Male and
female segregation was performed later during the wean-
ing period. All the experiments carried out in male rats
and female rats returned to the CARF for rehabilitation
procedures.
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Maternal separation and isolation stress (MS)
procedure

The rat litters were housed with dam in a cage for the entire
period of pre-weaning period except at the time of mater-
nal separation procedure. MS procedure was followed as
mentioned previously (Mishra et al. 2019). MS procedure
began on postnatal day 4 by the removal of dam from their
littermates first and kept in a fresh home cage. The litters
were then assigned to maternal separation protocols wherein
the rat pups were kept individually isolated from each other
in home-cage-like environment having 6 partition cubicles.
The temperature was maintained at 25 °C. The maternal
separation and isolation stress were done for a period of 6 h
(10.00-16.00 h) daily from PND4 to PND14. No nutritional
supplements were provided during separation procedure
because milk pouch was full before the start of separation
procedure. Previous studies have shown that isolated hous-
ing of pups during maternal separation protocol has more
impact on adulthood behaviour rather than group housing
of pups. Therefore, the isolation along with separation was
adopted in this protocol. At the end of the separation period,
both pups and dam were returned to the home cage.

Normal controls without MS stress (NMS) rats

The group of rats and dams remained untouched except
for regular bedding changes until the weaning day P21. On
P21, the rat pups were weaned from the mother and housed
3—4 rats per cage until they were subjected for behavioural
experiments.

Experimental procedure

Rats were of 2-3 months old when used for experiments.
All experiments were done with male Wistar rats. The

schematics is described in detail about the experimental
design as in Fig. 1. Different cohort of rats was used for each
task as mentioned in the experimental design. Rats from
multiple litters formed a cohort and such different cohorts
were used for each experiment. All the experiments per-
formed between 12.00 and 20.00 h and the ambient tempera-
ture of the laboratory was 28 +2 °C.

Anxiety test

Augmented and uncontrolled anxiety is commonly seen
among psychiatric patients. However, etiological factors of
anxiety are not clearly known. In the present study, base-
line reactivity to elevate anxiety response was tested in a
light—dark apparatus (Crawley 1985).

Apparatus

The apparatus (Coulbourn Instruments, USA) consisted of
light and dark compartments, each 26 X 26 cm and con-
nected by 8 X 8 cm guillotine doorway. The light chamber
was illuminated with a bright light (> 120 1x) on the ceiling.
The door was programmed to open at the Sth second imme-
diately after initiating the protocol.

Procedure

The procedure was followed as mentioned previously
(Dayalan Sampath et al. 2010). Rats from both NMS and
MS group were individually placed in brightly lit environ-
ment and allowed to explore freely in both light and dark
environments. The anxiety test was for 10 min for each rat.
Five second after the placement in the brightly lit environ-
ment, door to dark chamber opens. The time taken to enter
into the dark chamber was noted down as latency to enter
into dark compartment. In addition, the time spent in the

Postnatal days (PND)
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PND 4-14:Maternal separation and isolation stress (MS), 6hr per day

PND 21: Weaning
PND 61: Light/dark test
PND 62: Social interaction test

PND 63: 5-CSRTT/ partially baited radial arm maze

Separate cohort was used for: 5-CSRTT, and Partially baited radial arm maze.

Fig. 1 Outline of the study: Describes the details of schedule for behavioural experimentation and MS procedure performed. Rats from multiple
litters formed a cohort and each experiment was performed with different cohorts
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dark environment and the number of transitions between the
compartments were quantified offline. The parameters, time
spent in dark chamber and latency to enter the dark chamber
served purely as measures of anxiety behaviour and number
of transitions served as indicator of both anxiety behaviour
and locomotor activity.

Social interaction test

Rat’s ability to interact with novel object and novel subject
was tested in a three-chamber social interaction task (Moy
et al. 2004). It was developed to assess the social cognition
in a much simpler way of social interactions in terms of
sociability and social novelty behaviour.

Apparatus

The test apparatus consisted of clear Plexiglas (Axxonet
Systems Technologies, Bengaluru) divided into three cham-
bers proportionately size adjusted (120 cmx 90 cm x40 cm)
to provide comparable social proximity for adult rats with
each chamber of a size (40 cm X 90 cm X 40 cm), the two
peripheral chambers are separated from the middle section
with a Plexiglas plate which had a slot of 20 cm wide for
rat movement between the chambers. Initially, the middle
chamber was isolated from the other two adjacent chambers
by placing two removable white Plexiglas plate separators
during habituation.

Procedure

Our protocol was adapted from previous studies (Anshu
et al. 2017). All testing procedures were conducted with light
of ~150 Ix. Prior to testing, an experimental rat was allowed
to habituate by placing in a middle section for 5 min. After
this habituation period, a stranger ratl in metal holder (S1)
to restrict movement of stranger rat was placed in one adja-
cent chamber and on the other adjacent chamber an empty
metal holder (O) was placed. Now, the experimental rat was
allowed to explore the two adjacent chambers by removing
the white Plexiglas plate separators. Duration of 10 min was
given for an experimental rat to explore all the chambers.
The time spent in the chamber, with stranger ratl (S1) and
with the empty metal holder (O), was calculated separately,
these are the indices of sociability or social motivation. If
an experimental rat is sociable, then it will spend more than
50% of given time in the stranger rat (S) chamber than in
empty metal holder chamber (O). In social novelty test, the
empty metal holder was replaced with another stranger rat2
(S2) in a metal holder. Again 10 min duration was given for
the experimental rat to explore between now familiar rat
(S1) and a novel rat (S2). There was an inter-trial interval of
5 min between first social interaction test and second social
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novelty tests. The stranger rats were of same strain, same sex
and 15-20 days younger than the test rats. Stranger rats were
never exposed to test rats before the social interaction test.
The entire apparatus was cleaned with 70% alcohol between
the tests for all experimental rats.

Partially baited radial arm maze (PBRAM)

The eight-arm radial maze (RAM) consisted of eight equally
spaced arms (42X 11.4x 11.4 cm) radiating from an octago-
nal central platform (Columbus Instruments, Ohio) and the
maze was kept 120 cm elevated from the ground. Before the
training, the animals were kept on a restricted diet, and body
weight was maintained at 85% of their free feeding weight
with water available ad libitum. The procedure was followed
as mentioned previously (Srikumar et al. 2007).

At the beginning of RAM experiments, rats were given
2 days of habituation and shaping sessions, in which they
were individually allowed to explore the maze for 10 min
each day and eat all the food pellets (Kellogg’s Planets and
Stars™, Kellogg India, Mumbai, India) placed in all the
arms of the maze. During RAM training, bait was placed
semi-randomly only in four selected arms and was same
for all rats ensuring that the spatial relations between baits
positions and the distal visuo-spatial cues were same for all
animals. Training was given until all the rats cross learning
criteria of 80% correct choice that may take up to about
14-16 days. Experiments were run every day between 8 a.m.
and 3 p.m. During daily sessions, rats were individually
placed on the central platform facing different directions and
allowed to orient themselves. Rats were permitted to choose
among the arms until they completed the session by either
entering all the baited arms or 5 min had elapsed, whichever
is first. The maze was cleaned of cues and droppings after
each rat with 70% alcohol.

A partially baited radial arm maze allows simultaneous
estimation of percent correct choice, reference and work-
ing memory errors. Behavioural measures included (a) total
number of correct choice into baited arms (percent correct
choice), (b) total number of entries to unbaited arms (ref-
erence memory errors, RME), and (c) total number of re-
entries to either baited or unbaited arms (working memory
errors, WME). Thirty days after acquisition of the task, rats
were once again evaluated for retention of remote spatial
memory. Rats were given two trials, and the average of two
trials was taken for analysis.

Sustained attention using 5-choice serial reaction
time task

This task was performed to assess sustained and spatially
divided attention in rats (Bari et al. 2008; Robbins 2002).
Our protocol was adapted from previous studies (Anshu
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et al. 2017; Bari et al. 2008). Before the initiation of study,
rats were food deprived for 3 days and maintained at 85%
of their free-feeding weight but water was provided ad libi-
tum. Testing for the attention task was carried out during
12.00-20.00 h.

Apparatus for 5-choice serial reaction time task

The behavioural training and testing were performed in an
isolated chamber consisting of 25 cm X 25 cm aluminium
chamber (Coulbourn Instrument, USA). The side wall of the
chamber is concavely curved and had five deep holes, each
2.5 cm?, 4 cm deep and set 2 cm above floor level. Illumina-
tion of each hole was provided by three standard 3-W bulbs
located at the rear end of the hole. In addition, located at the
entrance of each aperture is an infra-red photocell beam for
monitoring the nose poke responses by the rat. The opposite
wall is equipped with a magazine connected to the auto-
mated pellet dispenser. Also there is a house light on top of
the same wall (3 W) which can be modulated for illumina-
tion according to the task protocol. The floor of the cham-
ber was a spaced grating of parallel steel bars (Coulbourn
Instruments, USA). The chamber is housed within sound-
attenuating cabinet and is ventilated by low-level noise fan,
which also served to mask extraneous background noise.
This chamber is connected to a computer from which all
the protocols are developed and executed with the software
Graphic State version 3.3.

Experimental procedure
Acquisition

On the first day, rats were allowed to explore freely for
10 min in the testing chamber with the house light ‘ON’.
During this session, rats were allowed to explore to get
familiarized with the food magazines, nose poke holes and
testing chamber for 2 days.

After 2 days of familiarization, on day 3, rats were habitu-
ated to the operant chamber by placing the pellets in all the
holes and the food magazine. The house light and the light
in all the holes and food magazine were ‘ON’ during this
session. Each session lasted for 15 min per day for 3 days.

On day 6, the first phase of shaping procedure began for
the rats to poke the nose to receive the reward; rats were
trained continuously for 2-3 days to poke the nose in any
one of the holes to receive the pellet which was delivered
automatically into food magazine after a poke in any hole.
Here in all the holes, light was ‘ON’ and whenever a poke
is made in any hole, the light gets ‘ON’ in food magazine,
simultaneously delivering a pellet. This session lasted for
15 min for each rat per day.

In the second phase of shaping procedure on day 9, rats
were presented with the light ‘ON’ in one of the five holes
for the nose poke to receive the food delivery; totally, 100
trials were presented per session per day with 30 min dura-
tion. This procedure is carried out for 3—4 days. Once the
rats reach criterion of 50 correct nose pokes in 30 min, rats
are said to have successfully acquired the protocol. Behav-
ioural testing did not commence until after all rats achieved
the final shaping criterion. The shaping of any individual rat
did not exceed 7 days.

Training for the sustained attention

The training session begins with the illumination of the
house light and food magazine. At first, house light was
ON and a nose poke in the magazine initiates the first trial
followed by delivery of a food pellet. After a fixed inter-
trial interval (ITI) of 5 s, one of the five holes is randomly
illuminated for a brief period of 30 s (stimulus duration)
and a nose poke (correct response) in that hole, while the
LED is ‘on’ or in an additional short duration called limited
hold period of 5 s, leads to illumination of magazine light
reinforcing the delivery of food pellet. A nose poke into
magazine to collect the pellet initiates the next trial with
ITI. If a nose poke in any hole other than the one with light
‘on’ corresponds to incorrect response. Failure to respond at
all is called omission and the responses during the ITI, i.e.
before the light is lit in any holes, are indicated as premature
responses. These three highlighted behaviours are not rein-
forced but are signalled by a time out period of 5 s darkness
in the chamber. At the end of time out period, house light
turns ‘on’ and next trial begins with ITIL.

Each session includes 100 trials or 30-min duration with
one session per day. Each session concludes after 30 min or
when rats complete 100 trials within 30 min. During any one
session, the light stimulus was presented an equal number of
times in each of the five apertures or holes in a random order.
The rats were considered to have reached criterion when the
target parameters were attained on at least three consecutive
sessions with > 80% correct responses and < 20% omissions
within the 30 min session time. For every stage of stimulus
duration, a rat would reach the criterion with >80% cor-
rect response to go for the next stage of reduced stimulus
duration. There are 6 stages of stimulus duration, first is
30 s followed by 10's,5's, 3 s, 2 s and finally 1 s for testing.
Approximately, 20-30 sessions were required for the rats to
complete all the stages.

At the completion of the baseline sessions at 2 s stimulus
duration, testing in a challenge session at 1 s stimulus dura-
tion to assess performance in high attentional load was car-
ried out. After attentional challenge test, to assess the effects
of stimulus unpredictability and control of responding dur-
ing the ITI period, rats were exposed to a session of random
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variable ITI’s (5 s, 10 s, 15 s). The session length for the
VITI challenge was same as for baseline sessions, i.e. 30 min.
Equal numbers of each vITI were randomly presented during
the 100-trial session.

Performance measures

Accuracy of performance was measured as the proportion
of responses that were correct (number of correct responses/
total number of correct and incorrect responses), expressed
as a percentage. Errors of omission were also presented as
percent omissions; this measure reflects possible failures of
detection and also motivational/motor deficits, depending on
the overall pattern of effects.

Two measures of behavioural inhibitory control were
assessed. Premature responses were the number of responses
made in the holes during the ITI. Such responses occur inap-
propriately, before the onset of the light in any hole and
presumably during the period in which the rat anticipates
their occurrence. Thus, this measure reflects inhibitory
mechanisms of response preparation and is closely related to
impulse control (Bari et al. 2008). By contrast, perseverative
responses were repeated responses in the holes following
a correct response. Thus, this measure reflects inhibitory
processes of response control more likely to be ‘compulsive’
behaviour rather than ‘impulsive’ behaviour.

Speed, including decision time, was assessed accord-
ing to three different latencies. The first was the latency to
respond correctly, defined as the time between the onset of
the visual stimulus and the point at which the animal’s nose
breaks the infra-red beam of the lit hole. The second meas-
ure was the latency to respond incorrectly, defined as the
time between the onset of the visual stimulus and the nose
poke into an unlit hole. Third measure was reward latency:
the time between performance of a correct response and
collecting the pellet from magazine panel may suggest a
motivation factor.

Data analysis

Data are presented as mean+SEM. NMS and MS served as
between-subject factors. All the data are screened for nor-
mality with D’Agostino and Pearson omnibus normality test
followed by outlier removal by ROUT Method in Prism 7.
Raw data for SCSRTT were imported into MATLAB v2013a
(MathWorks Inc., USA) for analysis of nose poke latency,
reward latency and perseverative responses. A paired and
unpaired Student’s ¢ test was used for parametric data and
Mann—Whitney test was used for non-parametric data to
assess the effect of MS on performance. Wherever neces-
sary normal two-way ANOVA or repeated measures of two-
way ANOVA was performed. To compare both groups on
entire acquisition performance, repeated-measures ANOVAs
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were performed. For every statistical test that is reported,
the first result of Student’s ¢ test ‘#’ and ‘p’ value was used,
for Mann—Whitney test results ‘p’ value was used and for
ANOVA tests ‘F’ value is presented with the degrees of
freedom. Any further results of the post hoc statistical test
were reported with p value only. The criterion for statistical
significance was a probability level of p < 0.05 and trend
at p <0.1. The symbol for significant within-group differ-
ences was ‘# and for trend ‘A’ was used and symbol for
between-group significant difference ‘*’ was used and for
trend ‘A’ was used. Statistical software (Prism 7) was used
for analysis.

Results

Effect of early maternal separation and isolation
stress on anxiety-like behaviour when subjected
to anxiety provoking environment

In the present study, we observed potentiated anxiety in rats
during adulthood. When subjected to brightly lit environ-
ment in light—dark chamber, MS rats displayed heightened
anxiety-like phenotype and showed significant increase in
the time spent in a dark chamber (¢,, = 2.302, p = 0.031)
(Fig. 2a), a trend for reduction in number of transitions
between chambers (f,, = 2.061, p = 0.050) (Fig. 2b) and
a significantly reduced latency to enter the dark chamber
(t,4 = 2.614, p = 0.015) (Fig. 2c). In addition, we assessed
the body weight of rat pups during three time points, before
subjecting the pups to MS procedure (on PND4), after the
completion of MS procedure (on PND15) and on PND21
during weaning. We found a significant decrease in body
weight of rat pups subjected to MS procedure as compared
to NMS rat pups (f3y = 2.326, p = 0.027) on PND15. How-
ever, we did not see any group differences in weight on
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Fig.2 Effect of MS on anxiety-like behaviour in light—dark para-
digm: a Time spent in dark compartment, b number of transitions
between light and dark compartment and ¢ latency to enter into
the dark compartment. NMS = 14; MS12. Data were analysed by
unpaired ¢ test and data are represented as mean+SEM. *p <0.05,
"p<0.1 in comparison with NMS group. NMS non-maternal separa-
tion stress (control) group, MS maternal separation stress group
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PND4 and PND21 (Supp.4). This shows that MS protocol
was associated with reduced weights of the MS pups. How-
ever, this effect was temporary as MS pups regained their
normal weights within a few days after the completion of
the MS protocol.

MS modulates social behaviour particularly
the social novelty behaviour but not sociability

Social behaviour, as evaluated with the 3-chamber social
interaction test, revealed that MS rats were not different from
NMS rats in terms of sociability. There was no main effect
of MS stress on sociability (F(; 3, = 0.152, p = 0.700) but
there was a main effect of Chamber (F; ,3) = 57.26, p <
0.001); both NMS and MS rats spend significantly increased
time in the chamber S1 than with the chamber containing
object (NMS and MS: p < 0.001; Sidak multiple compari-
son test). There was no significant interaction effect of MS
effect X Chamber (F(l’ 23) = 0.062, p = 0.805). Thus, socia-
bility was not influenced by MS stress (Fig. 3a) indicating
that sociability behaviour is not affected following early life
stress.

Further in social novelty test (Fig. 3b), there was no
main effect of MS stress on social novelty (F; 45, = 0.003,
p = 0.955) but there was significant main effect of Cham-
ber (F(; 45y = 11.02, p = 0.002). Also there was significant
interaction of MS stress X Chamber (F; 45, = 44.00, p <
0.001). Sidak’s multiple comparison test revealed that MS
rats spent significantly increased time with the now famil-
iar rat (S1) rather with the novel rat (S2) (p < 0.001) but
NMS rats showed a trend of increased time spent with the
novel rat (S2) (p = 0.056). These results suggest that MS
rats have impaired social novelty behaviour that may be
indicative of social inflexibility in behaviour. Overall, these
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Fig. 3 Effect of MS on social behaviour: a sociability test, b novelty
test. NMS = 14; MS12. Data were analysed by two-way ANOVA test
followed by Sidak’s multiple comparison test and data are represented
as mean+SEM data. ™*p<0.001 within-group comparison to S1,
Ap<0.1. 81 stranger ratl, S2 stranger rat 2, O inanimate object. NMS
non-maternal separation stress (control) group, MS maternal separa-
tion stress group

results indicate that sociability or social motivation was not
influenced by MS but social novelty was impaired during
adulthood in MS rats.

Maternal separation stress impact on spatial
learning and memory in partially baited radial arm
maze task (PBRAM)

This task was performed to assess spatial learning and
remote spatial memory. Percent correct choice served as a
spatial learning index (Fig. 4) indicating that the learning
curve was observed in both groups. All subjects showed
increase in correct choices as a function of progressive
learning as evidenced by significant main effect of train-
ing (F(y6, 160) = 46.18, p < 0.001). Early MS stress had
main effect on spatial learning in PBRAM (F(; () = 9.988,
p = 0.010), and there was an interaction of PBRAM train-
ing X MS stress (F(y4 160) = 2.780, p < 0.001). NMS rats
reached 80% correct choice on 13th day but MS rats reached
this criterion as early as on 8th day. MS rats showed signifi-
cantly increased learning abilities by performing better than
NMS rats early during the learning phase. Sidak’s multi-
ple comparison test revealed that on day 9 and 11, MS rats
showed significantly better performance than NMS rats (Day
9 p =0.007; Day 11 p = 0.019). The retention after 30 days,
i.e. remote spatial memory was similar in MS and NMS
rats (p = 0.964). These results suggest that there may be a
strong influence of MS on spatial learning but not on spatial
remote memory retrieval. Our results indicate that MS stress
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Fig.4 Maternal separation stress effect on spatial learning and mem-
ory in 4-arm partially baited radial arm maze task: percent correct
choice as a spatial learning index. Please note that MS rats reached
80% correct choice on day 8, but NMS rats reached the same on day
13. NMS = 11; MS = 11. Data were analysed by two-way ANOVA
repeated measures followed by Sidak’s multiple comparison test, and
data represented as the mean+SEM, *p < 0.05, **p<0.01 in com-
parison to NMS. NMS non-maternal separation stress (control) group,
MS maternal separation stress group
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enhanced spatial learning capacities of rats as evidenced in
radial arm maze task.

Impact of MS on training in the 5-choice serial
reaction time task (5-CSRTT)

5-CSRTT had different stages of training, with gradual
reduction in stimulus duration, to assess attention ability
and behavioural control in these rats.

Since MS during SHRP increased anxiety level in
rats, it was speculated that increased anxiety could alter
the attention ability of these animals. MS did not alter
the percent accuracy (F; o6 = 2.228, p = 0.148), omis-
sions (F(; 6, = 0.001, p = 0.978) and premature responses
(F1, 26) = 0.769, p = 0.388) during 5-CSRTT training as
compared to NMS rats (Fig. 5) as analysed with two-way
RM ANOVA. As the training progressed, both groups
of rats showed increased accuracy over the sessions
(F(14, 364y = 56.78, p < 0.001) (Fig. 5a). The number of
omissions also increased when stimulus duration was short-
ened (F(14 364y = 14.28, p < 0.001) (Fig. 5b) but premature
responses decreased over the sessions (Fyy, 364y = 12.74,
p < 0.001) (Fig. 5c). There was no interaction between
MS X Training in terms of accuracy (F( 4 364 = 1.677,
p = 0.058) or omissions (F14 364y = 0.921, p = 0.536), but
there was an interaction between MS X Training for prema-
ture responses (F 4 364y = 2.151, p = 0.009). Bonferroni’s
post hoc test revealed that when compared with NMS group,
MS rats showed significant reduction in accuracy during first
(p = 0.0194) and third day of 30 s SD session (p = 0.0185).
Similarly, MS rats showed increased premature responses
during second day of 30 s SD session (p = 0.008) when com-
pared to NMS rats but MS rats did not show significant dif-
ferences in omissions. Percent accuracy remained above the
criterion level of 80% (Fig. 5a) and omissions were less than
20 (Fig. 5b). Therefore, in spite of initial differences, both
groups of rats showed similar performance with increasing
attentional load during 5-CSRTT training.

Performance at the End of Training (Baseline)

At the end of training (2 s stimulus duration), both groups
showed stable baseline accuracy over three consecutive
days (Fig. 5d), omissions and premature responses (data
not shown). Rats from both groups completed almost 100
trials within 30 min and reached the learning criteria, i.e.
accuracy ~ 80% and omissions < 20. Accuracy, premature
responses and omissions were not affected by MS (Accu-
racy: F5 77y = 1.200, p = 0.317; omissions: F 5 77y = 0.618,
p = 0.686; premature responses: Fs ;7) = 0.270, p = 0.928)
and stayed well within the acquisition criterion over three
consecutive sessions and overall performance was stable
(Fig. 5d—f). MS rats performed similar to NMS rats in terms

@ Springer

of total trials completed (¢, = 0.962, p = 0.345) and total
errors (¢, = 0.308, p = 0.760) (Fig. 5g, h). We assessed
speed of processing via correct and incorrect response
latencies and motivation using reward collection latency.
There were no significant differences in latencies of correct
response (f,5 = 0.242, p = 0.810) and incorrect responses
(ty = 0.368, p = 0.716), but there was a trend of decrease in
reward collection latencies in MS rats (t,s = 1.92, p = 0.066)
(Supp.1lc—e). Further, MS rats showed a trend towards
decrease in repetitive responses in stimulus hole compared
to NMS rats (£, = 2.007, p = 0.054) (Supp.1f) and repetitive
magazine entries after reward retrieval were similar in both
the groups (p = 0.166) (Supp.1g).

In summary, the baseline performance was stable and
similar in both groups, as indicated by indices of attention
and behavioural control. MS had no influence on speed of
processing or motivational factors.

Correlation analysis of MS-induced anxiety
on baseline performance

We performed correlation analysis to understand the impact
of MS-induced anxiety on sustained attention. The corre-
lation was moderately positive for NMS rats (Supp.la),
indicating an association of basal anxiety with attentional
capacities (Pearson r = +0.201) but there was strong posi-
tive correlation between MS-induced anxiety and attentional
performance during baseline recording (Supp.1b) (Pearson
r = +0.608). This analysis may reveal that enhanced anxiety
might augment the attentional capabilities in MS rats.

Attention challenge with short stimulus duration
(1s)

Attention was further challenged with shortened stimu-
lus duration (1 s) as compared to baseline condition (2 s).
Both the NMS and MS rats finished almost all trials within
30 min. Two-way ANOVA revealed that the Challenge
(increased attentional load) had significant main effect on
percent accuracy (F(; 56 = 20.89, p < 0.001), leading to
decreased percent accuracy in NMS rats (p = 0.003) and
in MS rats (p = 0.013) but magnitude was less for MS rats
(Fig. 6a). There was no interaction of MS stress X Chal-
lenge (F(;, 56 = 0.313, p = 0.580). There was a main
effect of Challenge on percent omissions (F; 45, = 7.307,
p = 0.009). Increased attention load challenge had signifi-
cantly increased percent omissions (Fig. 6b) in NMS rats
(within group; p = 0.002) but not in MS rats (within group;
p = 0.985). There was an increased percent omissions in
NMS rats compared to MS rats that led to a statistical sig-
nificant reduction of percent omissions (Fig. 6¢) in MS rats
(p = 0.648).
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Fig. 5 Effect of maternal separation and isolation stress on 5-CSRTT
performance during acquisition and baseline conditions: a Percent
accuracy across the training performance. b Percent omissions across
the training performance. ¢ Percent premature response during the
training performance. Grey coloured dotted horizontal lines in a rep-
resent acquisition criteria. d Percent accuracy performance in first
3 days of task acquisition, e percent omissions, f percent premature
responses, g total trials completed during the baseline performance,
h total errors performed during the entire duration of baseline perfor-

mance. NMS = 13; MS = 15. Data were analysed by (a—c) two-way
repeated measures ANOVA followed by Bonferroni’s multiple com-
parison test, d data were analysed by one-way ANOVA followed by
Bonferroni’s multiple comparison test, unpaired ¢ test (e-h). Data are
represented as the Mean+SEM, *p <0.05, **p <0.01 in comparison
to NMS. NMS non-maternal separation stress (control) group, MS
maternal separation stress group, 5-CSRTT 5-choice serial reaction
time task
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Fig.6 Effect of MS on 5-CSRTT performance during increased
attentional load: a percent accuracy, b percent omissions, ¢ percent
omissions between groups during increased attentional load task, d
percent premature responses, e total trials completed, f total errors
performed. NMS = 13; MS = 15. Data were analysed by unpaired
t test (c); all other data were analysed by two-way ANOVA fol-

Challenge had no main effect on percent premature
responses (F3 s5) = 0.846, p = 0.475), and there was no
main effect of MS stress (F(; s, = 0.0267, p = 0.871) on
premature responses and there was no interaction of Chal-
lenge X MS either (F; 55, = 0.283, p = 0.597). Total trials
completed were all similar in both the groups (Fig. 6e). For
total trials completed, there were no main effects of Chal-
lenge (F(; 44y = 0, p > 0.999), or MS stress (F(; 44 =0, p
> (0.999) and no interaction between Challenge X MS stress
(F1,44y=0,p >0.999). For total errors, there was a main
effect of Challenge (F; 55, = 17.99, p < 0.001) but not of
MS stress (F(; 56, = 0.253, p = 0.619). There was no interac-
tion of MS stress X Challenge on total errors (F(; 56, = 0.200,
p = 0.658). Sidak’s multiple comparison test revealed an
increase in total errors per trial during attentional challenge
compared to baseline in NMS rats (p = 0.031) and in MS
rats (p = 0.004) as seen in Fig. 6f.

Further, there was a main effect of Challenge on repeti-
tive nosepoke responses (F 5, = 10.42, p = 0.002) as seen
in Supp. 2a. Repetitive nosepokes were reduced during
the challenge task as compared to baseline in NMS rats,
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lowed by Sidak’s multiple comparison test. Data are represented as
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parison to NMS. NMS non-maternal separation stress (control) group,
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cated as “2 s” and performance with attentional challenge is indicated
as “1 s”, 5-CSRTT 5-choice serial reaction time task

i.e. within-group difference (within group; p = 0.033) but
not in MS rats (within group; p = 0.084). There was no
main effect of MS stress (F(; 55y = 0.096, p = 0.758) and
no interaction of Challenge X MS stress (F; s;, = 0.140,
p = 0.710). For repetitive magazine entries, there were
no main effects of Challenge (F(l, 52) = 0.707, p = 0.404),
and MS stress (F(; s,y = 0.183, p = 0.670) or interaction
of MS stress X Challenge (F; sy = 0, p = 0.994) as seen
in Supp. 2b. Additionally, for mean correct latencies, there
was a main effect of Challenge (F; 5;, = 42.18, p <0.001)
but not of MS stress (F(; 5, = 0.907, p = 0.345) and the
interaction Challenge X MS stress was also not significant
(Fq, 51y = 0.318, p = 0.575). Further Sidak’s multiple com-
parison test showed that there were significant within-group
differences in mean correct latencies for both groups (NMS:
p =0.0003, MS: p < 0.0001), but there were no significant
differences between groups (Supp. 2¢).

Further, two-way ANOVA revealed that Challenge had
no main effect on either mean incorrect latencies (F(],
51 = 1.219, p = 0.275) as in Supp. 2d or in mean reward
latencies (F(; s, = 0.118, p = 0.733) as in Supp. 2e.
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Similarly, there was no main effect of MS stress on mean
incorrect latencies (F; 51, = 0.045, p = 0.832) and mean
reward latencies (F(; 5o, = 2.762, p = 0.103). Finally, there
were no interaction between the two variables for mean
incorrect latencies (F; 5y = 0.581, p = 0.449) and mean
reward latencies (F; 5o = 0.673, p = 0.416).

Overall, attentional challenge task provokes error making
as evident in NMS rats but MS stress exposure may lead to
better cognitive control, while not affecting motivation and
perseverative behaviours.

Behavioural inhibition challenge with random
inter-trial interval (5, 10 and 15 s ITl)

As a challenge to behavioural inhibition abilities, the NMS
and MS rats were subjected to a test task consisting of trials
with 5s, 10 s and 15 s ITIs pseudo-randomly presented over
100 trials. This random ITT task was performed with 2 s SD
that was used at baseline. This challenge task enabled us
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Fig.7 Effect of MS on 5-CSRTT performance during behavioural
inhibition challenge: a percent accuracy, b percent omissions, ¢
percent premature responses, d total trials completed, e total errors
performed. The data are presented as comparison between baseline
and VITI performance for both NMS and MS groups, respectively.
NMS = 9; MS = 11. Data were analysed by two-way ANOVA fol-

to assess the impulsive control as the random variable ITIs
were presented for the first time to these rats.

Two-way ANOVA revealed that for percent accuracy
(Fig. 7a), there were no main effects of vITI challenge
(F1, 43y = 0.916, p = 0.344) or MS stress (F; 43, = 0.202,
p = 0.654). Also there was no interaction of MS stress X vITI
challenge (F; 43 = 0.033, p = 0.856). For percent omis-
sions, there was a main effect of vITI challenge session
(F(1, 43, = 9.40, p = 0.004), but no main effect of MS stress
(F(1, 43 = 0.014, p = 0.906) and no main interaction between
MS stress X VITI challenge (F(; 43, = 1.722, p = 0.196).
Further Sidak’s multiple comparison test revealed that there
was a decrease in percent omissions in MS rats during vITI
challenge session (Fig. 7b) as compared to baseline (within
group; p = 0.005), whereas NMS rats did not show this dif-
ference (within group; p = 0.415).

For percent premature responses, there was a main
effect of vITI challenge (F(l, 13) = 35.24, p < 0.001), but
no main effect of MS stress (F; 43 = 1.553, p = 0.219) or

b c
¢ 60+
& i
5
o #Ht
T g 40- _‘I’_
o
=
©
# £ 20;
o
m |L‘
2
r r 0- r .
2v 2s 2v 2s 2v 2s 2v
e
0.25-
»
S 0.204 I
@ 0.15 —T—
e
W 0.10-
s
,2 0.05-
0.00- . .
2s 2v 2s 2v

lowed by Sidak’s multiple comparison test. Data are represented as
mean+SEM. #p<0.01, #p<0.001 within-group comparisons.
NMS non-maternal separation stress (control) group, MS maternal
separation stress group; baseline performance is indicated as “2 s”
and performance with vITI challenge is indicated as “2v”, 5-CSRTT
5-choice serial reaction time task
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interaction of MS stress X VITI challenge (F; 43, = 0.632,
p = 0.414). Further Sidak’s multiple comparison test indi-
cated that the vITI challenge caused increased premature
responses (Fig. 7c) in both NMS (p < 0.001) and MS
groups (p = 0.001) but there were no group differences.
Two-way ANOVA revealed that for total trials completed
(Fig. 7d), there was a main effect of vITI challenge ses-
sion (F(l’ 35) = 34.32, p < 0.001), but not of MS stress
(F(1.35 = 0.5053, p = 0.4819) and there was no interaction
of MS stress X vITI challenge (F(; 35, = 0.505, p = 0.4819).
Further Sidak’s multiple comparison test indicated that
VITT challenge caused reduction (as compared to baseline)
in total trials completed in both NMS (p < 0.001) and MS
groups (p = 0.001) but there were no group differences. For
total errors per trials in the vITI challenge task (Fig. 7e),
there were no main or interaction effects (vITI challenge:
F( 43 = 1.810, p = 0.185; MS stress: F(; 43, = 0.065,
p = 0.799; MS stress X vITI challenge: F(1?43) = (0.358,
p = 0.553). Further Sidak’s multiple comparison test
showed that there was no within-group differences (NMS:
p = 0.8484, MS: p = 0.3001) and between-group differences
(NMS: p = 0.9555, MS: p = 0.8258) in total errors in this
vITI challenge task as in Fig. 7e.

For mean correct latencies (Supp. 3a), there was a main
effect of VITI challenge (F(; 36 = 236.2, p < 0.001), but
no main effect of MS stress (F; 36, = 0.019, p = 0.892) or
interaction of VITI challenge X MS stress (F(; 36 = 0.201,
p = 0.657). Both groups had reduced mean correct latency
(NMS: p <0.001, MS: p <0.001) but there were no group
differences.

Similarly, for mean incorrect latencies (Supp. 3b), there
was a main effect of vITI challenge (F(; 35, = 45.27, p <
0.001) but no main effect of MS stress (F; 36 = 0.069,
p = 0.794) or interaction of vITI challenge X MS stress
(F(1,36) = 0.043, p = 0.837). Further Sidak’s multiple com-
parison test showed that both groups had reduced mean
incorrect latencies (NMS: p < 0.001, MS: p < 0.001), but
there was no between-group differences in baseline and vITI
task (NMS: p = 0.892, MS: p = 0.999). For mean reward
latencies (Supp. 3c), there was a main effect of vITI chal-
lenge (F(; 36) = 269.3, p < 0.001) but no main effect of MS
stress (F(; 36) = 1.831, p = 0.184) or interaction of vITI
challenge X MS stress (F(; 36, = 1.236, p = 0.273). Further
Sidak’s multiple comparison test showed that both groups
had reduction in mean reward latency (NMS: p < 0.001,
MS: p < 0.001) but there was no between-group differences
in baseline and vITI task (NMS: p = 0.061, MS: p = 0.987).

The vITI challenge session had no main effect on repeti-
tive nosepoke responses (F(; 34, = 2.584,p = 0.112) as in
Supp. 3d. There was also no main effect of MS stress on
repetitive nosepoke responses (F(; 34y = 2.433, p = 0.128)
or interaction effect of vITI challenge X MS stress
(F(1, 34y = 0.793, p = 0.379). Further Sidak’s multiple
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comparison test showed that there was no significant
within-group difference in both NMS and MS rats in
repetitive nosepoke responses (NMS: p = 0.1502, MS:
p = 0.8591) and also there was no significant difference
between-group comparison in vITI challenge task (NMS:
p = 0.0568, MS: p = 0.9065) as in S3d.

In addition, for repetitive magazine entries (Fig. 8),
there was no main effect of vITI challenge task
(F(1,36) = 0.898, p = 0.350) but there was a main effect
of MS stress (F(; 36, = 28.43, p < 0.001) and an interac-
tion of MS stress X vITI challenge (F(; 36, = 13.05, p <
0.001). Further Sidak’s multiple comparison test revealed
increased repetitive nosepoke responses by MS rats
(p = 0.005) but not by NMS rats (p = 0.136) leading to
group differences in terms of repetitive magazine entries
in the vITI challenge task (p < 0.001).

Discussion

Our results indicate that MS had both positive and nega-
tive influence on affective and cognitive functions. We
found that MS moderately enhanced attentional abilities
and improved spatial learning in radial arm maze. On the
other hand, MS led to social novelty impairments, height-
ened anxiety and increased compulsive features.
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Fig.8 Effect of MS on 5-CSRTT perseveration during behavioural
inhibition challenge: repetitive magazine entries between NMS and
MS groups. The data are presented as comparison between baseline
and VITI performance for both NMS and MS groups, respectively.
NMS = 6; MS = 6. Data were analysed by two-way ANOVA fol-
lowed by Sidak’s multiple comparison test and data are represented
as mean+SEM, **%p<0.001 between group, ™p <0.01 within
group. NMS non-maternal separation stress group (control group), MS
maternal separation stress group. Baseline performance is indicated
as “2 s” and performance with vITI challenge is indicated as “2v”
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Early maternal separation stress increased
anxiety-like behaviour and hampers social
behaviour

Anxiety has distinctive impact on cognitive performance
(Denkova et al., 2010; Hu et al. 2012; Robinson et al. 2012,
2013). In the present study, we found that maternal separa-
tion and isolation stress caused increased anxiety as found
in earlier studies (Dayalan Sampath et al. 2010; Heim and
Nemeroff 1999; Huot et al. 2001; Kalinichev et al. 2002;
Salm et al. 2004; Wigger and Neumann 1999). In addi-
tion, our recent study showed that maternal separation and
isolation stress enhanced fear memory and impaired fear
extinction memory in the young adulthood (Mishra et al.
2019). Even though anxiety can interfere with cognitive
performance, it could also facilitate cognitive information
processing in some contexts (Robinson et al. 2013).

Accordingly, it was found that enhanced anxiety due to
MS stress has affected social novelty behaviour, while it did
not alter the social motivation or sociability. Interestingly,
while one study has reported that MS did not alter the social
behaviour in mice (Tsuda et al. 2011), and another study
observed enhanced social behaviour after MS stress (Starr-
Phillips and Beery 2014). Nevertheless, many studies have
demonstrated that MS impairs social behaviour (Franklin
et al. 2011; Yu et al. 2013). However, these differences in
effects of MS on social behaviour may be attributed to the
variation in maternal care on reunion of pups after MS stress
(Beery and Kaufer 2015) and duration of MS procedure.
Further understanding of the neural circuit mechanisms
may also explain how early experiences influence the social
behaviour development and related disorders.

MS rats showed better spatial learning in partially
baited radial arm maze test than NMS rats

Several studies have reported that MS stress has induced
behavioural deficits such as impaired spatial learning and
memory (Barha et al. 2007; Bath et al. 2017; Kosten et al.
2012; Naninck et al. 2015; Wang et al. 2011). However, the
present study has observed increased spatial memory in
MS rats as compared to control rats. MS rats were able to
achieve the learning criteria of 80% correct choice in 8 days
of training whereas control rats required 13 days of training
in partially baited radial arm maze task. This indicates that
there is a gradual building up of stress-induced enhancement
in spatial learning abilities.

This supports our earlier observations that MS stress
caused increased hippocampal volume (unpublished obser-
vations of Dayalan Sampath). The increased hippocampal
volume is associated with increased performance in the hip-
pocampus mediated memory tasks (Krugers et al. 2017). In
contrast, decreased hippocampal volume is associated with

reduced spatial memory (Bremner and Narayan 1998; Gude-
rian et al. 2015; Rahman et al. 2016).

MS rats were better than NMS rats in stimulus
detection but showed enhanced reward-seeking
behaviour with compulsive features during 5-CSRTT
testing

We explored the detrimental effects of MS on cognitive
functions such as attention and response control using
5-CSRTT—a standard task that is widely used to assess
these functions in rodents. MS rats showed mild task acqui-
sition impairments (lower response accuracy at the first level
of training i.e. SD 30 s) but we did not find group differences
in any of the subsequent training stages. As MS and NMS
rats showed similar performance in all 5-CSRTT parameters
at baseline (SD 2 s), we infer that MS-induced anxiety might
not have affected attention and response control aspects of
cognitive functioning at the baseline level of the task.

As expected, NMS rats showed decreased performance
in shorter stimulus duration (an attentional challenge) ses-
sion as compared to baseline session (Amitai and Markou
2011). Surprisingly, MS rats did not show these performance
decrements under the shorter stimulus condition. Moreover,
MS rats had significantly lower omissions than NMS rats
during shorter stimulus condition. Overall, MS rats showed
better attentional and stimulus detection abilities than the
NMS rats.

A recent study found that MS on PND 3 for 24 h did
not alter attentional performance in 5 CSRTT at baseline
level as well as with shortened stimulus duration (Kentrop
et al. 2016). However, this study had used a single-day (24 h)
maternal separation protocol unlike our study where we have
used 6 h of maternal separation (PND 4-14). The short dep-
rivation used by Kentrop et al. might not have provided suffi-
cient impact to alter attentional processing in 5-CSRTT. The
findings of the current study are in accordance with those
of Boutros et al. (2017), where MS for 3 h from PND 1-14
enhanced attentional performance during task challenge ses-
sions (with increased attentional load). It is noteworthy that
Boutros et al. (2017) had also reported that rats exposed
to MS displayed improved attentional performance under
baseline conditions (Boutros et al. 2017). It should be noted
that the baseline stimulus duration was 1 s for Boutros et al.
(2017) whereas the present study has used 2 s as baseline
stimulus duration and 1 s as the increased attention load
challenge. The easier baseline stimulus condition in our
study (as compared to Boutros et al. 2017) is likely to be
the reason for the absence of group differences at baseline
in our findings.

Our VITI challenge enabled assessment of both aspects of
inhibitory control i.e. impulsivity and compulsivity in MS
and NMS rats (Chudasama et al. 2003). The vITI challenge
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session revealed that MS rats did not have deficits associated
with impulsive behaviour, as there was an increase in pre-
mature responses in both groups as compared to the baseline
performance but there were no group differences.

On the other hand, MS rats made significantly higher
additional magazine entries after the pellet collection dur-
ing the vITI challenge, indicating increased perseverative
responses in these rats (Dalley et al. 2011). Perseverative
responses are the measure of “compulsive behaviour” in
which rats continue to respond repeatedly, either at the
aperture where responding has just earned reward or in
food magazine or at the other locations during 5-CSRTT
(Bari et al. 2008; Brydges et al. 2015; Leeman and Potenza
2012; Morton and Munakata 2002; Robbins 2002). Previous
studies had also reported compulsive behaviour in rats with
early life stress during both baseline and testing stages of
5-CSRTT (Tzanoulinou et al. 2016). Brydges et al. (2015)
showed that MS (particularly on PND 9) leads to persevera-
tion in both male and female rats (Brydges et al. 2015) in
delay discounting task. Our study involved only male Wistar
rats and MS procedure was from PND4 to PND14. Further
study with both male and female rats using our extensive
MS protocol might reveal some interesting gender dependent
changes in 5-CSRTT parameters.

It is noteworthy that this compulsive behaviour in MS
rats was not observed during 5-CSRTT training and the
challenge session with shorter stimulus duration. This is
most likely due to the fact that in vITI sessions, two-third
of the ITIs were longer (10 s and 15 s) than the standard
ITI (5 s) used in other task sessions. Therefore, the rats had
to wait for a longer time before the stimulus onset, during
VITI sessions as compared to other sessions. This longer
waiting time might have provoked perseverative behaviour
in MS rats (Brydges et al. 2015). In 5-CSRTT, longer wait-
ing period is also commonly used as a task manipulation to
provoke motor impulsivity (leading to premature responses)
in rats. However, in the present study, MS rats demonstrated
only compulsive behaviour without having any signs of
impulsivity in them during the longer ITI trials. This func-
tional dissociation might be explained by involvement of a
specific neural circuitry underlying the MS-induced behav-
ioural changes found in our study. Previous studies in rats
with ventral prefrontal cortex (vVPFC) lesions had also shown
different neural substrates for impulsivity and compulsivity
in 5-CSRTT. For example, orbitofrontal cortex (OFC) was
shown to be involved in perseverative tendencies whereas
infralimbic cortex (IL) was responsible for ‘impulsive’ pre-
mature responding (Chudasama et al. 2003). Additionally,
both impulsive and compulsive behaviours are known to
depend on the specific neuromodulation of mPFC. 5-HT 5
receptor activation in mPFC has been shown to enhance
perseverative behaviour but not impulsiveness (Carli et al.
2006).

@ Springer

Since perseverative behaviour in MS rats was limited to
making multiple entries to reward magazine and was not
generalized (i.e. they did not make repeated entries to the
nose poke holes), we consider that the behaviour can be cat-
egorized as enhanced reward-seeking behaviour in MS rats
that leads to compulsive responses in them. Therefore, our
data predict the major involvement of nucleus accumbens
in this kind of perseveration on the reward magazine in MS
rats (Christakou et al. 2004). Overall, it can be suggested
that increased compulsive features seen in MS rats could
be because of altered fronto-striatal circuit in these rats, but
this need to be further confirmed by direct studies. Further,
Compulsive behaviour indicates inability to alter behaviour
in response to changing situational demands and is often
taken as an index of cognitive inflexibility (Chamberlain
et al. 2006; Dalley et al. 2004). Thus, findings of the pre-
sent study suggest that early MS-induced anxiety not only
enhances the compulsive behaviour but may also predict
cognitive inflexibility. Increased perseveration may contrib-
ute to the development of substance abuse and addictions of
drugs and gambling (Brydges et al. 2015).

We also evidenced another form of cognitive inflexibility
in social novelty behaviour, i.e. social cognitive inflexibil-
ity, previous studies also suggested that maternal separation
and isolation stress alter the social interaction behaviour (Jia
et al. 2009; Sandi and Haller 2015; Wei et al. 2013). One
cause could be due to overlapping of the social brain net-
work (Rennie et al. 2013; Sandi and Haller 2015) with the
default cognitive network (Amft et al. 2015; Hsu et al. 2016).
Therefore, when MS stress alters stress response system, it
may affect both cognitive and social behaviour (Chen and
Baram 2016). Further studies are warranted to understand
and map the overlapping brain network of cognition and
social behaviour to unravel the neuro-circuitry behind such
deficits.

Conclusion

The findings from the present study provide a more nuanced
understanding of early life stress on cognitive and emotional
outcomes later in adulthood. Our findings demonstrate that
how maternal care disruption in critical early postnatal
period can have differential effects on cognitive and affective
functions. MS enhanced attentional abilities and improved
spatial learning and memory. On the other hand, MS led
to social inflexibility, heightened anxiety and increased
reward-seeking behaviour. Overall, our study highlights the
impact of early life stressors spanning affective and cognitive
domains. Further studies are warranted to develop training
strategies in people with history of early life challenges that
enhance the positive effects (higher cognitive functioning)
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and counter the negative effects (heightened affective pro-
cessing), to facilitate a better quality of life.

Acknowledgements This study was supported by the National Institute
of Mental Health and Neurosciences (NIMHANS), Bengaluru by pro-
viding infrastructural facilities and Indian Council of Medical Research
(ICMR), New Delhi for the funding (Project Ref. no.:55/03/2012-PHY/
BMS; ID 2012-02300). The results described in this paper are part of
PhD thesis of M. K. We highly appreciate Ajay Kumar Nair in carry-
ing out detailed data analysis of the attention data using MATLAB.
We thank Pradeep K. Mishra, Sunil K. Khokhar for their help during
experiments, and the staff of Central Animal Research Facility (CARF),
NIMHANS for their support in maintaining experimental rats.

Compliance with ethical standards

Conflict of interest The authors (M. Y. K., K. A, B. M. K,,R. S. M,
and T. R. L.) have no conflicts of interests to declare.

References

Aisa B, Tordera R, Lasheras B, Del Rio J, Ramirez MJ (2007) Cogni-
tive impairment associated to HPA axis hyperactivity after mater-
nal separation in rats. Psychoneuroendocrinology 32(3):256-266.
https://doi.org/10.1016/j.psyneuen.2006.12.013

Amft M, Bzdok D, Laird AR, Fox PT, Schilbach L, Eickhoff SB (2015)
Definition and characterization of an extended social-affective
default network. Brain Struct Funct 220(2):1031-1049. https://
doi.org/10.1007/s00429-013-0698-0

Amitai N, Markou A (2011) Comparative effects of different test day
challenges on performance in the 5-choice serial reaction time
task. Behav Neurosci 125(5):764-774. https://doi.org/10.1037/
20024722

Andersen SL (2005) Stimulants and the developing brain. Trends
Pharmacol Sci 26(5):237-243. https://doi.org/10.1016/j.
tips.2005.03.009

Anshu K, Nair AK, Kumaresan UD, Kutty BM, Srinath S, Laxmi TR
(2017) Altered attentional processing in male and female rats in
a prenatal valproic acid exposure model of autism spectrum dis-
order. Autism Res 10(12):1929-1944. https://doi.org/10.1002/
aur.1852

Barha CK, Pawluski JL, Galea LA (2007) Maternal care affects male
and female offspring working memory and stress reactivity.
Physiol Behav 92(5):939-950. https://doi.org/10.1016/j.physb
¢h.2007.06.022

Bari A, Dalley JW, Robbins TW (2008) The application of the 5-choice
serial reaction time task for the assessment of visual attentional
processes and impulse control in rats. Nat Protoc 3(5):759-767.
https://doi.org/10.1038/nprot.2008.41

Bath KG, Russo SJ, Pleil KE, Wohleb ES, Duman RS, Radley JJ (2017)
Circuit and synaptic mechanisms of repeated stress: perspectives
from differing contexts, duration, and development. Neurobiol
Stress 7:137—-151. https://doi.org/10.1016/j.ynstr.2017.05.001

Becker K, Abraham A, Kindler J, Helmeke C, Braun K (2007) Expo-
sure to neonatal separation stress alters exploratory behavior and
corticotropin releasing factor expression in neurons in the amyg-
dala and hippocampus. Dev Neurobiol 67(5):617-629. https://doi.
org/10.1002/dneu.20372

Beery AK, Kaufer D (2015) Stress, social behavior, and resilience:
insights from rodents. Neurobiol Stress 1:116—127. https://doi.
org/10.1016/j.ynstr.2014.10.004

Benes FM, Taylor JB, Cunningham MC (2000) Convergence and plas-
ticity of monoaminergic systems in the medial prefrontal cortex
during the postnatal period: implications for the development of
psychopathology. Cereb Cortex 10(10):1014-1027

Bock J, Gruss M, Becker S, Braun K (2005) Experience-induced
changes of dendritic spine densities in the prefrontal and sensory
cortex: correlation with developmental time windows. Cereb Cor-
tex 15(6):802-808. https://doi.org/10.1093/cercor/bhh181

Boutros N, Der-Avakian A, Markou A, Semenova S (2017) Effects of
early life stress and adolescent ethanol exposure on adult cognitive
performance in the 5-choice serial reaction time task in Wistar
male rats. Psychopharmacology 234(9-10):1549-1556. https://
doi.org/10.1007/s00213-017-4555-3

Bowlby J (1954) The effect of separation from the mother in early life.
Ir J Med Sci 339:121-126

Bremner JD, Narayan M (1998) The effects of stress on memory and
the hippocampus throughout the life cycle: implications for child-
hood development and aging. Dev Psychopathol 10(4):871-885

Brydges NM, Holmes MC, Harris AP, Cardinal RN, Hall J (2015)
Early life stress produces compulsive-like, but not impulsive,
behavior in females. Behav Neurosci 129(3):300-308. https://
doi.org/10.1037/bne0000059

Carli M, Baviera M, Invernizzi RW, Balducci C (2006) Dissociable
contribution of 5-HT1A and 5-HT2A receptors in the medial
prefrontal cortex to different aspects of executive control such as
impulsivity and compulsive perseveration in rats. Neuropsychop-
harmacology 31(4):757-767. https://doi.org/10.1038/sj.npp.13008
93

Carlson E, Sroufe LA (1995) The contribution of attachment theory
to developmental psychopathology. Dev Process Psychopathol
1:581-617

Carlyle BC, Duque A, Kitchen RR, Bordner KA, Coman D, Doolittle
E, Simen AA (2012) Maternal separation with early weaning:
a rodent model providing novel insights into neglect associated
developmental deficits. Dev Psychopathol 24(4):1401-1416. https
://doi.org/10.1017/S095457941200079X

Chamberlain SR, Fineberg NA, Blackwell AD, Robbins TW, Saha-
kian BJ (2006) Motor inhibition and cognitive flexibility in obses-
sive—compulsive disorder and trichotillomania. Am J Psychiatry
163(7):1282-1284. https://doi.org/10.1176/appi.ajp.163.7.1282

Champagne FA, Francis DD, Mar A, Meaney MJ (2003) Variations
in maternal care in the rat as a mediating influence for the effects
of environment on development. Physiol Behav 79(3):359-371

Chen Y, Baram TZ (2016) Toward understanding how early-life
stress reprograms cognitive and emotional brain networks. Neu-
ropsychopharmacology 41(1):197-206. https://doi.org/10.1038/
npp.2015.181

Chocyk A, Przyborowska A, Makuch W, Majcher-Maslanka I, Dudys
D, Wedzony K (2014) The effects of early-life adversity on fear
memories in adolescent rats and their persistence into adult-
hood. Behav Brain Res 264:161-172. https://doi.org/10.1016/j.
bbr.2014.01.040

Christakou A, Robbins TW, Everitt BJ (2004) Prefrontal cortical-ven-
tral striatal interactions involved in affective modulation of atten-
tional performance: implications for corticostriatal circuit func-
tion. J Neurosci 24(4):773-780. https://doi.org/10.1523/INEUR
0OSCI1.0949-03.2004

Chudasama Y, Passetti F, Rhodes SE, Lopian D, Desai A, Robbins TW
(2003) Dissociable aspects of performance on the 5-choice serial
reaction time task following lesions of the dorsal anterior cingu-
late, infralimbic and orbitofrontal cortex in the rat: differential
effects on selectivity, impulsivity and compulsivity. Behav Brain
Res 146(1-2):105-119

Colorado RA, Shumake J, Conejo NM, Gonzalez-Pardo H, Gonza-
lez-Lima F (2006) Effects of maternal separation, early han-
dling, and standard facility rearing on orienting and impulsive

@ Springer


https://doi.org/10.1016/j.psyneuen.2006.12.013
https://doi.org/10.1007/s00429-013-0698-0
https://doi.org/10.1007/s00429-013-0698-0
https://doi.org/10.1037/a0024722
https://doi.org/10.1037/a0024722
https://doi.org/10.1016/j.tips.2005.03.009
https://doi.org/10.1016/j.tips.2005.03.009
https://doi.org/10.1002/aur.1852
https://doi.org/10.1002/aur.1852
https://doi.org/10.1016/j.physbeh.2007.06.022
https://doi.org/10.1016/j.physbeh.2007.06.022
https://doi.org/10.1038/nprot.2008.41
https://doi.org/10.1016/j.ynstr.2017.05.001
https://doi.org/10.1002/dneu.20372
https://doi.org/10.1002/dneu.20372
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1093/cercor/bhh181
https://doi.org/10.1007/s00213-017-4555-3
https://doi.org/10.1007/s00213-017-4555-3
https://doi.org/10.1037/bne0000059
https://doi.org/10.1037/bne0000059
https://doi.org/10.1038/sj.npp.1300893
https://doi.org/10.1038/sj.npp.1300893
https://doi.org/10.1017/S095457941200079X
https://doi.org/10.1017/S095457941200079X
https://doi.org/10.1176/appi.ajp.163.7.1282
https://doi.org/10.1038/npp.2015.181
https://doi.org/10.1038/npp.2015.181
https://doi.org/10.1016/j.bbr.2014.01.040
https://doi.org/10.1016/j.bbr.2014.01.040
https://doi.org/10.1523/JNEUROSCI.0949-03.2004
https://doi.org/10.1523/JNEUROSCI.0949-03.2004

2008

Experimental Brain Research (2019) 237:1993-2010

behavior of adolescent rats. Behav Process 71(1):51-58. https://
doi.org/10.1016/j.beproc.2005.09.007

Crawley JN (1985) Exploratory behavior models of anxiety in mice.
Neurosci Biobehav Rev 9(1):37-44

Dalley JW, Cardinal RN, Robbins TW (2004) Prefrontal executive
and cognitive functions in rodents: neural and neurochemical
substrates. Neurosci Biobehav Rev 28(7):771-784. https://doi.
org/10.1016/j.neubiorev.2004.09.006

Dalley JW, Everitt BJ, Robbins TW (2011) Impulsivity, compulsivity,
and top—down cognitive control. Neuron 69(4):680-694. https://
doi.org/10.1016/j.neuron.2011.01.020

Dayalan Sampath SV, Durgalakshmi R, Kutty BM, Laxmi TR (2010)
Long-term effects of early maternal separation and isolation stress
on adulthood behaviour of female rats. Curr Sci 99(12):1811-1815

De Brigard F (2012) The role of attention in conscious recollection.
Front Psychol 3:29. https://doi.org/10.3389/fpsyg.2012.00029

Denkova E, Wong G, Dolcos S, Sung K, Wang L, Coupland N, Dolcos
F (2010) The impact of anxiety-inducing distraction on cognitive
performance: a combined brain imaging and personality inves-
tigation. PLoS One 5(11):e14150. https://doi.org/10.1371/journ
al.pone.0014150

Ellenbroek BA, van den Kroonenberg PT, Cools AR (1998) The effects
of an early stressful life event on sensorimotor gating in adult rats.
Schizophr Res 30(3):251-260

Franklin TB, Linder N, Russig H, Thony B, Mansuy IM (2011) Influ-
ence of early stress on social abilities and serotonergic functions
across generations in mice. PLoS One 6(7):¢21842. https://doi.
org/10.1371/journal.pone.0021842

Fuentes S, Daviu N, Gagliano H, Garrido P, Zelena D, Monasterio N,
Nadal R (2014) Sex-dependent effects of an early life treatment in
rats that increases maternal care: vulnerability or resilience? Front
Behav Neurosci 8:56. https://doi.org/10.3389/fnbeh.2014.00056

Garcia VA, Hirotsu C, Matos G, Alvarenga T, Pires GN, Kapczinski
F, Andersen ML (2013) Modafinil ameliorates cognitive deficits
induced by maternal separation and sleep deprivation. Behav
Brain Res 253:274-279. https://doi.org/10.1016/j.bbr.2013.07.029

Guderian S, Dzieciol AM, Gadian DG, Jentschke S, Doeller CF, Bur-
gess N, Vargha-Khadem F (2015) Hippocampal volume reduction
in humans predicts impaired allocentric spatial memory in virtual-
reality navigation. J Neurosci 35(42):14123-14131. https://doi.
org/10.1523/JINEUROSCI.0801-15.2015

Hall FS, Huang S, Fong GF, Pert A (1998) The effects of social isola-
tion on the forced swim test in Fawn hooded and Wistar rats. J
Neurosci Methods 79(1):47-51

Heim C, Nemeroff CB (1999) The impact of early adverse experiences
on brain systems involved in the pathophysiology of anxiety and
affective disorders. Biol Psychiatry 46(11):1509-1522

Hsu LM, Liang X, Gu H, Brynildsen JK, Stark JA, Ash JA, Yang Y
(2016) Constituents and functional implications of the rat default
mode network. Proc Natl Acad Sci USA 113(31):E4541-E4547.
https://doi.org/10.1073/pnas.1601485113

Hu K, Bauer A, Padmala S, Pessoa L (2012) Threat of bodily harm has
opposing effects on cognition. Emotion 12(1):28-32. https://doi.
org/10.1037/a0024345

Huot RL, Thrivikraman KV, Meaney MJ, Plotsky PM (2001) Develop-
ment of adult ethanol preference and anxiety as a consequence of
neonatal maternal separation in Long Evans rats and reversal with
antidepressant treatment. Psychopharmacology 158(4):366-373.
https://doi.org/10.1007/s002130100701

Jia R, Tai F, An S, Zhang X, Broders H (2009) Effects of neonatal
paternal deprivation or early deprivation on anxiety and social
behaviors of the adults in mandarin voles. Behav Process
82(3):271-278. https://doi.org/10.1016/j.beproc.2009.07.006

Kalinichev M, Easterling KW, Plotsky PM, Holtzman SG (2002)
Long-lasting changes in stress-induced corticosterone response
and anxiety-like behaviors as a consequence of neonatal

@ Springer

maternal separation in Long-Evans rats. Pharmacol Biochem
Behav 73(1):131-140

Kentrop J, van der Tas L, Loi M, van IJzendoorn MH, Bakermans-
Kranenburg MJ, Joels M, van der Veen R (2016) Mifepristone
treatment during early adolescence fails to restore maternal dep-
rivation-induced deficits in behavioral inhibition of adult male
rats. Front Behav Neurosci 10:122. https://doi.org/10.3389/fnbeh
.2016.00122

Kosten TA, Kim JJ, Lee HJ (2012) Early life manipulations alter learn-
ing and memory in rats. Neurosci Biobehav Rev 36(9):1985-2006.
https://doi.org/10.1016/j.neubiorev.2012.07.003

Krugers HJ, Arp JM, Xiong H, Kanatsou S, Lesuis SL, Korosi A,
Lucassen PJ (2017) Early life adversity: lasting consequences
for emotional learning. Neurobiol Stress 6:14-21. https://doi.
org/10.1016/j.ynstr.2016.11.005

Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Meaney MJ, Plot-
sky PM (2000) Long-term behavioral and neuroendocrine adapta-
tions to adverse early experience. Prog Brain Res 122:81-103

Leeman RF, Potenza MN (2012) Similarities and differences between
pathological gambling and substance use disorders: a focus on
impulsivity and compulsivity. Psychopharmacology 219(2):469—
490. https://doi.org/10.1007/s00213-011-2550-7

Lehmann J, Feldon J (2000) Long-term biobehavioral effects of mater-
nal separation in the rat: consistent or confusing? Rev Neurosci
11(4):383-408

Lehmann J, Stohr T, Schuller J, Domeney A, Heidbreder C, Feldon
J (1998) Long-term effects of repeated maternal separation on
three different latent inhibition paradigms. Pharmacol Biochem
Behav 59(4):873-882

Levine S (1956) A further study of infantile handling and adult avoid-
ance learning. J Personal 25(1):70-80

Levine S (1957) Infantile experience and consummatory behavior in
adulthood. J Comp Physiol Psychol 50(6):609-612

Levine S (1960) Stimulation in infancy. Sci Am 202:81-86

Levine S (1994) The ontogeny of the hypothalamic—pituitary—adre-
nal axis. The influence of maternal factors. Ann N 'Y Acad Sci
746:275-288 (discussion 289-293)

Levine S, England SJ (1960) Temporal factors in avoidance learning.
J Comp Physiol Psychol 53:282-283

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freedman A,
Meaney MJ (1997) Maternal care, hippocampal glucocorticoid
receptors, and hypothalamic—pituitary—adrenal responses to stress.
Science 277(5332):1659-1662

Liu D, Caldji C, Sharma S, Plotsky PM, Meaney MJ (2000) Influence
of neonatal rearing conditions on stress-induced adrenocortico-
tropin responses and norepinephrine release in the hypothalamic
paraventricular nucleus. J Neuroendocrinol 12(1):5-12

Lovic V, Keen D, Fletcher PJ, Fleming AS (2011) Early-life maternal
separation and social isolation produce an increase in impulsive
action but not impulsive choice. Behav Neurosci 125(4):481-491.
https://doi.org/10.1037/a0024367

Lupien SJ, Parent S, Evans AC, Tremblay RE, Zelazo PD, Corbo
V, Seguin JR (2011) Larger amygdala but no change in hip-
pocampal volume in 10-year-old children exposed to maternal
depressive symptomatology since birth. Proc Natl Acad Sci USA
108(34):14324-14329. https://doi.org/10.1073/pnas. 1105371108

Makena N, Bugarith K, Russell VA (2012) Maternal separation
enhances object location memory and prevents exercise-
induced MAPK/ERK signalling in adult Sprague-Dawley rats.
Metab Brain Dis 27(3):377-385. https://doi.org/10.1007/s1101
1-012-9298-6

McCoy CR, Rana S, Stringfellow SA, Day JJ, Wyss JM, Clinton SM,
Kerman IA (2016) Neonatal maternal separation stress elicits
lasting DNA methylation changes in the hippocampus of stress-
reactive Wistar Kyoto rats. Eur J Neurosci 44(10):2829-2845.
https://doi.org/10.1111/ejn.13404


https://doi.org/10.1016/j.beproc.2005.09.007
https://doi.org/10.1016/j.beproc.2005.09.007
https://doi.org/10.1016/j.neubiorev.2004.09.006
https://doi.org/10.1016/j.neubiorev.2004.09.006
https://doi.org/10.1016/j.neuron.2011.01.020
https://doi.org/10.1016/j.neuron.2011.01.020
https://doi.org/10.3389/fpsyg.2012.00029
https://doi.org/10.1371/journal.pone.0014150
https://doi.org/10.1371/journal.pone.0014150
https://doi.org/10.1371/journal.pone.0021842
https://doi.org/10.1371/journal.pone.0021842
https://doi.org/10.3389/fnbeh.2014.00056
https://doi.org/10.1016/j.bbr.2013.07.029
https://doi.org/10.1523/JNEUROSCI.0801-15.2015
https://doi.org/10.1523/JNEUROSCI.0801-15.2015
https://doi.org/10.1073/pnas.1601485113
https://doi.org/10.1037/a0024345
https://doi.org/10.1037/a0024345
https://doi.org/10.1007/s002130100701
https://doi.org/10.1016/j.beproc.2009.07.006
https://doi.org/10.3389/fnbeh.2016.00122
https://doi.org/10.3389/fnbeh.2016.00122
https://doi.org/10.1016/j.neubiorev.2012.07.003
https://doi.org/10.1016/j.ynstr.2016.11.005
https://doi.org/10.1016/j.ynstr.2016.11.005
https://doi.org/10.1007/s00213-011-2550-7
https://doi.org/10.1037/a0024367
https://doi.org/10.1073/pnas.1105371108
https://doi.org/10.1007/s11011-012-9298-6
https://doi.org/10.1007/s11011-012-9298-6
https://doi.org/10.1111/ejn.13404

Experimental Brain Research (2019) 237:1993-2010

2009

McEwen BS (2000) Effects of adverse experiences for brain structure
and function. Biol Psychiatry 48(8):721-731

Mishra PK, Kutty BM, Laxmi TR (2019) The impact of maternal sepa-
ration and isolation stress during stress hyporesponsive period
on fear retention and extinction recall memory from 5-week-
to 1-year-old rats. Exp Brain Res 237(1):181-190. https://doi.
org/10.1007/s00221-018-5411-3

Morton JB, Munakata Y (2002) Active versus latent representations: a
neural network model of perseveration, dissociation, and decalage.
Dev Psychobiol 40(3):255-265

Moy SS, Nadler JJ, Perez A, Barbaro RP, Johns JM, Magnuson TR,
Crawley JN (2004) Sociability and preference for social novelty
in five inbred strains: an approach to assess autistic-like behavior
in mice. Genes Brain Behav 3(5):287-302. https://doi.org/10.11
11/5.1601-1848.2004.00076.x

Naninck EF, Hoeijmakers L, Kakava-Georgiadou N, Meesters A,
Lazic SE, Lucassen PJ, Korosi A (2015) Chronic early life stress
alters developmental and adult neurogenesis and impairs cogni-
tive function in mice. Hippocampus 25(3):309-328. https://doi.
org/10.1002/hipo.22374

Newport DJ, Wilcox MM, Stowe ZN (2002) Maternal depression:
a child’s first adverse life event. Semin Clin Neuropsychiatry
7(2):113-119

Oitzl MS, Workel JO, Fluttert M, Frosch F, De Kloet ER (2000)
Maternal deprivation affects behaviour from youth to senes-
cence: amplification of individual differences in spatial learning
and memory in senescent Brown Norway rats. Eur J Neurosci
12(10):3771-3780

Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN, Man-
ders EM, Krugers H (2010) Severe early life stress hampers spatial
learning and neurogenesis, but improves hippocampal synaptic
plasticity and emotional learning under high-stress conditions in
adulthood. J Neurosci 30(19):6635-6645. https://doi.org/10.1523/
JNEUROSCI.0247-10.2010

Ovtscharoft W Jr, Braun K (2001) Maternal separation and social iso-
lation modulate the postnatal development of synaptic composi-
tion in the infralimbic cortex of Octodon degus. Neuroscience
104(1):33-40

Plotsky PM, Owens MJ, Nemeroff CB (1998) Psychoneuroendocrinol-
ogy of depression: hypothalamic—pituitary—adrenal axis. Psychiatr
Clin N Am 21(2):293-307

Rahman MM, Callaghan CK, Kerskens CM, Chattarji S, O’Mara SM
(2016) Early hippocampal volume loss as a marker of eventual
memory deficits caused by repeated stress. Sci Rep 6:29127. https
://doi.org/10.1038/srep29127

Rana S, Pugh PC, Jackson N, Clinton SM, Kerman IA (2015) Inborn
stress reactivity shapes adult behavioral consequences of early-life
maternal separation stress. Neurosci Lett 584:146—150. https://doi.
org/10.1016/j.neulet.2014.10.011

Rennie SM, Moita MM, Mainen ZF (2013) Social cognition in the
rodent: nothing to be sniffed at. Trends Cogn Sci 17(7):306-307.
https://doi.org/10.1016/j.tics.2013.04.011

Robbins TW (2002) The 5-choice serial reaction time task: behav-
ioural pharmacology and functional neurochemistry. Psychop-
harmacology 163(3—4):362-380. https://doi.org/10.1007/s0021
3-002-1154-7

Robinson OJ, Overstreet C, Letkiewicz A, Grillon C (2012) Depressed
mood enhances anxiety to unpredictable threat. Psychol Med
42(7):1397-1407. https://doi.org/10.1017/S0033291711002583

Robinson OJ, Vytal K, Cornwell BR, Grillon C (2013) The impact of
anxiety upon cognition: perspectives from human threat of shock
studies. Front Hum Neurosci 7:203. https://doi.org/10.3389/fnhum
.2013.00203

Salm AK, Pavelko M, Krouse EM, Webster W, Kraszpulski M, Birkle
DL (2004) Lateral amygdaloid nucleus expansion in adult rats
is associated with exposure to prenatal stress. Brain Res Dev

Brain Res 148(2):159-167. https://doi.org/10.1016/j.devbrainre
$.2003.11.005

Sampath D, Sabitha KR, Hegde P, Jayakrishnan HR, Kutty BM,
Chattarji S, Laxmi TR (2014) A study on fear memory retrieval
and REM sleep in maternal separation and isolation stressed
rats. Behav Brain Res 273:144-154. https://doi.org/10.1016/j.
bbr.2014.07.034

Sandi C, Haller J (2015) Stress and the social brain: behavioural
effects and neurobiological mechanisms. Nat Rev Neurosci
16(5):290-304. https://doi.org/10.1038/nrn3918

Schapiro S, Geller E, Eiduson S (1962) Neonatal adrenal cortical
response to stress and vasopressin. Proc Soc Exp Biol Med
109:937-941

Schmidt MV, Enthoven L, van der Mark M, Levine S, de Kloet ER,
Oitzl MS (2003) The postnatal development of the hypotha-
lamic—pituitary—adrenal axis in the mouse. Int J Dev Neurosci
21(3):125-132

Srikumar BN, Raju TR, Rao BSS (2007) Contrasting effects of bro-
mocriptine on learning of a partially baited radial arm maze
task in the presence and absence of restraint stress. Psychop-
harmacology 193(3):363-374. https://doi.org/10.1007/s0021
3-007-0801-4

Starr-Phillips EJ, Beery AK (2014) Natural variation in maternal care
shapes adult social behavior in rats. Dev Psychobiol 56(5):1017—
1026. https://doi.org/10.1002/dev.21182

Tsuda MC, Yamaguchi N, Ogawa S (2011) Early life stress disrupts
peripubertal development of aggression in male mice. Neurore-
port 22(6):259-263. https://doi.org/10.1097/WNR.0b013e3283
44495a

Tzanoulinou S, Garcia-Mompo C, Riccio O, Grosse J, Zanoletti O,
Dedousis P, Sandi C (2016) Neuroligin-2 expression in the pre-
frontal cortex is involved in attention deficits induced by peripu-
bertal stress. Neuropsychopharmacology 41(3):751-761. https://
doi.org/10.1038/npp.2015.200

Walker CD, Perrin M, Vale W, Rivier C (1986) Ontogeny of the stress
response in the rat: role of the pituitary and the hypothalamus.
Endocrinology 118(4):1445-1451. https://doi.org/10.1210/
endo-118-4-1445

Wang XD, Rammes G, Kraev I, Wolf M, Liebl C, Scharf SH, Schmidt
MYV (2011) Forebrain CRF(1) modulates early-life stress-pro-
grammed cognitive deficits. J Neurosci 31(38):13625-13634.
https://doi.org/10.1523/JNEUROSCI.2259-11.2011

Wei B, Tai F, Liu X, Ma L, Yang X, Jia R, Zhang X (2013) Neona-
tal tactile stimulation alleviates the negative effects of neonatal
isolation on novel object recognition, sociability and neuroendo-
crine levels in male adult mandarin voles (Microtus mandarinus).
Physiol Behav 112-113:14-22. https://doi.org/10.1016/j.physb
¢h.2013.02.005

Wigger A, Neumann ID (1999) Periodic maternal deprivation induces
gender-dependent alterations in behavioral and neuroendo-
crine responses to emotional stress in adult rats. Physiol Behav
66(2):293-302

Willner P (1990) Animal models of depression: an overview. Pharma-
col Ther 45(3):425-455

Willner P, Towell A, Sampson D, Sophokleous S, Muscat R (1987)
Reduction of sucrose preference by chronic unpredictable mild
stress, and its restoration by a tricyclic antidepressant. Psychop-
harmacology 93(3):358-364

Wilson CA, Schade R, Terry AV Jr (2012) Variable prenatal stress
results in impairments of sustained attention and inhibitory
response control in a 5-choice serial reaction time task in rats.
Neuroscience 218:126-137. https://doi.org/10.1016/j.neuroscien
ce.2012.05.040

Yu P, An S, Tai F, Wang J, Wu R, Wang B (2013) Early social
deprivation impairs pair bonding and alters serum corticos-
terone and the NAcc dopamine system in mandarin voles.

@ Springer


https://doi.org/10.1007/s00221-018-5411-3
https://doi.org/10.1007/s00221-018-5411-3
https://doi.org/10.1111/j.1601-1848.2004.00076.x
https://doi.org/10.1111/j.1601-1848.2004.00076.x
https://doi.org/10.1002/hipo.22374
https://doi.org/10.1002/hipo.22374
https://doi.org/10.1523/JNEUROSCI.0247-10.2010
https://doi.org/10.1523/JNEUROSCI.0247-10.2010
https://doi.org/10.1038/srep29127
https://doi.org/10.1038/srep29127
https://doi.org/10.1016/j.neulet.2014.10.011
https://doi.org/10.1016/j.neulet.2014.10.011
https://doi.org/10.1016/j.tics.2013.04.011
https://doi.org/10.1007/s00213-002-1154-7
https://doi.org/10.1007/s00213-002-1154-7
https://doi.org/10.1017/S0033291711002583
https://doi.org/10.3389/fnhum.2013.00203
https://doi.org/10.3389/fnhum.2013.00203
https://doi.org/10.1016/j.devbrainres.2003.11.005
https://doi.org/10.1016/j.devbrainres.2003.11.005
https://doi.org/10.1016/j.bbr.2014.07.034
https://doi.org/10.1016/j.bbr.2014.07.034
https://doi.org/10.1038/nrn3918
https://doi.org/10.1007/s00213-007-0801-4
https://doi.org/10.1007/s00213-007-0801-4
https://doi.org/10.1002/dev.21182
https://doi.org/10.1097/WNR.0b013e328344495a
https://doi.org/10.1097/WNR.0b013e328344495a
https://doi.org/10.1038/npp.2015.200
https://doi.org/10.1038/npp.2015.200
https://doi.org/10.1210/endo-118-4-1445
https://doi.org/10.1210/endo-118-4-1445
https://doi.org/10.1523/JNEUROSCI.2259-11.2011
https://doi.org/10.1016/j.physbeh.2013.02.005
https://doi.org/10.1016/j.physbeh.2013.02.005
https://doi.org/10.1016/j.neuroscience.2012.05.040
https://doi.org/10.1016/j.neuroscience.2012.05.040

2010

Experimental Brain Research (2019) 237:1993-2010

Psychoneuroendocrinology 38(12):3128-3138. https://doi.
org/10.1016/j.psyneuen.2013.09.012

Zurita A, Cuadra G, Molina VA (1999) The involvement of an opiate
mechanism in the sensitized behavioral deficit induced by early
chronic variable stress: influence of desipramine. Behav Brain
Res 100(1-2):153-159

@ Springer

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.psyneuen.2013.09.012
https://doi.org/10.1016/j.psyneuen.2013.09.012

	Effect of early maternal separation stress on attention, spatial learning and social interaction behaviour
	Abstract
	Introduction
	Materials and methods
	Subjects
	Maternal separation and isolation stress (MS) procedure
	Normal controls without MS stress (NMS) rats
	Experimental procedure
	Anxiety test
	Apparatus
	Procedure
	Social interaction test
	Apparatus
	Procedure
	Partially baited radial arm maze (PBRAM)
	Sustained attention using 5-choice serial reaction time task
	Apparatus for 5-choice serial reaction time task
	Experimental procedure
	Acquisition
	Training for the sustained attention

	Performance measures
	Data analysis

	Results
	Effect of early maternal separation and isolation stress on anxiety-like behaviour when subjected to anxiety provoking environment
	MS modulates social behaviour particularly the social novelty behaviour but not sociability
	Maternal separation stress impact on spatial learning and memory in partially baited radial arm maze task (PBRAM)
	Impact of MS on training in the 5-choice serial reaction time task (5-CSRTT)
	Performance at the End of Training (Baseline)
	Correlation analysis of MS-induced anxiety on baseline performance
	Attention challenge with short stimulus duration (1 s)
	Behavioural inhibition challenge with random inter-trial interval (5, 10 and 15 s ITI)

	Discussion
	Early maternal separation stress increased anxiety-like behaviour and hampers social behaviour
	MS rats showed better spatial learning in partially baited radial arm maze test than NMS rats
	MS rats were better than NMS rats in stimulus detection but showed enhanced reward-seeking behaviour with compulsive features during 5-CSRTT testing

	Conclusion
	Acknowledgements 
	References




