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ABSTRACT

Objectives: This study aimed to understand whether an enriched environment (EE) in adulthood benefits in
mitigating the early life stress-induced changes in the structure and functions of the hippocampus and amygdala.

Materials and Methods: Male Wistar rats were exposed daily for 6 h to early maternal separation and isolation (MS)
stress from postnatal days (PND) 4-14 and later at PND 60-70 days subjected to EE, while, the normal control (NC)
rats were not subjected to stress but reared with the mother under standard housing conditions. The effects of MS
and EE on adulthood behaviour were not subjected to stress but assessed by measuring the ambulatory, repetitive and
anxiety-like behaviour. The study has also done the plasma corticosterone concentrations. The dendritic remodelling
in the amygdala and hippocampus was assessed using the Golgi cox staining approach. Finally, the present study
compared the reactive oxygen species-induced lipid peroxidation and total antioxidant capacity in MS rats as an
indirect measure of oxidative stress to study the impact of MS stress on the limbic circuit and peripheral organs.

Results: MS rats showed increased anxiety and lower plasma corticosterone levels. The pyramidal neurons’
dendritic plasticity displayed a different pattern, with shrinkage in the CA1 hippocampal neurons and
hypertrophy in the amygdala’s primary neurons. Variations in antioxidant activity and peroxidation observed in
NC to MS across tissues indicate the occurrence and management of oxidative stress in MS. The 10 days of EE
in young adulthood helped to reduce MS stress-induced structural abnormalities in hippocampal and amygdala
pyramidal neurons, as well as anxiety and plasma corticosterone levels.

Conclusion: These findings together indicate that exposure to adverse experiences may cause harmful effects on
brain plasticity and behaviour in young adulthood. Exposure to EE may be beneficial in reducing the early life
stress-induced pathophysiology later in life.
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INTRODUCTION

John Locke (1632-1704) said that ‘the mind is a blank slate (tabula rasa) at birth, ready to be
written on by experience! These experiences built up entirely from birth, through adolescence
to young adulthood inducing changes in the structure and functions of neurons,! resulting in
changes in behaviour. We previously found that an enriched environment (EE) was beneficial,
showing early fear extinction, changed network activity between infralimbic regions of the
medial prefrontal cortex, amygdala, and hippocampus®?, and increased synaptic plasticity.”
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While, diminished fear memory and extinction was observed
in animals exposed to impoverished environments such
as maternal separation® and isolation stress at critical
developmental time window!™® are associated with an
impaired network activity in the same fear circuit.”’ Further
studies have shown that anxiety-like behaviour was correlated
with altered oxidative stress following either chronic social
isolation stress or maternal separation stress. 1

These evidence indicates that the brain has the remarkable
ability to undergo plasticity changes in response to
environmental stimuli such as nutrition,"! EE®, and a
stressed environment.”'*"¥ We previously showed that
10 days of EE before the fear conditioning and subsequently
after the extinction training can be more effective in the
extinction of fear memory in rats reared in standard
housing conditions.? In clinical studies, exercise has been
shown to increase brain volume in areas implicated in
processing, improve cognition in children with cerebral
palsy and enhance phonemic skills in school children with
reading difficulties," as well as difficulties with external/
internal temperature modulation." A recent study from
our laboratory has further found that long-term exposure
to a combinational paradigm consisted of EE, physical
exercise and diet-rich nutrition can reverse the ibotenic acid
lesioning of the ventral subiculum on spatial memory deficit
and neurogenesis in the hippocampus.''® The above studies,
thus, confirm that an EE can directly impact brain plasticity,
bolstering the theory that EE influences brain structure and
function throughout an organism’ lifespan.

However, there are only few studies have examined the
impact of EE in brain growth in stressful conditions. One
of the critical steps is to define normal brain growth and
how EE can enhance cognition. The changes in neuronal
morphology and functional connectivity in the limbic
system, notably in the hippocampus, amygdala, and medial
prefrontal cortex, which regulates learning, memory,
and mood, could be the biological basis for these effects.
A plethora of evidence in the literature indicates that EE
in adulthood promotes neurogenesis, maturation, and
synaptogenesis in hippocampal formation, which is crucial
for learning and memory."” The BDNE, in turn, regulates the
adult hippocampal neurogenesis and synaptogenesis, both of
which are important for learning and memory.['®

Separation and isolation stress (MS) from their mothers
during the stress hyporesponsive period (SHRP) which
is similar to the children under five are highly prevalent to
anxiety disorders later in life. Although the early childhood
environment is vital, policies are to be in place to minimise
the negative experiences during this critical developmental
period on adult emotionality behaviour."” Childhood stress
is prevalent in a progressive country like India. In particular,
the SHRP is a critical period for the rat pups that shapes

the brain and behaviour in young adulthood®-?" which is
basically because of the reduced adrenal gland’s response
to stress.”?! Any adverse experiences during this period can
cause long-lasting changes in the brain and behaviour.!
As a result, SHRP becomes an important period, wherein
adulthood behaviour is shaped at a very early period of life.
Accordingly, the present study has examined the effect of 10
days of EE exposure at young adulthood on anxiety, repetitive
and ambulatory behaviour, basal corticosterone, total
antioxidant capacity (TAC) in the fear circuit. The dendritic
plasticity in the pyramidal neurons of the hippocampus and
amygdala was examined to see whether exposure to an EE
impacts the reversal of anxiety and ambulatory functions.
Finally, we also evaluated the biochemical changes to
study how MS stress affects antioxidant capacity and lipid
peroxidation (LP) in different brain regions and other tissues.

MATERIALS AND METHODS
Subjects

Pregnant Wistar rats were obtained from the Central Animal
Research Facility, at NIMHANS, Bengaluru on a gestational
day of approximately 18-19. Dams were individually housed in
propylene cages with husk bedding on a 12:12 h light-dark cycle
with free access to water and food ad libitum. All the procedures
were approved by the Institutional Animals Ethics Committee
and maximum care was taken to minimise the pain and
discomfort to the experimental animals during the procedure.

The rats were randomly divided into four groups and kept
in two different housing conditions - standard housing and
EE conditions. The first group, normal control (NC), was
reared with a mother in a standard house condition without
exposure to MS procedure. The second group, maternal
separation and isolation stress (MS), was exposed to MS
stress procedures during SHRP. The third group, NC-EE, was
reared with the mother during the entire pre-weaning period
and exposed to an EE condition during P60-P70. The fourth
group, MS-EE group, was exposed to MS stress during SHRP
and exposed to an EE condition during P60-P70.

MS procedure

Maternal separation and isolation (MS) stress procedure
was carried out for 10 days during the postnatal day (PND)
4-14. During this SHRP, rat pups were separated from their
mother and subsequently isolated from their littermates.
Isolation of pups was carried out in a partitioned cage having
six compartments with a little husk in each cage. The stress
protocol was carried out for 6 h daily, from 9.00 AM to
3.00 PM. After this MS procedure, rat pups were reunited
with their mothers. Rat pups were weaned from the mother
on PND 22. All the behavioural and Golgi studies were
carried out when the rat was on 2-3 months of age.
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EE conditions

EE rats were placed, in groups of 7-10, in a special cage
measuring 102 cm x 64 cm x 61 cm. The EE chamber
was with various objects such as ladders, tunnels, wooden
pieces of different shapes and sizes, and interchangeable
toys such as balls and building blocks. To provide
opportunities for both sensory and physical stimulation
which were rearranged every day and changed into
different objects on alternate days for novelty.”! EE
conditions were daily for 6 h/day for 10 days during P60-
P70. A different cohort of rats was used for EE group per
se and all testing was carried out during the light phase in
2-3-month old rats.

Behavioural assay

[Figure 1] is depicting the timeline of the entire study. All the
behavioural assays were performed on PND 71-73, while the
rat brain from all four groups was processed for the Golgi-
cox staining procedure on PND 71. A different cohort was
used for the biochemical assay on PND 71.

Light dark test

This etiological model of anxiety test measures the
unconditional anxiety-like behaviour that is based on
an approach/avoidance conflict between the drive to
explore novel areas and an aversion to brightly lit and
open spaces. The anxiety test was conducted on PND 71
in the Coulbourn Habitest rat shuttle cage (Coulbourn
Instruments Inc, USA). The shuttle cage consisted of
two compartments of equal size (26 x 26 cm) separated
by a sliding guillotine door (8 x 8 cm). The experimental
design was based on our previous study.?! The rat was
placed in a brightly lit environment (approximately 300
Lux) and the guillotine door was opened within 10 s after
placing the rat. The rat behaviour was observed for 10 min
in the light-dark chamber and the entire experiment
was videotaped for offline analysis. After 10 min of the
exploration, both the chambers were cleaned with 70%
ethanol. The data were analysed for the latency to enter
the dark chamber, total time spent in the dark chamber,
and the number of transitions it makes during the given
period.

Bioch

ical Golgi

sy PND 74
PND 71

LD LA L

PND4-PND14
(MS stress)

-« e |
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(EE) PND71-72-73
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Figure 1: Experimental design depicting the time line of the study.
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Marble burying test

The rectangular glass chamber (24 x 12 x 11.75 cm) was filled
with husk for up to 4.5 cm in height. The test was carried out
24 h after the light-dark test (PND72). The husk was tapped
down to make it a flat and even surface. The regular pattern
of glass marbles (total marbles = 18) was arranged 3 cm apart
from each other and spaced evenly. Each animal was allowed
to explore the chamber for 10 min. Rat’s burying behaviour,
up to 2/3 depth, was observed during this period. The walls
of the chamber were cleaned with 70% alcohol after each
experiment. In addition, these marbles were cleaned with
70% alcohol after each experiment. The number of marbles
buried (>50% marble covered by husk) and unburied (<50%
marble unburied by husk) were counted manually, as an
index of anxiety and repetitive behaviour.

Open field test

Animals were placed in an open rectangular Plexiglas arena
(120 x 80 x 40 cm) with a trial duration of 10 min. The floor
was divided into periphery and centre. The light was focused
in the centre with 300lux and with minimum light (up to
10lux) at the corner and periphery. The rat was exposed to an
open field arena on PND 73 and allowed to explore freely for
10 min. Time spent in the centre of the field was quantified
as the reciprocal proxy of the anxiety. The total distance
travelled during the trial was also quantified as a measure of
locomotion. Experiments were recorded in a video camera
from a suitable distance to cover the entire open field.

Golgi study

The morphological study was also carried out to explain the
neural plasticity in the areas which are critical for spatial
learning and memory - the medial prefrontal cortex,
hippocampus, and amygdala.

Golgi-Cox staining to study the dendritic arborisation
tissue preparation

To study the dendritic arborisation of the hippocampus and
amygdala, Golgi-Cox staining was performed. A fresh batch
of rats at the age of PND 71 was used to evaluate the impact
of MS stress and EE on dendritic morphology. Rats from all
four groups were sacrificed. The brain was removed, washed
with distilled water followed rinsed in a freshly prepared
Golgi-Cox solution. The brain was cut into two 5 mm
thick coronal blocks and placed in Golgi-Cox solution in
amber bottles at 37°C for 24 h. Later, these brains were kept
in dark conditions at room temperature (RT) for 8-10 days.
After fixation in Golgi-Cox solution, 170 um thick coronal
sections were taken onto gelatine coated slides and these
sections were processed with sodium carbonate solution
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(10%) followed by dehydration using a gradient of ethanol in
order 70% (10 min), 80% (2 min), 90% (2 min) and 100%
(1-2 min). The slides were flooded with cedar oil (Sigma-
Aldrich, #96090) overnight. On the next day, the excess cedar
oil was drained away and the slides were further cleared with
xylene. The slides were mounted with DPX and coverslips
were placed. Each slide was coded and the code was broken
just before plotting the graph and for statistical analysis.

Analysis of dendritic arborisation of pyramidal neurons

The neuronal reconstruction was accomplished using
NeuroLucida (Micro-brightfield Inc., Colchester, USA)
under x40 objective of the Olympus BX61 Microscope
(Olympus Microscopes, Japan). The pyramidal neurons
from the basolateral amygdala (LA) and CAl area of the
hippocampus were considered in the study. The neuronal
reconstruction was carried out for pyramidal neurons of
all the above regions with a minimum of ten neurons from
each area per rat brain. Both hemispheres were considered
separately for the study.

Using NeuroLucida explorer (Micro-brightfield Inc.,
Colchester, USA), the Sholl analysis was carried out to
calculate the dendritic length, the number of branch points
(nodes), and the number of intersections made by the
dendrite on the concentric circles drawn by considering the
centre of soma as a reference point. Concentric circles were
of 10 um radius and values were added for each consecutive
radial segment. The total length of 300 um radial distance
from the soma was considered for analysis in basal dendrites
and 400 wm radial distances from the soma in apical
dendrites. This helped to maintain uniformity and decrease
bias.

Biochemical assay

Selected brain tissues (amygdala, prefrontal cortex, and
hippocampus) and other tissues (adrenal gland, liver, spleen,
and blood) were harvested from MS (n = 4), MS-EE (n = 4),
and NC (n = 5) rat groups at PND 71. All solid tissue samples
were macerated in chilled phosphate buffer using a pestle
and mortar and placed in an ice bath. Blood was allowed
to clot and serum was collected after centrifugation. The
supernatant after centrifugation of tissue extracts and serum
was used for TAC and LP assays.

LP assay

LP was measured by the FOX2 method where 200 ul tissue
extract/serum reacts with 1.8 ml of FOX2 reagent (250 mM
ammonium ferrous sulfate, 100 mM xylenol orange, 25 mM
H.SO,, and 4nM butanol hydroxytoluene in 90% v/v
methanol) at RT. Peroxides in samples cause oxidation of
ferrous iron to ferric iron that reacts with xylenol orange to
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form a ferric-xylenol orange complex.**! The absorbance
of this complex was measured spectrophotometrically
at 560 nm after a 30 min incubation at RT against a blank
comprising only FOX2 solution prepared without ferrous
sulphate. Sample peroxide content was thus determined
using standards of H,O, aliquots.

TAC

TAC was measured by the method given by Koracevic et al.l**!
Briefly, 10 pl of tissue extract/serum, 490 ul of phosphate
buffer (100 mM, pH 7.4), 500 ul of 10 mM sodium benzoate,
200 pl each of 2 mM Fe-EDTA complex, and 10 mM H,O,,
were added. This reaction mixture was incubated at 37°C for
60 min and arrested with 1 ml 20% acetic acid. An internal
blank was prepared for each sample by adding acetic acid
to the reaction mixture before incubation. The Fe-EDTA
complex reacts with H,O, to form thiobarbituric acid reactive
substances (TBARS). These TBARS were allowed to interact
with 1 ml of thiobarbituric acid (0.8% w/v in 50 mM NaOH)
for 10 min at 100°C. The coloured product thus formed was
measured spectrophotometrically at 532nm. This colour
development can be suppressed by antioxidants in the added
tissue extract or serum, which defines its TAC.

Statistical analysis

The appropriate statistical analysis was carried out using
GraphPad Prism Software (7.0 version) to compare between
and within groups. The comparisons between groups and
changes in dendritic arborisation in CA1 and LA at different
length and intersections were made using two-way ANOVA
followed by Bonferroni post hoc test. The behavioural assays
between groups were compared using one-way ANOVA. The
biochemical assays were compared between groups using
Student’s t-test. P < 0.05 was considered significant.

RESULTS

Any adverse experience at the critical time window of the
development causes changes in the brain and behaviour such
as anxiety. An animal model of early life stress was developed
by maternal separation and isolation stress at SHRP of the rat.
In the present study, we used a rat model to show that 10 days
of EE in adulthood could benefit maternally separated
animals minimise anxiety-like behaviour. The stress model
was validated at the start of the study by analysing anxiety-
like behaviour.

Anxiety-like behaviour

When rats were exposed to a brightly lit environment,
they tend to explore the dark and safe environment. In
the light-dark test, MS rats spent relatively more time in
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Figure 2: Anxiety-like behaviour in rats in the light-dark test. (a) Time spent in dark compartment; (b) Latency to enter into dark compartment;
(c) total number of transitions between light and dark compartments; data are represented in Mean + SEM, Student’s ¢-test analysis, t;1,=
2.029, *P < 0.05, normal control (NC) (n = 11), maternal separation and isolation stress (MS) (n = 11), NC-enriched environment (NC-EE)

(n=11) and MS-EE (n = 8).
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Figure 3: Marble burying behaviour of rats after MS stress and EE
exposure. Data are represented in mean + SEM, One-way ANOVA
analysis, F54,=16.63, ****P < 0.0001, Normal control (NC) (n = 15),
maternal separation and isolation stress (MS) (n = 17), NC-Enriched
environment (NC-EE) (n = 11) and MS-EE (n = 8).

the dark compartment than NC rats [Figure 2a]. The MS
rats having an exposure to EE showed reduced time in the
dark compartment than MS with no EE exposure, which
is statistically significant [Figure 2a] (t,1; = 2.026, P < 0.05)
indicating anxiolytic behaviour. However, there was no
significant difference in time spent in the dark compartment
between NC and NC-EE groups. In addition, we did not
observe any significant differences in latency to enter the
dark chamber (even though there is the trend of reduced
latency) [Figure 2b] and the total number of transitions
between compartments between groups [Figure 2c].

Marble burying behaviour

The anxiety-like behaviour and repetitive behaviour were
further tested using the marble-burying paradigm [Figure 3].

The results indicated that there was a significant difference
(P < 0.001) between MS and NC groups showing MS rats
buried a greater number of marbles when compared to NC
rats. The statistical analysis using one-way ANOVA suggested
a significant difference between the groups (F;4=16.63,
P < 0.0001). However, no significant differences in marble-
burying behaviour were observed between NC-EE and MS-EE
groups. While, between MS and MS-EE groups, MS-EE rats
buried a lesser number of marbles when compared to MS rats
which was statistically significant (P < 0.001). A statistically
significant difference was also observed between NC-EE and
MS groups (P < 0.001). Thus, these results indicate that EE in
MS rats has a significant impact on ameliorating the stress-
induced repetitive and anxiety-like behaviour.

Open field test

The open-field test was used to evaluate both locomotor
activity and anxiety-like behaviour in the rats when
subjected to the open field. The results indicated that both
MS and NC-EE rats showed increased ambulatory activity
in the open arena. This was calculated based on the number
of crossings in the open field. MS, MS-EE, and NC-EE
rats were explored more in the peripheral zone when
compared to NC rats [Figure 4a]. To quantify the anxiety-
like behaviour, we have counted the number of entries into
the central zone [Figure 4b] and also the time spent in the
central zone [Figure 4c]. The results using one-way ANOVA
indicated that both NC-EE and MS-EE rats entered the
central zone more frequently than NC and MS animals
which are statistically significant (Fs4 = 14.53; P < 0.0001).
These two groups also spent more time in the central zone
(Fs41= 11.42; P < 0.0001) indicating EE had a beneficial
effect in reducing the anxiety-like behaviour. In summary,
the results indicated that EE to MS was beneficial in terms
of reducing anxiety-like behaviour and ameliorating
ambulatory behaviour.
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Figure 4: Open field test. (a) Number of line crossings, (b) number of entries into the centre and (c) time spent in the centre; data are
represented as mean + SEM, One-way ANOVA analysis followed by Tukey’s multiple comparison test; ***P < 0.001, *P < 0.05; normal control
(NC) (n = 15), maternal separation and isolation stress (MS) (n = 11), NC-enriched environment (NC-EE) (n = 11) and MS-EE (n = 8).
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Figure 5: Effect of MS stress and EE on plasma corticosterone levels.
Data represented are in mean + SEM, ***P < 0.001 when compared
to NC. MS (maternal separation and isolation stress) (n = 5), NC
(normal control) (n = 5), NC-EE (NC-enriched environment) (4)
and MS-EE (n = 3).

Corticosterone assay

In the present basal, corticosterone assay was performed in
young adult rats. It was observed that MS rats showed reduced
basal corticosterone as compared to NC group (P < 0.001)
[Figure 5]. On EE exposure, it was observed that the basal
corticosterone was partially increased in both NC-EE and
MS-EE groups showing statistically no significant difference
between NC-EE and MS-EE rats as well as with that NC group.

Golgi study

Next, the morphological study was carried out to understand
the neural plasticity in the areas which are critical for spatial and
fear learning and memory - the hippocampus and amygdala.
The pyramidal neurons of CAl region of the hippocampus
were characterised by long apical and basal dendrites having
extensive arborisation, while, LA pyramidal neurons are shorter
than CAl pyramidal neurons. In the MS stress group, the
apical dendrites of the CA1 hippocampus were shorter and LA

neurons were longer and more dense as compared to controls.
EE for 10 days in young adulthood was beneficial in reversing
the MS stress-induced changes in CA1 and LA neurons.

Amelioration of MS stress-induced reduction in dendritic
arborisation in a distal branch of pyramidal neurons of
CAl region of the hippocampus following EE

MS stress during SHRP led to a significant decrease in the total
dendritic length of pyramidal neurons of CA1 subregion of the
hippocampus as compared to NC CA1 pyramidal neurons (F; 3073
= 71.12; P < 0.0001) [Figure 6a]. The dendritic length of apical
dendrites was more specifically reduced significantly at 60-80 um
distance from soma (P < 0.05); while a significant difference in
the basal dendritic length was not observed between NC and MS
groups. Similarly, the number of intersections was significantly
reduced (P < 0.05) in apical dendrites of CA1 pyramidal neurons
as compared to NC groups [Figure 6b].

Exposure to 10 days of EE had a beneficial effect on dendritic
arborisation of CAl hippocampal neurons showing
restoration of MS stress-induced reductions in dendritic
length of apical dendrites of pyramidal neurons. A significant
difference (P < 0.05) was found between MS and MS-EE at
150-160 um. Interestingly, the difference observed between
NC and MS was continued even after EE exposure in adult
life showing a significant difference between NC-EE and MS-
EE (P < 0.05) at 100-170 pm.

MS-EE group showed enhanced dendritic length at the proximal
branch of apical dendrites as compared to NC group at 50-
90 um. Interestingly, NC-EE group showed further enhancement
in dendritic length from 140 to 170 um as compared to NC (P
< 0.05) group [Figure 6b]. Similarly, the number of dendritic
intersections at 130-170um was significantly more in NC-EE
than NC (P < 0.05), while, they were significantly less in MS-EE
than MS-EE at 130-160um (P < 0.05) [Figure 6c].

The basal dendrites, on the other hand, did not show
a significant difference between NC and MS groups.
Interestingly, as compared to NC and MS, the basal dendritic
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Figure 6: (a) Photomicrographs of Golgi-stained sections of CA1 pyramidal neurons from normal control (NC), maternal separation stress
(MS), NC-enriched environment (NC-EE) and MS-EE rats showing the dendritic arborisation of pyramidal neurons of CA1 hippocampus.
(b) Apical dendritic length of CA1 pyramidal neurons; (c) apical dendritic number of intersections of CA1 pyramidal neurons; (d) basal
dendritic length of CA1 pyramidal neurons and (e) basal dendritic number of intersections of CA1 pyramidal neurons; bars represent mean
+ SEM; NC = 33; MS = 34; NC-EE = 27 and MS-EE = 35 neurons from each group 10 subjects from CA1 area of hippocampus.

length of CA1l hippocampus was significantly increased
(P < 0.05) in dendritic length and dendritic intersections of
both NC and MS-EE, respectively, at distances of 80-170 um
from soma [Figures 6d and e]. MS-EE group showed enhanced
dendritic length at the distal branch of basal dendrites with
a significant difference between MS-EE and NC group from
100 to 170 um. However, dendritic length from 50 to 100 um
did not get restored following EE. Interestingly, NC-EE group
showed further enhancement in dendritic length from 110 to
150 wm as compared to NC (P < 0.05) group [Figure 6b].

Partial restoration of MS stress-induced hypertrophy of LA
pyramidal neurons

EE was successful in ameliorating MS stress-induced
hypertrophy of pyramidal neurons [Figure 7a] as that of
NC and NC-EE (Fszs5 = 22.16; P < 0.001) [Figure 7b]. The

enhancement of dendritic branches in the apical branch was
not specific to proximal and distal dendrites for NC and MS
groups; rather, it was an overall increase in the dendritic length
of LA pyramidal neurons. Exposure to EE was beneficial for
the partial restoration at a 140 wm distance from soma (P <
0.05) [Figure 7b]. A similar trend was observed with the total
number of intersections in apical dendrites [Figure 7c].

The significant changes were observed in basal dendritic
intersections and dendritic length between NC-EE and MS-
EE groups as compared to respective controls [Figures 7d
and e]. As compared to NC, NC-EE group showed reduced
dendritic length at the proximal branch of basal dendrites
of LA pyramidal neurons at 50-100pum (p<0.05) [Figure
7d]. Similarly, MS-EE group also showed reduced dendritic
length at 60-120um as compared to MS group (p<0.05)
[Figure 7d]. A significant difference was observed with
dendritic intersections between NC and NC-EE at 50-90 um
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Figure 7: (a) Photomicrographs of Golgi-stained brain sections from normal control (NC), maternal separation stress (MS), NC-enriched
environment (NC-EE) and MS-EE rats showing the dendritic arborisation of pyramidal neurons of LA amygdala; (b) apical dendritic length
of LA pyramidal neurons; (c) apical dendritic number of interaction of LA pyramidal neurons; (d) basal dendritic length of LA pyramidal
neurons and (e) basal dendritic number of interaction of LA pyramidal neurons; bars represent mean + SEM; NC = 28; MS = 30; NC-EE = 37
and MS-EE = 41 neurons from each group 10 subjects from LA of amygdala pyramidal neurons.

(P < 0.05), as well as, a significant difference was observed
between MS and MS-EE group 50-120pum (P < 0.05) as
compared to MS group [Figure 7e]. Further, there was no
significant difference between NC-EE and MS-EE group.

TAC and LP

The t-test analysis revealed that TAC in MS rats was
significantly increased in spleen (P < 0.008) and liver
(P <0.003); while, no changes were observed in hippocampus,
amygdala and PFC as compared to controls [Figure 8a]. On
the other hand, LP was not changed in PFC, amygdala and
hippocampus, but significant increase was found in adrenal
gland of MS rats when compared to NC [Figure 8b].

DISCUSSION

The present study has demonstrated the long-term impact
of chronic MS stress during SHRP and subsequent exposure

to 10 days of EE at the young adulthood stage on brain and
behaviour. In the present study, we have shown that EE was
beneficial in ameliorating MS stress-induced changes in
dendritic arborisation of the hippocampus and amygdalar
pyramidal neurons, affective behaviour, stress hormones, and
TAC.

The critical findings from the present study are: (1) Both
distal and proximal dendrites of CAl and LA pyramidal
neurons were affected by MS stress. MS stress has contracted
the proximal apical dendrites of CA1 pyramidal neurons. EE
was beneficial in restoring the contracted apical dendrites
at the distal but not at proximal branches. The basal CAl
dendrites, on the other hand, did not get affected by MS stress.
However, EE was beneficial for CA1 neurons by remodelling
the dendritic arborisation at proximal and distal dendrites.
The dendritic remodelling for LA pyramidal neurons was
observed at the basal dendrites than at apical dendrites
following EE exposure. (2) MS stress-induced changes in
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Figure 8: The effect of MS stress on (a) total antioxidant capacity and (b) lipid peroxidation in different bran regions and organs. Data
represented are in mean = SEM. NC, Normal control, (n = 5); MS, maternal separation (n = 4); PFC, prefrontal cortex and TAC, total

antioxidant capacity, *P < 0.05, ***P < 0.001.

anxiety, ambulatory and repetitive behaviour were restored
following exposure to EE. (3) The study further observed
partial restoration of basal plasma corticosterone following
EE in young adulthood. (4) MS stress did not significantly
impact TAC and LP in the amygdala, hippocampus, and
prefrontal cortex.

In the developing brain, SHRP, per se, the hypothalamus-
pituitary-adrenal (HPA) axis responds and releases hormones
poorly to stressful stimuli.’ Any adverse experience during
such a critical time window of development (SHRP) may
cause long-lasting changes in affective behaviour later in
life. Even though the exact neurophysiological mechanisms
following MS stress are not known, there is evidence
indicating that stress causes maladaptive changes in the HPA
axis and also on feedback mechanisms.?>*" In contrast to the
previous study,*? the present study has observed reduced
basal plasma corticosterone in MS rats which could be a
consequence of sustained activation of the HPA axis, due to
chronic MS stress. As a result of the maladaptive HPA axis,
there may be a significant change in glucocorticoid release
in young MS adult rats. Thus, it may be implicated in the
increased risk for anxiety disorders in young adulthood.”*"
The differences in the basal corticosterone observed in our
study could be due to two types of stress given to rat pups
during SHRP - maternal separation and isolation stress. The
reduced corticosterone and gradual recovery following EE
exposure, indicating a MS stress at SHRP, severely disrupted
the HPA system, which was not restored entirely even after
10 days of EE in young adulthood. In support of this, studies
have shown that physical exercises enhance the adaptive
properties of the HPA axis by altering the adrenal gland
sensitivity for the release of glucocorticoids®>**! to maintain
homeostasis.

The heightened anxiety-like behaviour of MS rats in a light-dark
box is consistent with our previous findings.”’ Similarly, the
study has also found an increased marble-burying behaviour
and an increased ambulatory behaviour in the open field
paradigm of MS rats indicating that anxiety is a widespread
phenomenon in animals exposed to early life stress. The 10-
days of EE programme was proven to effectively lower the MS
stress-induced elevated anxiety and reduce repetitive behaviour.
EE was also advantageous for both NC and MS rats in an
open field paradigm, showing greater anxiolytic behaviour.
Altogether, the present study indicates that EE is beneficial in
terms of restoring plasma corticosterone levels gradually and
reducing anxiety induced by MS stress during SHRP.

Dendritic remodelling in amygdalohippocampal neurons
and associated changes in anxiety and ambulatory
behaviour in MS rats following EE exposure

Studies across species have further revealed that MS
stress during early PND itself could cause changes in the
morphology of principal neurons of the hippocampus,**
anterior cingulate cortex™!, and prefrontal cortex.*®! The
dendritic remodelling occurring in these brain regions
coincides with effective behavioural changes.®” The results
from the present study observed an increased dendritic
arborisation in LA neurons and reduced dendritic
arborisation in CA1 neurons following MS stress, indicating
that stress effects are not common to all brain regions.
Similarly, the changes in dendritic structure are associated
with specific changes in behaviour. Following chronic
stress, the LA principal neuronal hypertrophy is associated
with anxiety,>**”; while hippocampal neuronal atrophy was
associated with no impact on motor ability but with spatial
memory impairments.©®
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Several intervention strategies have been adapted to
ameliorate the stress-induced changes in affective behaviour
in adult life. One such universal strategy is an exposure to
EE exposure with social, sensory and physical stimuli.
In the present study, we adapted 10 days of EE at young
adulthood to MS rats and showed that how EE was beneficial
in ameliorating MS-stress induced changes in the amygdala
and hippocampal neurons and associated behaviour. The
study has found that the early MS stress effected both anxiety
and basal corticosterone in rats with an increased anxiety
in an anxiety provoking environment with reduced basal
plasma corticosterone. In addition, the study has also found
a hypertrophy in LA, while, hypotrophy/atrophy in CAl
hippocampal pyramidal neurons. Treatment with EE has
ameliorated the MS stress-induced hypotrophy in dendritic
arborisation of CA1 pyramidal neurons. On the other hand,
LA pyramidal neurons could not ameliorate MS stress-
induced hypertrophy in the apical dendrites completely,
but a significant reduction in the dendritic length of basal
dendrites of LA pyramidal neurons in both NC and MS rats
exposed to EE.

The previous studies showed that both acute and chronic
stress in adults cause changes in the dendritic remodelling
of the hippocampus and amygdala.’® However, very few
studies are available to discuss how psychological stress
including both maternal separation stress and isolation
during the critical time of brain development causes
changes in the fear circuit and behaviour. The remodelling
of dendrites is a common phenomenon in the hippocampus
and amygdala following stress. While the hippocampal
pyramidal neurons are highly susceptible, but reversible
impact to an environmental influence such as acute®® and
chronic stress,*”! hypoxia®! and ischemic stroke attacks.*?!
On the other hand, amygdala is sensitive to stress, but it was
found to be irreversible in rats exposed to chronic stress in
adulthood.’”) The present study has reinstated the stress
effects in the developing brain. The MS stress-induced
reduced dendritic arborisation and restoration with 10 days
of EE confirms that hippocampal neurons are capable to
undergo rigorous dendritic remodelling. The failure to
restore the MS stress-induced hypertrophy in LA pyramidal
neurons with EE indicating that LA neurons are highly
resistant for dendritic remodelling.

Animals that had daily exposure to MS stress during SHRP
caused changes in the morphology of dendritic arborisation
of both the CA1 hippocampus and LA pyramidal neurons,
causing elevated anxiety and repetitive behaviour. CAl
pyramidal neurons in MS rats had less branching and
dendritic arborisation than NC pyramidal neurons, whereas
LA pyramidal neurons had more branching and dendritic
arborisation, which has functional importance. This
contrasting pattern in dendritic arborisation between CAl
and LA indicates that the environmental manipulations

during SHRP stimulate dendritic growth in LA while
shunting the dendritic growth in the CA1 hippocampus. This
result is similar to that found in animals subjected to chronic
stress during adulthood.

The CAl pyramidal neurons of NC-EE but not MS-
EE showed increased apical dendritic branches of CAl
pyramidal neurons at 140-220 wm, whereas LA principal
neurons did not have similar increased dendritic branching
in apical dendrites. The basal dendrites were unaffected by
MS stress, but EE increased the dendritic branching of CAl
pyramidal neurons at 90-200 pum, while, reducing the basal
dendritic length of LA pyramidal neurons at 40-120 um in
both NC-EE and MS-EE rats. In both the CA1 and LA areas,
there was no significant difference between NC-EE and MS-
EE pyramidal neurons.

The EE had restored the dendritic branching pattern in MS
rats, suggesting amelioration of dendritic atrophy at the apical
dendrites of CA1 pyramidal neurons generated by MS stress
at SHRP. The pruning of CA1 pyramidal neurons was more
evident at 100-250 um of apical dendrites, while hypertrophy
of LA pyramidal neurons was observed mainly at 90-240 um
of apical dendrites. The changes in the branching of pyramidal
neurons were observed only in the apical but not in the basal
dendrites of both LA and CA1 pyramidal neurons.

TAC and LP in MS rats as compared to that of NC

Oxidative stress is one of the major causative factors for
stress pathophysiology. Accumulated data suggest the
positive association between early-life traumatic events
such as maternal separation and long-term oxidative stress
alterations eventually contributing to metabolic dysregulation
and increased anxiety-like behaviour in animals.'” In
the present study, we investigated the effects of MS stress
on biochemical changes in the limbic circuit (amygdala,
prefrontal cortex, and hippocampus), adrenal gland, liver,
spleen, and blood. The present study sought to compare the
reactive oxygen species-induced LP as an indirect measure
of oxidative stress for MS stressed animals with age matched
control rats. LP is a process of attack by oxidants such as free
radicals or non-radical species on lipids with carbon-carbon
double bonds (polyunsaturated fatty acids) resulting in lipid
peroxyl radicals and hydroperoxides. The accumulation of
LP by-products has been implicated in many toxic tissue
injuries and pathological processes. Based on its metabolic
environment and repair capacities, the cell may opt for
its survival or death. Under normal physiological states,
the LP rates are at a subtoxic level and cells stimulate their
survival through their adaptive stress response supported by
its constitutive antioxidant defence systems. During higher
levels of peroxidation environment, the repair capacity fails
to combat the overwhelming oxidative damage and cells slate
themselves toward death.! >4
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Stress-induced enhancement in LP and the corresponding
increase in TAC have been reported earlier.* However,
there are very few studies indicating the impact of MS
stress on oxidative stress. Misiak et all* reported the
association between the history of childhood trauma and
lipid disturbances and blood pressure in adult first-episode
schizophrenia patients. Like higher mammals, in rats, the
developing brain is also considered to be more sensitive
to stressors of diverse nature. Uysal et al.*”! examined the
effects of maternal deprivation on oxidative stress in selected
brain tissues (hippocampus, prefrontal cortex, and striatum
regions) of infant rats during and after SHRP and found
an increased antioxidant enzyme activities and reduced
LP during SHRP. Following SHRP, maternal deprivation
reduced antioxidant enzyme activities and increased LP,
as the possible mechanism through which the infant brain
might be protected during SHRP from maternal deprivation-
induced oxidative stress. Interestingly, in the present study,
we did not find significant changes in LP in PFC, amygdala,
and hippocampus, but changes were seen in the adrenal
gland of MS rats as compared to NC. On the other hand, we
found elevated TAC levels in the liver and spleen, but not in
the adrenal gland. As suggested by Diehl et al.*® to justify
their observation on hippocampal oxidative stress, here too
an initial enhancement in TAC activity would have helped in
this controlled LP.

A positive correlation between TAC and LP was observed in
NC groups of amygdala and PFC, which was disturbed when
animals were exposed to MS stress due to an increased LP
and no change in TAC. In the adrenal gland, a significant
TAC-LP correlation in NC (positive) and MS (negative)
was observed, with a notably increased LP and decreased
TAC in MS. This demonstrates the effects of MS on adrenal
gland oxidative stress. No notable variations in TAC/LP in
the liver and spleen were observed. Thus, the study indicates
that MS stress may not contribute largely to oxidative stress
parameters in these organs.

CONCLUSION

Based on the above findings, the present study concludes
that the amygdala and hippocampus play an important
role in regulating the HPA axis functions and thus on
affective behaviour. The augmented dendritic arborisation
in the amygdala was resistant to complete restoration; while,
blunted hippocampal neurons were able to undergo dendritic
remodelling may be responsible for restoring repetitive and
ambulatory behaviour.
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