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Abstract

Repeated exposure to adverse experiences in early life, termed Early Life Stress (ELS), can increase anxiety disorders later
in life. Anxiety is directly associated with curiosity, a form of intrinsic drive state associated with increased novelty-seeking
behaviour and risk taking for challenging opportunities and could probably modulate learning and memory. In humans,
elevated curiosity during adolescence tends to elicit increased exploration, novelty seeking, high risk-taking behaviour and
heightened emotionality. Such behaviours are beneficial in maintaining social skills and cognitive functions later in life. We
investigated whether ELS-induced anxiety impacts curiosity-like behaviour at adolescence in an animal model. ELS was
induced by subjecting Sprague Dawley rat pups to maternal separation and isolation (MS) stress during the stress hyporespon-
sive period (SHRP) from post-natal days (PND) 4-PND 14. This rat model was tested for anxiety, spontaneous exploratory
behaviour and curiosity-like behaviour in a custom-designed arena during adolescence (PND 30-45). ELS-induced changes
in the stress were confirmed by corticosterone, while, basal dopamine level was estimated to understand the neurochemical
basis of MS stress-induced changes in curiosity. We observed an increase in the levels of anxiety and intrinsic drive state
such as curiosity-like behaviour, which was associated with elevated plasma corticosterone and dopamine in MS animals
during adolescence suggesting the impact of ELS during SHRP on adolescent behaviour.
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Introduction

When animals are exposed to conflicting environmental
conditions, they make decisions based on their motiva-
tional states (Neville et al. 2020; Wispinski et al. 2020).
One such intrinsic motivational drive is curiosity which
is associated with increased exploration, novelty-seeking
behaviour and risk-taking abilities in challenging situa-
tions. Generally, in the absence of motivational drives,
animals avoid potentially threatful situations and approach
favourable conditions. However, any adverse events lead-
ing to anxiety may influence the exploration (McNaughton
and Corr 2004; Mobbs et al. 2020). Based on this concept,
several experimental paradigms are designed to measure
anxiety-like behaviour, wherein the animals are exposed
to conflicting environments of safe versus unsafe zones,
for example, centre vs periphery in open field test, light
vs dark in light—dark exploration box (Sousa et al. 2006).
In the literature, decreased exploration is often associated
with heightened anxiety (Heinz et al. 2021) without con-
sidering the intrinsic motivation like curiosity which plays
a pivotal role in making decisions to approach or avoid
exploring the conflicting environments.

In developing rodents, the first two weeks of post-natal
day (PND) represent a stress hyporesponsive period (SHRP),
wherein the adrenal response to stress or adverse experience
is either minimal or non-existent, resulting in stable low
levels of circulating glucocorticoids (Sapolsky and Meaney
1986). Any stressful life events such as physical or psycho-
logical insults during SHRP may increase the risk for anxiety
disorders during adolescence and adulthood, possibly due
to the maladaptive hypothalmic-pituitary-adrenal axis (van
Bodegom et al. 2017). Studies from our laboratory showed
that exposure to early maternal separation and isolation
(MS) stress during SHRP, can cause increased anxiety-like
behaviour at young adulthood and can significantly impact
both affective and cognitive functions (Kambali et al. 2019).
These animals, irrespective of the duration and/or timing of
MS stress exhibit increased fear memory associated with
increased fear generalization during classical fear condition-
ing test (Sampath et al. 2014). Increased fear with reduced
fear extinction was more evidently observed at young adult-
hood, but not at later stages indicating young adulthood is a
critical time to exhibit the impact of MS stress (Mishra et al.
2019). MS rats in comparison to controls exhibit moderately
enhanced attentional abilities with increased perseverative
behaviour when tested in 5-choice serial reaction time task
(5-CSRTT) paradigm and shows enhanced spatial learning
abilities with lesser working memory error and reference
memory in 4-arm baited radial arm maze task (Kambali
et al. 2019).
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Curiosity in rats is often described as a perceptual
intrinsic drive to explore the novel stimuli which dimin-
ishes with continued exposure (Berlyne 1966; Berlyne
and Slater 1957). Curiosity also plays an important role
in learning, memory and decision making in conflicting
situations. Adolescence is the transition stage between
childhood and adulthood that is often associated with
heightened exploratory, novelty-seeking and risk-taking
behaviour which is exaggerated in animals exposed to
stress during adolescence (Toledo-Rodriguez and Sandi
2011). A recent study by (Gruber and Fandakova 2021)
has elucidated the importance of curiosity in learning dur-
ing childhood and adolescence. However, experimental
evidence for the neural basis of curiosity and its influence
on learning and memory are limited. The ceaseless urge
for novelty and sensation seeking perhaps leads to elevated
levels of curiosity which may further intensify the drive
for risk-taking behaviour (Laviola et al. 2003). High levels
of curiosity and risk-taking may thus be considered as a
feature of personality development during adolescence.
However, in some cases due to vigorous search for sensa-
tion and elevated curiosity, adolescents might indulge in
substance use disorders, which is the flip-side of curiosity
and incorrect decision making. Whether such curiosity is
altered when it is associated with an adverse experience
in early life is not known. Hence it is crucial to estab-
lish the relationship between anxiety induced by ELS
and its impact on curiosity and learning in adolescence.
To address this, we investigated the effect of ELS during
SHRP in the MS stress model by assessing anxiety, sponta-
neous exploratory behaviour and curiosity-like behaviour
in adolescence.

Materials and methods
Subjects

Pregnant Sprague Dawley rats at the last week of gesta-
tion were procured from the Central animal research facil-
ity (CARF), NIMHANS, Bengaluru. Pregnant rats were
housed individually in polypropylene cages (22.5 X 35.5
X 15 cm) till delivery in controlled environmental condi-
tions with temperature (25 °C), 12:12 h light—dark cycles.
Around 200 Ix light intensity was maintained in the cage,
during day time. Corn cob was used as a bedding material
along with pieces of tissue paper for building the nest for
the pups postpartum. The animals had access to ad libitum
standard food pellets and water. Care was taken to minimize
the discomfort to the animals during maternal separation and
the rest of experiments.
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Experimental design
Groups

In the Normal control (NC) group, rats were groomed
with the dam without any disturbance throughout the pre-
natal period, except for bedding change. In the Maternal
Separation and isolation stress (MS) group, rat pups were
exposed to a maternal separation procedure. Rats from the
F1 generation were used for the entire study.

Procedure for MS stress

Pregnant females were randomly selected for NC and MS
groups. The day of delivery was considered as post-natal
day zero (PNDO). From PND4 to PND14, rat pups were
subjected to MS protocol in a noise-free room, with con-
trolled room temperature (25 °C). During this procedure,
rat pups were separated from the mother only after con-
firming that the milk pouch was full and individual pups
were also separated from their littermates and housed indi-
vidually in the mice cages, with a layer of bedding mate-
rial, daily for 6 h (10.00-16.00 h). Later, the dam and pups
were reunited and undisturbed for the rest of the period till

weaning. Weaning was done on PND21 by transferring
both male and female pups into separate cages.

Experimental timeline

All behavioural assays were performed during early ado-
lescence, i.e., PND30- PND45. Light dark test was per-
formed on PND30 to assess anxiety-like behaviour. Open
field test was performed on PND31 for assessing exploratory
behaviour, ambulatory behaviour and anxiety-like behav-
iour. During PND34-PND36, object retrieval task was per-
formed for curiosity assessment. At PND14 and PND30,
pups were decapitated for plasma corticosterone estimation.
At PND30, baseline plasma Dopamine was estimated. Rats
from multiple litters were used for behavioural and hormo-
nal assays. The timeline for the experimental protocol is
shown in Fig. 1A. All experiments were carried out during
the daytime between 09.00 h and 18.00 h in a controlled
environment.

Anxiety-like behaviour

Following MS protocol during SHRP, rats were tested
for anxiety-like behaviour in early adolescence age using
light—dark test and open field test on two consecutive days,
PND30 and PND31, respectively.

(A)
No stress MS stress for 10 days LR L] Dopamine, CORT assays Behavioural assays
PND 0-3 PND 4-14 (PND 30) (PND 30-36)
MS st daily 6h (10:00h-16:00h i
No stress stress daily 6h ( ) (ELISA kit method) Light-Dark test (PND 30)
(PND 14) {
(CORT estimation)
Open field test (PND 31)
Object retrieval task in curiosity
() chamber (PND 34-PND36)
Object Retrieval test protocol
(i) Day 1: Habituation (H) — (ii) Day 2 & 3: Curiosity testing (iii) Cross-sectional view of curiosity
(QL1 & QL2) chamber
600 Height
) inclined (1360
R zone with R zone filled with trench wall s R Q
No water 2” water and R zone L — = 4
filled with * 1 SE A0
1.8” water “o
T T T T

Fig.1 (A) Study design to assess curiosity behaviour in rats exposed
to MS stress during stress hyporesponsive period (SHRP). QLI
(Level 1 of curiosity test), QL2 (level 2 curiosity test); PND pos-tna-
tal days. (B) Experimental procedure consisting of three phases—(i)

Habituation (H); (ii) Level 1 curiosity testing (QL1) and Level 2 curi-
osity testing (QL2); (iii) Cross-sectional view of curiosity chamber.
*inside the tray indicates the objects hidden for the object retrieval
test
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Light-dark test

The principle of the paradigm is based on the conflict
between avoidance of the aversive brightly illuminated area
and approaching the novel dark environment for natural
exploration.

Light dark apparatus (Coulbourn Instruments, USA)
consisting of two compartments, each with an area
of 26 cm X 26 cm, separated by a guillotine door (8 X 8 cm)
was used. The light chamber had a ceiling light of 600 1x
intensity, while the dark chamber had no direct illumina-
tion. At the start of the experiment, the guillotine door was
shut and the animal was placed in the light chamber. It was
programed to open the door at the 5th second from the start
of the protocol and each rat (n=16 per group) was allowed
to explore both the chambers for 5 min. The apparatus was
cleaned with 70% Ethanol after each trial to eliminate olfac-
tory cues. The latency to enter the dark compartment, time
spent in the dark chamber and number of transitions between
the compartments were considered as indices for anxiety-
like behaviour, which were assessed offline using cineplex
video recording software (Plexon Inc., USA version 1.0,
2005).

Open field test

Open field test was used to assess the anxiety-like behaviour,
ambulatory behaviour and exploratory behaviour. Open field
arena was made up of a square wooden box (100 x 100
X 40 cm) coated with water-proof black acrylic polyvinyl
paint. The floor was divided into 25 squares (20 cm X 20 cm)
with 9 squares in the centre and 16 at the periphery. The
centre of the arena was illuminated with a light intensity of
30 Ix and the periphery with 10 Ix. All other light sources
in the room were switched off during the experimental ses-
sion. Each rat (n=5-7 per group) was placed in the centre
of the arena and allowed to explore freely for 5 min in the
novel environment. The arena was cleaned with 70% Etha-
nol after each trial. The activity was video recorded and
the distance travelled, velocity, immobility time, latency to
enter periphery, frequency of zone transition was analysed
using Ethovision® XT software, Noldus (Wagningen, The
Netherlands).

Object retrieval task for curiosity assessment

Motivation has two drive states—Extrinsic and Intrinsic moti-
vational drive states. Motivation driven by external reward
serves as extrinsic motivation. On the other hand, motiva-
tion driven by one’s own curiosity or interest constitutes
an intrinsic motivation (Berlyne 1966). Curiosity may be
sometimes even associated with a component of risk. To
assess the level of curiosity, the present study designed the
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“Object retrieval task”. In this task, the animal by virtue
of its intrinsic motivation i.e., curiosity, performs object
retrieval associated with risk.

Apparatus

The apparatus consisted of a 10 mm thick toughened glass
chamber 3ft X 3ft (Indigenously designed by Hardik Pandya
and group, [Department of Electronic Systems Engineer-
ing, Indian Institute of Science (IISc), Bengaluru]. Inside
the chamber are two 10 mm thick white polypropylene plat-
forms of 3ft x1ft placed at an adjustable height as shown
in Fig. 1B. The two platforms were separated by the empty
middle arena into which water was added according to the
experimental design. The slopes of the platforms stand
obliquely in the middle arena of the chamber, which prevents
the escape of the rats below the platforms.

The curiosity chamber consisted of three platforms — (1)
start (S) zone, (2) unsafe and risky zone (R) filled with
water and (3) curiosity platform (Q) with or without hidden
objects. The platform Q contained five novel objects (odour-
less and tasteless toys, hidden at specific points i.e., at the
four corners and one at the centre) hidden in a rectangular
plastic tray filled with corncob bedding material up to 2 inch
height, which was placed at the centre. The platform S is
an exploratory rectangular arena with no objects. To reach
the curiosity platform Q, the rat had to cross the risky zone
filled with 1.8 inches of water. Finally, to assess the intrinsic
drive state as curiosity behaviour and to exclude the extrinsic
drive state component, both NC and MS rats were fed with
ad libitum food before exposing them into the curiosity task.

Procedure

The entire procedure was carried out in three phases — habit-
uation, Level 1 of curiosity test (QL1) and level 2 curiosity
test (QL2) (Fig. 1B).

On day 1, habituation (H) test, each rat was habituated
to a novel 3-zone environment, placing the rat in the S zone
and allowed to explore S, R and Q zone freely for 10 min.
During this stage, R zone was not filled with water and Q
zone was not with any hidden objects. At the end of the test,
rat was returned to a home cage.

On day 2, to assess the level 1 curiosity test (QL1), each
rat was allowed individually to explore both R and Q zone.
Here, the rat was individually placed in the S and allowed
freely to traverse across the R zone, which was filled with
1.8 inches of water to reach the Q platform (Fig. 1B). The
Q zone consisted of a rectangular plastic tray wherein novel
objects were hidden. During this period, the rat had to
retrieve the objects within 30 min of testing duration.

Finally, on day 3, to assess the learning and adaptability
on curiosity test (QL2), object retrieval task was repeated
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by placing the rat in the S zone. The entire apparatus was
cleaned with 70% ethanol between the test procedure.

Analysis of curiosity level

The rat that did not cross the R zone during the QL1 test was
considered as a non-performer and was not included in the
statistical analysis.

The following parameters were considered to assess the
curiosity — Latency to cross water, number of transitions,
time spent in Platform S, time spent in platform Q, latency to
retrieve the first object, number of objects retrieved, number
of rearing, duration of grooming, number of faecal pellets.

Preference for the curiosity platform (in %) was estimated
using the formula (Eq. 1):

Time spent inthe curiosity platform

Q preference = - - X 100
Total time spent in both platforms

Curiosity Index (CI) was calculated using the
formula (Eq. 2):

Ol = Q preference + Number of Objects retrieved

Total time

Corticosterone (CORT) assay

The corticosterone assay was carried out using ELISA
kit method. Rats were sacrificed by decapitation. Trunk
blood was collected in heparin-coated tubes, centrifuged
(5000 rpm for 10 min at 4 °C) and the plasma supernatant
was stored at 20 °C. The corticosterone (CORT) concentra-
tion was measured in 1:75 diluted plasma samples using
a commercially available ELISA kit (Puregene™, Genetix
Biotech Asia Pvt.Ltd, #PG-9430 M) as described by the
manufacturer. Each sample was analysed in duplicate and the
CORT concentration was determined using the calibration
curve based on the external standards. The basal CORT level
was measured in two different time points — PND 14 (both
sexes) (NC =8, MS=9) and PND 30 (male only) (NC =6,
MS =6) rats.

Dopamine assay

Rats (male) from a different cohort, were sacrificed by
decapitation on PND 30 (n=9 per group) between 3.00 and
4.00PM and trunk blood was collected in the heparin-coated
Eppendorf tube. Samples were then centrifuged at 5000 rpm
for 10 min at 4 "C to obtain clear plasma. The aliquots of
plasma supernatant were stored at 20 "C till the next day
for dopamine assay. Neat undiluted samples were used for
estimation of dopamine concentration was measured com-
petitive inhibition enzyme immunoassay technique (Cloud

Clone Corp, TX, USA, # CEA851Ge) according to the man-
ufacturer's instructions. Later, 50 pl of undiluted plasma or
Dopamine standard was added to the antibody-coated wells
microplate. Then 50 pl of detection reagent A was added
to each well and incubated for 1 h at 37 "C. Then the plate
was washed 3 times with wash buffer and 100 ul Detection
reagent B was added to each well and incubated for 30 min
at 30 "C. Again, the aspiration and wash process repeated
5 times as previously mentioned. Then 90 pl of substrate
reagent was added to each well and incubated at 37°C for
20 min. When the uniform blue colour appeared then the
stop solution was added and yellow colour is formed. The
absorbance was read at 450 nm using a microplate within
15 min of adding the stop solution. Each sample was run in
duplicate and the concentration of dopamine was determined
using the calibration curve based on the concentration of the
external standards.

Statistical analysis

All numerical data are presented as mean group values with
standard errors of the mean (SEM). Student’s ¢ test was used
to compare between the group variables. Paired ¢ test was
used to compare within group comparisons at different time-
points. One-way ANOVA with Tukey’s multiple comparison
test were applied to compare between groups. All statisti-
cal analyses were done using GraphPad Prism software 8.0
version. P value less than 0.05 was considered statistically
significant.

Results
MS stress effect on body weight

The MS protocol significantly decreased the body weight
of the rats when compared to age-matched NC rats at PND
14 (p <0.0001), which continued to be low at PND21
(p <0.0001), but not at PND 35 (p <0.09) (Fig. 2).

Plasma corticosterone

Baseline levels of plasma corticosterone in MS rats can be
a predictive resource for stress impact and thus on anxiety
disorders. The plasma corticosterone level did not change
immediately after the termination of MS stress at PND 14
but showed a delayed impact with an increased plasma corti-
costerone at PND 30. As shown in Fig. 3, plasma CORT was
significantly higher in PND 30 MS than NC rats (p <0.02,
t1.10=2.690), while, an increase in CORT was not found on
PND 14 age (p<0.53, 1, 15=0.6338). The one-way ANOVA
(F3,,5=06.847, p<0.001) followed by Tukey multiple com-
parison test revealed a significant difference between MS
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Fig.2 Body weight changes. Two-way repeated measures of ANOVA
with Tukey’s multiple comparison test showed a reduced body weight
of MS (n=10) than NC (n=10) rat groups. ***p <0.0001 as com-
pared to NC

groups of PND14 and PND30 (p <0.001), but not between
NC groups. The data suggest that early MS stress leads to
elevated circulating corticosterone at later stages of life, in
adolescence age per se, during SHRP.

Plasma dopamine

The impact of MS stress on baseline dopamine was esti-
mated using the ELISA kit method. The statistical analy-
sis using t test revealed that plasma dopamine level was
increased significantly at the baseline in MS than NC rat
groups (p<0.009, 1, 1,=2.963) (Fig. 4).

MS-mediated anxiety-like behaviour

Although the impact of MS stress at SHRP in enhancing
anxiety has been studied earlier, the findings are inconsist-
ent. Hence, we first investigated whether the MS stress dur-
ing SHRP has impacted the anxiety-like behaviour in rat off-
spring at adolescence. In the light—dark test paradigm, MS
rats displayed relatively lowered latency to enter the dark
chamber (Fig. 5A) (P=0.02, 1, 3,=2.421), spent a longer
time in the dark chamber (Fig. 5B) (P <0.005, £, 3,=2.996)
and lesser time in the light chamber (P =0.005, #; 3,=2.996).

Fig.3 Plasma corticoster- (A)
one estimation. (A) PND14
[NC(n=8), MS (n=9)] and

0-

35
(B) PND30 days (1= 6/group). 2 10007
Student t-test ana!ysm showing 2 800 )
increased CORT in PND30 MS o
than NC rats (*p <0.02) £ 6004
o
£ 400
3
@ 200
£
[}
o]
o
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Fig.4 Plasma dopamine estimation at PND 30 days. NC and MS rats
(n=9/group). Student ¢ test analysis showing statistically significant
difference between groups. 1, 14=2.963; **p <0.009

The total number of transitions between light and dark cham-
bers was significantly decreased in MS rats when compared
to NC rats (Fig. 5C) (P=0.009, ¢, 3=2.789). Hence, MS
stress during the early post-natal period causes heightened
anxiety-like behaviour at adolescence if exposed to an anx-
iety-provoking environment.

In the Open field test, MS rats showed hyperactivity com-
pared to age-matched NC rats as indicated by the total dis-
tance travelled (p <0.02, ¢, ;,=2.695) (Fig. 6A) and velocity
of movement (p=0.02, ¢, ;,=2.536) (Fig. 6B), suggesting
increased exploratory and ambulatory behaviour. MS ani-
mals did not show any statistically significant difference
in the time spent in the centre, even though the mean time
spent in the centre for MS rats was lesser (10.86+3.318) as
compared to controls (14.80+4.977) (Fig. 6C). Collectively,
adolescent MS rats exhibit enhanced anxiety-like behaviour,
which is comparable to that of adult rats (Kambali et al.
2019).

Curiosity-like behaviour

Object retrieval task revealed consistently increased curi-
osity-like behaviour in both groups and sexes. Among
male rats, 50% of NC (11-22), 25% of MS (6-24) were

(8)

10001
= MS 800
600
400+

200+

0-

[ [ ]
Plasma corticosterone (ng/dl)
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non-performers, while, 38.46% NC (5-13) and 23.07% MS
(3—13) rats were non-performers among female rats in the
curiosity task. Hence, statistical analysis was carried out
only in performer rats by merging the data from both male
and female rats because of statistically insignificant differ-
ence in the sex-specific changes in the curiosity behaviour.

MS rats showed a relatively higher level of curiosity-
like behaviour by exhibiting reduced latency to reach the

curiosity platform by crossing the risky water (R) zone with
one-way ANOVA followed by Tukey’s multiple comparison
test (F3 g9=5.553, p<0.0015, R*=0.1562). MS effect analy-
sis using Student’s # test also further revealed that MS rats
exhibited relatively higher curiosity by exhibiting reduced
latency to reach the curiosity platform than the NC group
(11 45=2.73, p<0.009) (Fig. 7A). The elevated curiosity on
day 1 was diminished when re-exposed to the same task after

Fig.5 Assessment of Anxiety- (A) (B) Q)
like behaviour in the light dark
test Latency to enter dark cham- 20, 10 o I NC ®» 20 B NC
ber (A), Time spent in dark (B), H NC B MS g B VS
number of transitions between __15 B VS 0 84 £ 15/
compartments (C) were » x 2
assessed across maternal sepa- > % 6 © >k
ration (MS) and normal control 2 10 *k e - 10-
(NC) groups. Data is expressed % o 4 S
as Mean + SEM. *#p <0.02, - £ 3
4% <0.005 as compared to 51 = ol E 9
NC rats using unpaired ¢ test; ;
(n=16 per group). 0 0- 0-
Fig.6 Effect of MS stress (A) (B) Q)
on Anxiety-like behaviour =
assessed in open field test (A) __ 4000 15 * @ 25
Total ambulatory distance, g | ! =
(B) velocity of movement, (C) ; 3000 g | 1= % 20
Time spent in the centre were 2 » 10 3
assessed in maternal separation g £ 2 15
(MS) and normal control (NC) g 20001 => has
. Q © 10
groups. Data is expressed as e o 5 Pt
Mean + SEM. #p <0.05 vs. NC, £ 1000+ 2 s
unpaired ¢ test; (N=>5-7 per g & °7
@
group). 0- 0- E o
NC  MS NC  Ms = NC  MS
(A) (B) (@
Latency to cross water (LTW) Latency to retrieve objects (LTR) Number of Objects Retrieved (NOR)
15, 201 3 4 -
m NC (QL1) 2
m MS (QL1) E 3
- B NC (QL2) — 15 ® 37
c c ~
_ B MS (QL2) —_
£ g L E
0
g g 0 g
S *k 3 5
5_
e ]
QL1 QL2 QL1 QL1

Fig. 7 Curiosity-like behaviour during object retrieval task. (A)
Latency to cross water (LTW), (B) Latency to retrieve objects (LTR),
(C) Number of objects retrieved (NOR) in level 1 (QL1) and level

2 (QL2) of curiosity assessment. Data is expressed as Mean+ SEM.
*p<0.05, ¥*p<0.02, ¥**p <0.0001 as compared to NC in unpaired ¢
test, NC (n=19) and MS (n=28)
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day 2 (QL2) with sustained statistically significant difference
(t145=2.121, p<0.03) between NC and MS rat groups.

Further, there was a significant difference in the
latency to retrieve the hidden objects as shown with one-
way ANOVA (F; ¢,=2.683, p<0.05, R*=0.0821) and
also in the total number of objects retrieved in the given
time (F;q99=2.604, p <0.05, R*=0.07987) across the
groups in both the levels of curiosity testing. Student’s
t-test analysis revealed that MS rats took lesser time to
retrieve the objects compared to the NC rats in the QL1
of object retrieval task (p <0.05, #; 45=1.939), but not at
QL2 (p<0.1784, 1, 45=1.367) (Fig. 7B). Similarly, the
total number of objects retrieved by MS rats were signifi-
cantly higher than control rat groups in QL1 (p <0.005,
t1.45=2.941) but not at QL2 (p <0.52, t; 45=0.5946)
(Fig. 7C).

Preference for the curiosity platform (percent time)
showed that MS rats exhibited a higher preference for the
exploration in the curiosity platform as compared to NC
rats, irrespective of gender (One-way ANOVA: F; o, =2.3,
p<0.08, R*=0.0712). In the QL1 of curiosity testing, Q
preference for curiosity platform was significantly higher
in MS rats as compared to NC rats as shown with ¢ test
(p<0.02, 1, 45=2.313) (Fig. 8). However, MS and NC rats
did not show statistically significant difference with the
preference for curiosity platform at QL2 (Fig. 8) stage
(p<0.2, 1, 45=1.28).

Finally, the curiosity index was analysed to evaluate
the effects of early MS on overall changes in curiosity-
like behaviour. While gender-specific changes in curi-
osity index was not significantly different in both lev-
els (QL1 and QL2) and groups as revealed by one-way
ANOVA (F; 99=2.445, p <0.06, R*=0.07535). Student’s
t test analysis further revealed that MS rats exhibited
relatively higher level of curiosity index than NC rats

B NC(QL1)
= VS (QL1)
B NC (QL2)
E MS (QL2)

100+

Percent time in curiosity platform

QL2

QL1

Fig.8 Curiosity preference during object retrieval task. Data is
expressed as Mean + SEM. **p <0.02 as compared to NC in unpaired
t test. NC (QL1), NC at level 1 curiosity test; MS (QL1), MS rats at
level 1 curiosity test; QL2, level 2; NC (n=19) and MS (n=28)
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curiosity index (Cl)

QL2

QL1

Fig.9 Curiosity Index (CI) for object retrieval task. Data is expressed
as Mean+SEM. **p<0.02 as compared to NC group. NC (QL1),
NC at level 1 curiosity test; MS (QL1), MS rats at level 1 curiosity
test; QL2, level 2; NC (n=19) and MS (n=28)

at QL1 (p <0.01, 1, ;5=2.425) but not at QL2 (p <0.20,
t1.45=1.281) (Fig. 9).

Discussion

The present study showed that the MS stress during SHRP
has a long-lasting impact on the brain and behaviour dur-
ing adolescence. The effect of MS stress on anxiety was
assessed in light—dark and open field tests, and found to be
elevated in both paradigms. We further show that exposure
to MS stress was associated with elevated curiosity-like
behaviours in adolescence. To the best of our knowledge,
this is the first study demonstrating elevated anxiety and
curiosity behaviour in adolescent rats, due to MS stress at
SHRP. We also observed that the MS stress lead to a marked
reduction in body weight until weaning (PND21), which
was restored by PND35. In addition, MS stress significantly
increased the levels of plasma corticosterone and dopamine
in adolescence.

Although adolescence is most often associated with
increased energy expenditure, basal metabolic rate and
impulsive behaviour (Jung et al. 2011), (Caron and Ste-
phenson 2010), it is less clear whether increased anxiety
and energy expenditure may cause body weight loss in ado-
lescence. The reduced body weight in MS rats in the present
study is in line with the previous findings (Arp et al. 2016;
Bondar et al. 2018), thus, attributable to MS stress at SHRP.
While restoration in body weight following weaning indi-
cates, the stress did not have a long-term impact on eating
patterns.

In addition, MS stress in rats showed increased basal cor-
ticosterone levels. The importance of hypothalmus-pituitary-
adrenal (HPA)-axis in the regulation of brain and behaviour
has been established (Luo et al. 2014). Previously, we and
others have also reported that irrespective of the timing
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and duration of stress during the critical time window of
the development, MS stress caused increased anxiety-like
behaviour in adulthood (Costa et al. 2014; Kambali et al.
2019; Roque et al. 2014; Sampath et al. 2014). This indi-
cates that early childhood adversities causes hyper-respon-
sive HPA axis, with increased ACTH and cortisol levels,
as predictors of psychological stress both in adolescence
and adulthood (Kuhlman et al. 2015; Lupien et al. 2009).
In animal models, low maternal care in early life increases
plasma ACTH and corticosterone responses to the 20 min
period of restraint stress in adults (Liu et al. 1997). On the
contrary, MS stress for a brief period increased maternal
attention towards pups leading to better attenuation of the
stress response (Boccia and Pedersen 2001). These findings
together suggest that early maternal care such as licking,
grooming, arch back nursing may play an important role in
adult behaviour (Buschdorf and Meaney 2015). Hence, we
proposed that MS-induced changes in anxiety at adolescence
and adulthood are consequences of sustained HPA-axis acti-
vation at SHRP due to stress and low maternal care. In line
with these evidences, the present study also noted increased
plasma corticosterone at PND 30 but not at PND 14, pre-
dicted as an index of HPA-axis activation. Elevated serum
corticosterone levels were observed even at PND 35 and
PND 60 in maternal deprivation rats (Kapor et al. 2020),
together indicating that the impact of MS stress was not
immediate but surfaced later in life.

Long term effects of MS stress on the dopaminergic
system

The most plausible mechanisms mediating curiosity are via
increased plasma dopamine would be resultant of increased
release of dopamine from the ventral tegmental (VTA) neu-
rons. Animal studies indicate that exposure to psychologi-
cal or physical stress can influence the release of dopamine
(Hausknecht et al. 2013; Holly et al. 2015) which in turn
invariably leads to either physiological or pathogenic adapta-
tion (Butts and Phillips 2013; Hausknecht et al. 2013). The
increase or decrease in the release of dopamine is based
on the time, duration and intensity of psychogenic stressors
(McEwen and Wingfield 2003). The bodily changes in the
behaviour following stress are most often consequences of
adaptive mechanisms by altering the brain functions. Most
often it is indicated that hyperactive and impulsive behaviour
at adolescence is a result of elevated levels of dopamine
(Schultz 1998). Dopamine (DA), produced in the substantial
nigra (SN), ventral tegmental area (VTA) and hypothala-
mus of the brain and plays an important role in motivation,
reward and reinforcement learning (Arias-Carrion et al.
2010; Schultz 1998). The rapid increase in dopaminergic
activity within the limbic system leads to increased vulner-
ability to take risky decisions (Freels et al. 2020). Risky

decision making in adolescents results from increased sen-
sitivity to rewards in the ventral medial prefrontal cortex
and the ventral striatum associated with immature cognitive
control abilities (Van Leijenhorst et al. 2010a, b).

Increased plasma dopamine in adolescence is in line
with previous reports that MS stress early in life increases
excitatory transmission in the VTA dopaminergic neurons
and an associated increase in the levels of ACTH and cor-
ticosterone (Overton et al. 1996; Spyrka et al. 2020). In the
mesolimbic circuitry, both acute and chronic stress have
been shown to exhibit either decreased or increased glu-
tamatergic neurotransmission, indicating motivation and
reward processing is regulated by the mesolimbic dopa-
minergic circuitry (Douma and de Kloet 2020). MS stress
is shown to increase the volume of substantia nigra (SN)/
VTA, increases the number of dopaminergic neurons and
the volume of dopaminergic nuclei (Kapor et al. 2020).
During adolescence, an increase in dopamine concentra-
tion and fibre density in PFC and increased pruning of
dopaminergic receptors in the striatum are noted. Con-
sequently, there is increased risk-taking behaviour, drug
use, increased exploratory and novelty-seeking behaviour
(Spear 2000). ELS further increases the likelihood of
substance abuse and risk-taking behaviour which depends
mainly on the dopaminergic system (Andersen 2019). MS
stress at SHRP dysregulates HPA-axis causing increased
plasma corticosterone and activates the dopaminergic sys-
tem, a condition that lasts for weeks after stressor termina-
tion (Horii-Hayashi et al. 2013; Spyrka et al. 2020).

Recently, Wang and Hayden (Wang and Hayden 2021)
proposed that curiosity enables and motivates latent learn-
ing, by involving two important brain regions of the pre-
frontal cortex (PFC) — orbitofrontal cortex (OFC) and
dorsal anterior cingulate gyrus (dACC). Our study also
revealed that repeated exposure to the same task on the
second day, reduce the curiosity index in the level 2 object
retrieval task. This is in accordance with the response
to trivia questions in human subjects wherein the study
showed an inverted bell-shaped curve to curiosity-driven
task and connected striatal activation with curiosity-driven
anticipation (Kang et al. 2009).

Another critical finding unravelled the role of mid-
brain dopamine neurons in curiosity-induced observation
tasks (Bromberg-Martin and Monosov 2020). During
the high state of curiosity task, the activity in both the
midbrain dopaminergic system and nucleus accumbens
was increased and memory was correlated with mid-
brain SN/VTA and hippocampal activity (Gruber et al.
2014). Although curiosity reflects intrinsic motivation,
these results suggest that equivalent mechanisms mediate
it as an extrinsically motivating reward. A recent study
showed that the neurobiological mechanisms on curiosity
encouraging risky behaviour and also motivational lure
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for curiosity and hunger for food (extrinsic motivation)
share common neural correlates, namely nucleus accum-
bens (ventral striatum) and caudate (dorsal striatum) (Lau
et al. 2020).

MS stress and curiosity behaviour

To study the impact of MS stress on the intrinsic drive state,
we exposed rats fed with ad libitum food to a non-rewarding
task based on risky decisions. Whether such risky decisions
are due to hyperactive locomotion or anxiety is not clearly
known. MS rats showing elevated anxiety (van Bodegom
et al. 2017) and corticosterone have triggered the persevera-
tive behaviour (Kambali et al. 2019) in a reward-oriented
task. These findings enforced the present study to search for
the consequences of MS stress on intrinsic drive state, such
as curiosity behaviour towards the non-rewarding and non-
palatable objects using object retrieval test.

Interestingly, elevated curiosity by adolescent MS stress
rats viz., increased time in curiosity platform, reduced
latency to enter into curiosity platform and increased
retrieval of novel objects were observed in the object
retrieval task. Curiosity and risk-taking are considered to
be normal personality developmental processes during ado-
lescence. As scrutinized in psychological studies, curious
people take risks to acquire new experiences (Zuckerman
1996) and are persistently involved in challenging tasks.
We hypothesized that curiosity is associated with risk-tak-
ing behaviour. Hence, crossing the mild risky water zone
with shorter latency and retrieving the more number of non-
rewarding objects by crossing the risky water zone by MS
than control rats fed with ad libitum food, would be, thus,
considered as a consequence of elevated intrinsic drive state.
Repeated exposure to the same task led to higher precision
in the performance, thereby reducing the marginal differ-
ence between the groups in QL2. Nevertheless, the differ-
ence between MS and NC male rats was much more apparent
in QL1 than in QL2.

Latency to cross water was the first step in deciding per-
formance. Interestingly, 50% of NC males and 38% of NC
females did not cross the water throughout the test period
and were declared non-performers. In contrast, only 25%
of MS males and 23% of MS females remained as non-per-
formers. These observations together indicate that during the
object retrieval task, non-performers are more in NC than
MS adolescent rats.

Based on the performers data, it was observed that
latency to cross water was significantly reduced in MS
rats, especially in QL1, when compared to adolescent con-
trols. The increased curiosity-driven performance in object
retrieval task could be due to impulsive behaviour (Kambali
et al. 2019) with the risky decisions attributed to poor risk
assessment abilities of MS rats. The increased retrieval of
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hidden objects in the QL1 stage by MS rats further indi-
cates enhanced intrinsic motivation is associated with per-
formance. It was intriguing that whether risky decisions was
due to vigorous novelty seeking and elevated curiosity. Lit-
erature indicates that early life stress has long-term impact
in enhancing vulnerability to addictive behaviour in adoles-
cence (Yamaguchi and Kandel 1984). Taken together, the
above evidence clearly indicates that increased curiosity and
anxiety in adolescents (fed with ad libitum food), thereby
indulging in increased risky decisions could be attributed to
early life stress. Finally, the changes in basal dopamine and
corticosterone levels following MS stress further strength-
ens the possibility of increased vulnerability for addictive
behaviour in adolescence.

Conclusion

We conclude that increased plasma corticosterone and dopa-
mine attribute to elevated anxiety and curiosity during ado-
lescence in rats exposed to MS stress at SHRP.

Appendix 1
Equations

Equation 1. Preference for the curiosity platform (in %) was
estimated using the formula:
Time spent in the curiosity platform

Qpreference = - - X100
Total time spent in both platforms
)]

Equation 2. Curiosity Index (CI) was calculated using
the formula:

Cl = Qpreference + Number of Objects retrieved 5
B Total time @
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