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ARTICLE INFO ABSTRACT

Keywords: Stress, particularly during childhood, is a major risk factor for the development of depression. Depression is twice
Stress as prevalent in women compared to men, which suggests that biological sex also contributes to depression

Sex differences susceptibility. However, the neurobiology underpinning sex differences in the long-term consequences of

Iliepressmn . childhood stress remains unknown. Thus, the aim of this study was to determine whether stress applied during
eurogenesis . . N . . e . . .
Doparfine the prepubertal juvenile period (postnatal day 27-29) in rats induces sex-specific changes in anxiety-like

behaviour, anhedonia, and antidepressant-like behaviour in adulthood in males and females. The impact of
juvenile stress on two systems in the brain associated with these behaviours and that develop during the juvenile
period, the mesocorticolimbic dopaminergic system and hippocampal neurogenesis, were also investigated.
Juvenile stress altered escape-oriented behaviours in the forced swim test in both sexes, decreased latency to
drink a palatable substance in a novel environment in the novelty-induced hypophagia test in both sexes, and
decreased open field supported rearing behavior in females. These behavioural changes were accompanied by
stress-induced increases in tyrosine hydroxylase immunoreactivity in the prefrontal cortex of both sexes, but not
other regions of the mesocorticolimbic dopaminergic system. Juvenile stress did not impact anhedonia in
adulthood as measured by the saccharin preference test and had no effect hippocampal neurogenesis across the
longitudinal axis of the hippocampus. These results suggest that juvenile stress has long-lasting impacts on
antidepressant-like and reward-seeking behaviour in adulthood and these changes may be due to alterations to
catecholaminergic innervation of the medial prefrontal cortex.

Prefrontal cortex

1. Introduction

Stress, particularly during childhood, is a major risk factor for the
development of psychiatric disorders including depression [1,2]. Pre-
clinical research has also shown that stress during the prepubertal ju-
venile period, a developmental window similar to late childhood in
humans, impacts anxiety and depressive-like behaviours and increases
sensitivity to the adverse effects of adult stress [3,4]. These studies
indicate that the juvenile period of development is a sensitive window
during which stress may predispose individuals to develop psychiatric

illness in later life. Stress-related psychiatric disorders are twice as
prevalent in women compared to men [5,6]. However, until recently
many studies in rodents have focused solely on males or did not include
sex as a biological variable [7,8]. As a result, the neurobiological
changes occurring in response to juvenile stress, particularly in the fe-
male brain, are incompletely understood.

Brain development during the juvenile period is marked by the
maturation and substantial remodeling of various corticolimbic areas
involved in regulating the stress response, emotional processing and
novelty-seeking and reward, such as the medial prefrontal cortex
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(mPFC), amygdala, and hippocampus [9]. The mPFC is also an impor-
tant brain region regulating decision making and risk-taking behaviour
which undergoes dramatic maturation during the prepubescent juvenile
period, decreasing in overall size due to synapse pruning [10]. In par-
allel, this period is also very important for the development of meso-
corticolimbic dopaminergic brain regions including the dorsal striatum
and nucleus accumbens (NAc), both of which also play a role in decision
making and goal-directed behaviours [11-13]. These rapid structural
changes in the juvenile brain may bring about unique vulnerability, as
these brain areas may be more susceptible to negative external factors
like stress during their maturation [14].

The hippocampus is one of the main structures affected in psychiatric
illness and is a key regulator of the stress response. Human neuro-
imaging studies report volumetric reductions in the hippocampus in the
brains of adult patients with depression [15-17]. In parallel, studies in
rats have shown that chronic stress in adulthood adversely affects hip-
pocampal volume and neuronal morphology [18,19]. Adult hippocam-
pal neurogenesis, the birth of new neurons in the dentate gyrus of the
hippocampus, has been implicated in stress resilience and the mecha-
nisms of antidepressant drugs [20-23]. Chronically high levels of the
stress hormone corticosterone can reduce the proliferation and differ-
entiation of new neurons in the adult rat hippocampus [24,25]. Sex
hormones can also modulate hippocampal activity and stress has been
shown to affect hippocampal neuronal plasticity in a sex-dependent
manner [26,27]. Accumulating evidence suggests that the adult hippo-
campus is functionally segregated along its longitudinal axis into ante-
rior and posterior regions in primates and analogous ventral (vHi) and
dorsal region (dHi) regions in rodents, whereby the ventral hippocam-
pus plays a predominant role in the regulation of anxiety while the
dorsal hippocampus is predominantly involved in spatial learning and
memory [28-32]. In parallel, it has been reported that chronic stress
reduced adult neurogenesis preferentially in the vHi rather the dHi [21,
23,33,34] and that neurons derived from the vHi are more sensitive to
the deleterious effects of corticosterone than those derived from the dHi
in vitro [35]. However, these investigations have largely been carried
out in male animals only and have not focused on the impact of stress
during the prepubescent juvenile period.

It is well established that hippocampal neurogenesis occurs at a
much higher rates in the young brain [36], but less is known about the
impact of stress on hippocampal neurogenesis during the juvenile period
when the brain is particularly sensitive to stressful events [14]. The
neuroendocrine stress response of juveniles is heightened and exagger-
ated compared to adults [37] due to immature hypothalamic pituitary
adrenal axis feedback mechanisms [38]. Therefore, activation of the
stress response in the juvenile period could potentially disrupt important
neurodevelopmental processes like hippocampal neurogenesis and
maturation of the medial prefrontal cortex resulting in long-term dys-
regulation of behaviours in later life. However, only a limited number of
studies have examined the impact of juvenile stress, prior to pubertal
onset, on anxiety and depressive-like behaviours in adulthood in both
males and females, and little is known about the neurobiology under-
pinning potential sex differences in the long-term behavioural conse-
quences of juvenile stress and whether they include alterations in
mesocorticolimbic dopaminergic maturation and alterations in neuro-
genesis along the longitudinal axis of the hippocampus that persist to
adulthood [39-41]. Thus, the aim of this study was to determine
whether juvenile stress applied at postnatal days 27-29 induces
sex-specific changes in anxiety-like behaviour, anhedonia, and
antidepressant-like behaviour in adulthood in males and females and
whether these changes were associated with alterations in neurogenesis
along the longitudinal axis of the adult hippocampus and the innerva-
tion of mesocorticolimbic tyrosine-hydroxylase positive fibres.
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2. Materials and methods
2.1. Animals

Rats were bred in the Biological Services Unit at University College
Cork from mating pairs of adult Sprague-Dawley rats obtained from
Envigo. Upon weaning, all offspring were housed in same-sex group
housing under standard laboratory conditions (22 + 2 °C, 12-h light/
dark cycle with lights on at 07:00 a.m. and ad libitum access to food and
water). Behavioural experiments took place during the light phase of the
cycle (between 09:00 and 17:00). All experiments were conducted in
accordance with international standards of animal welfare as outlined
by European Directive 2010/63/EU and approved by the Animal
Experimentation Ethics Committee of University College Cork. All ex-
perimenters had individual authorisations from the Health Products
Regulatory Authority (HPRA) affiliated with HPRA Project Author-
isation AE19130/P084.

2.2. BrdU injection and juvenile stress paradigm

The experimental design is summarised in Fig. 1A. On postnatal day
(PND) 26, all rats were given a single intraperitoneal injection of 5-
bromo-2’-deoxyuridine (BrdU, 150 mg/kg) to label newly generated
cells. Male and female rats were then randomly assigned to stress or
control groups (Control males n = 9, stress males n = 10, control females
n = 9, stress females n = 10) and housed in same-sex, same-treatment
groups of 3-4. No more than two littermates of the same sex were
assigned to the same group. Stressed rats underwent a daily stressor on
PND 27-29 [41]. On PND 27, rats were individually exposed to 10 min
of swim stress in a cylindrical glass water tank (21-cm diameter) filled to
30-cm with water (22 + 1 °C). On PND 28, rats were placed on an
elevated platform (platform dimensions: 12 x 12 cm, 70 cm above floor
level) for three 30-min trials separated by 60-min inter-trial intervals in
the home cage. On PND 29, rats were restrained in a clear acrylic rodent
restrainer for two hours. Control rats were left undisturbed during this
period. Upon reaching adulthood (PND 66), all rats underwent a battery
of behavioural tests (Fig. 1A).

2.3. Novelty-induced hypophagia (NIH) test

Novelty-induced hypophagia is a behavioural test of anxiety which
measures hyponeophagia, the latency to approach palatable food in a
novel environment, which has been adapted from a protocol previously
used in mice [42,43]. All rats were singly housed for the duration of the
test. In the habituation phase, each animal was presented with a highly
palatable solution of diluted sweetened condensed milk (1:4 in water) in
their home cage for 30 min per day for 3 days. On days 4 and 5 (test
days), the rats were brought to a testing room to habituate for 90 min
prior to testing. On the test days, each animal was presented with the
milk solution during a 10-min trial and their latency to drink the milk
was measured. The test on day 4 was conducted in their home cage in the
testing room under low illumination (~50 lux); whereas on day 5, the
rats were in a novel, anxiogenic context [a new cage with no bedding
and bright illumination (~1000 lux)]. Following the test on day 5, all
rats were returned to their original group housing. Two subjects (both
control females) did not drink the milk within 10 min in either the
familiar nor novel context and were therefore excluded from the
analysis.

2.4. Saccharin preference test (SPT)

All rats were singly housed in a cage with two water bottles for the
four days of the test. Following two days of habituation to single housing
and the presence of two bottles in the cage, the contents of one bottle
was replaced with a 0.01% saccharin solution [44]. The volume of water
and saccharin solution in both bottles was recorded every 12 h for 48 h.
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Fig. 1. Experimental design and doublecortin (DCX) im-
aging frames (A) Timeline of procedures and behaviours;
(B) Three pairs of frames were overlaid onto the dentate
gyrus of each hemisphere; one at the lateral end of the
lower blade (i), one at the medial tip (ii) and one at the
lateral end (iii) of the upper blade. The proximal frame
encompassed the granule cell layer (GCL), and the distal

C frame encompassed the molecular layer (ML); (C) The di-

Line2 mensions of each frame. (P = proximal frame, D = distal

50pm Distal Frame frame). Abbreviations: Forced swim test (FST), novelty-

-"100um Line1 induced hypophagia (NIH), open field test (OFT), post-
50pum Proximal Frame natal day (PND), saccharin preference test (SPT).

ppeens " 300pm

The positions of the two bottles were switched after each measurement
to reduce any confound produced by a side bias. Saccharin preference
was calculated as a percentage of the volume of saccharin intake over
the total volume of fluid intake and averaged over the second 24 h
period. After the last measurement, the rats were returned to their
original group housing.

2.5. Open field test (OFT)

Rats were brought to the testing room to habituate for one hour
before the test. After habituation, rats were introduced to the brightly lit
open field arena (90 cm diameter, 1000 lux) for 10 min. Rats were then
removed and placed back into their home cage. The arena was cleaned
between subjects with 70% ethanol to remove olfactory cues. Each test
was video recorded, and the total distance travelled, number of entries
into the centre, and time spent in the centre of the arena were scored
using Ethovision XT 13. An observer blind to the experimental groups
also scored rearing in the arena (when the animal briefly stands on hind
limbs to explore an environment). Both supported (where the forelimbs
touch the wall of the area) and unsupported rearing was measured.
Behaviours were analysed for the entire 10-min duration (Fig. 3) as well
as in 2 x 5-min time bins (Fig. S1).

2.6. Forced swim test (FST)

Rats were individually placed in a glass tank (21-cm diameter) filled
to 30-cm mark with water (24 4+ 1 °C) [45]. The forced swim test con-
sisted of two sessions separated by 24 h: 15 min for the pre-swim and
5 min for the test swim. Following both swims each rat was gently
towel-dried then returned to its home cage. The test was recorded by a
video camera. An observer blind to experimental groups used the
time-sampling technique to score the predominant behaviour (immo-
bility, climbing, or swimming) for each 5-sec period of the 5-minute test
(Fig. 4). Passive (immobility) and active (climbing and swimming) be-
haviours were defined as described by Slattery and Cryan [46] and
developed by Detke et al. [47]. The observer also scored head shaking, a
sexually dimorphic behaviour defined as a rapid side-to-side movement
of head above water [48]. Males typically exhibit significantly more
head shaking than females, a behaviour which is regulated by testos-
terone and sensitive to antidepressants [48-50]. Due to a video
recording error during the trial, the behaviours of one control female

could not be analysed. The 15-min pre-swim is not typically scored in
the modified forced swim test, however, we scored behaviours during
the first 5-min of the pre-swim (Fig. S2).

2.7. Perfusion and brain sectioning

On PND 83, two hours following the FST, the rats were deeply
anaesthetised with an intraperitoneal injection of sodium pentobarbital
and perfused with PBS followed by 4% paraformaldehyde (PFA). Brains
were removed, post-fixed in 4% PFA overnight, cryoprotected in 30%
sucrose, then frozen on dry ice and stored at — 80 °C until sectioning.
Brains were sectioned into 35 pm coronal sections using a Leica CM1950
cryostat and collected as free-floating sections in a series of eight and
stored in cryoprotectant solution (30% ethylene glycol + 25% glycerol
in PBS) at — 20 °C until immunohistochemistry.

2.8. Immunohistochemistry

The impact of juvenile stress on the survival of recently born hip-
pocampal neurons was investigated using BrdU/NeuN immunohisto-
chemistry as previously described [42,51,52]. Free-floating sections
containing the entire rostrocaudal length of the hippocampus were
washed in PBS (3 x5 min) placed in 10 mM sodium citrate buffer (pH
6.0) at 80 °C for 20 min. Sections were washed in PBS and incubated in
2 N HCl in a water bath at 37 °C for 15 min followed by two washes in
sodium tetraborate buffer (pH 8.5). Following PBS washes, sections
were blocked in 10% donkey serum diluted in 0.3% Triton-X-100 in PBS
(0.3% PBS-T) for 60 min at room temperature. Sections were incubated
in the first primary antibody (rat anti-BrdU; Abcam, AB6326, 1:100) at
4 °C overnight. All antibodies were diluted in 2% donkey serum in 0.3%
PBS-T. Sections were washed in PBS and incubated in secondary anti-
body (Alexa Fluor 594-conjugated donkey anti-rat, Invitrogen, A21209,
1:200) at room temperature for 90 min. Following PBS washes, sections
were incubated in the second primary antibody (anti-mouse NeuN,
Merck, MAB377, 1:100) at 4 °C overnight. Sections were washed and
incubated in secondary antibody (Alexa Fluor 488-conjugated donkey
anti-mouse, Invitrogen, A21202, 1:200) at room temperature for
90 min. Sections were washed in PBS and mounted onto Superfrost Plus
slides and cover-slipped using Dako fluorescent mounting media. The
slides were sealed and stored in the dark at 4 °C until imaging.

Sections were stained for doublecortin (DCX), a marker of immature
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Fig. 2. Juvenile stress decreased latency to drink in females in the novelty induced hypophagia test and did not impact saccharin preference (A) Latencies to drink
sweetened milk in the home cage and novel cage (B) Net latency to drink sweetened milk in [novel cage — familiar cage] (C) Kaplan-Meier survival curve of latency to
drink in novel cage (D) Preference for a saccharin solution (saccharin intake / total volume of fluid intake x 100%) (E) Millilitres of saccharin consumed. n = 7-10 per

group. Significant main effect of stress: * p < 0.05,.

neurons, to assess the impact of juvenile stress on the production of new
hippocampal neurons in adulthood and on their morphology. Sections
were washed in a 1% hydrogen peroxide in methanol solution for 10 min
at room temperature to block endogenous peroxidase activity, washed in
PBS (3 x 10 mins), and then blocked in 10% rabbit serum in 0.3% PBS-T
for 2 h at room temperature. Sections were incubated in polyclonal goat
anti-DCX primary antibody (Santa Cruz; SC-8066, 1:100) diluted in 5%
rabbit serum in 0.3% PBS-T at 4 °C for 48 h. Sections were washed in
PBS and incubated with rabbit anti-goat IgG biotinylated secondary
antibody (Vector Labs; PK6105 1:200) diluted in 2% rabbit serum in
PBS-T. Following PBS washes, sections were incubated in horseradish
peroxidase-streptavidin-ABC complex (Vector labs; PK6105) for 2 h at
room temperature. The biotin signal was amplified using an avidin-
biotin complex (ABC; Vector Labs, PK6105) for 2 h and developed in
3,3 diaminobenzidine activated by 0.3% hydrogen peroxide (DAB
substrate kit, Vector, SK-4100). Sections were mounted on charged
slides, dehydrated, and coverslipped with DPX mounting medium.

Sections were stained for tyrosine hydroxylase (TH), the rate-
limiting enzyme of dopamine synthesis to quantify the impact of juve-
nile stress on dopaminergic fibres within the mPFC and its associated
subcortical areas, the NAc and dorsomedial striatum (DMS) [53,54]. The
protocol for immunohistochemistry was the same as above except that
horse serum was used for blocking, the primary antibody was mouse
anti-TH (MAB318, 1:500) and the secondary antibody was biotinylated
horse anti-mouse (Vector Labs, BA 2000, 1:200).

2.9. Microscopy and image analysis

The DG in each section was imaged using an Olympus BX53 Upright

Research Microscope at 100 X magnification (BrdU/NeuN) or 200 X
magnification (DCX). The number of BrdU+ and NeuN+ /BrdU+ cells
in the granule cell layer and subgranular zone was counted using
ImageJ. The dHi was defined as AP: Bregma — 1.8 to — 5.2 and vHi as
AP: — 5.2 to — 6.7 [24,51]. On average, 12-14 sections were analysed
per brain: approximately 75% dorsal and 25% ventral sections. It should
be noted that when the rat brain is sectioned coronally, the most rostral
sections primarily contain only dHi, while the more caudal sections that
contain vHi can also include parts of the dorsal and intermediate hip-
pocampus [55,56].

The number of DCX-positive cells and their dendritic development
was measured in the DG using ImageJ and counting frames (adapted
from [57] and others [58,59]). Counting frames were applied at the
medial and lateral ends of the upper blade and the lateral end of the
lower blade of the DG. The counting frames were designed such that
each pair of distal/proximal frames were aligned on top of the other with
the proximal frame encompassing the GCL and the distal frame
encompassing the ML (Fig. 1B). Each of these frames measured 50 pm x
300 pm. To determine the number of DCX-positive cells, the number of
DCX+ cell bodies present in the proximal frame were counted. As new
neurons mature, their morphology becomes more complex, therefore
the morphological complexity of these DCX+ new neurons was then
quantified by counting the number of dendrites that crossed from the
proximal to distal frame (line 1, proximal dendritic crossing) and the
number of dendrites that emerged from the distal frame (line 2, distal
dendritic crossing; Fig. 1C).

For analysis of tyrosine hydroxylase immunoreactivity (TH-ir), four
sections containing the DMS (AP: Bregma 1.7-0.48 mm) and three sec-
tions containing the NAc core and shell were imaged at 2X magnification
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(AP: Bregma 1.6-1.0 mm). Two sections containing the mPFC were
imaged at 20X magnification (AP: Bregma 3.2-2.7 mm). For the mPFC,
three fields of view were imaged per hemisphere encompassing the PrL
and IL were analysed for pixel density of TH-positive fibres. Image J was
used to quantify the TH-ir using optical density (OD) calculated from
background-subtracted mean grey values for sections containing DMS
and NAc core and shell. The obtained OD values were then averaged
across the 4 DMS sections, and across the 3 NAc sections. Optical density
measurements take into account gradation of signal as well as the
background staining on the section. This method is preferable when
there is diffuse staining and individual fibres cannot be distinguished, as
is the case for DMS and NAc. In the mPFC, TH-ir in individual fibres can
be readily distinguished and thus pixel density measurements were used
for this brain area, as described by others [60]. The layers of the cortex
were analysed separately based on their morphology. Layer 1 contains
largely vertically oriented fibres, whereas layer 2/3 has lateral oriented
fibres, and layer 5/6 contains fibres oriented in several directions [61,
62]. Each field of view was converted to a binary image, and regions of
interest were placed over each layer to determine the density of black
pixels in each cortical layer and this was averaged across the two mPFC
sections of each brain.

2.10. Statistical analysis

Data were analysed by two-way ANOVA with significance set at
a = 0.05. All data are shown as mean + standard error of the mean with
individual data points except for the Kaplan-Meier survival curve anal-
ysis and subsequent Mantel-Cox log-rank test performed on novelty
induced hypophagia data. A three-way ANOVA with repeated measures

B
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was used to analyse familiar versus novel cage latency in the novelty-
induced hypophagia test (with trial as the within-subjects variable) as
well as TH-ir in the mPFC (with brain region as the within-subjects
variable). Post hoc comparisons used Fisher’s LSD tests when in-
teractions were significant. A priori comparisons used Bonferroni’s
multiple comparisons tests. Statistical analysis was conducted using
GraphPad Prism 8.

3. Results

3.1. Juvenile stress decreased latency to drink in the novelty-induced
hypophagia test

In the novelty-induced hypophagia test, a three-way ANOVA with
repeated measures (Fig. 2A) revealed a main effect of trial (home cage
versus novel cage) [F(1,32) = 27.8, p < 0.0001] as well as a main effect
of juvenile stress on latency to drink the sweetened milk [F(1,32) =
5.84, p < 0.05]. Additionally, there was an interaction between trial and
juvenile stress [F(1,32) = 4.81, p < 0.05; Fig. 2A]. Separate two-way
ANOVAs for the home cage and novel cage latencies revealed an effect
of juvenile stress in the novel cage [F(1,32) = 6.12, p < 0.05] but not
the home cage [F(1,32) =0.86, p =0.36] Furthermore, two-way
ANOVA revealed a significant main effect of juvenile stress on the net
latency (novel cage latency - home cage latency) to drink [F(1,32) =
5.79, p < 0.05; Fig. 2B]. There was no effect of sex [F(1,32) = 1.53;
p = 0.23] nor a stress x sex interaction [F(1,32)= 0.90; p = 0.35].
Kaplan-Meier survival curve analysis of latency to drink in the anxio-
genic context was also performed. A Mantel-Cox log-rank test showed
that these latency curves were significantly different from each other [}>

C
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Fig. 3. Effects of juvenile stress on locomotor activity and exploratory activity in the open field test (A) Total distance travelled in open field (cm) (B) time spent in
the centre of the arena (s), (C) number of entries into the centre of the arena, (D) total number of rearing behaviours, (E) number of supported rearing behaviours.
Significant main effect of sex: # p < 0.05, ## p < 0.01. Significant Bonferroni’s multiple comparisons test of stressed females versus non-stressed female: &

p < 0.05. n = 9-10.
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Significant main effect of sex: # p < 0.05, ### p < 0.001.
(3, n=36) =7.99, p < 0.05; Fig. 2C].

3.2. Juvenile stress did not impact anhedonia in either sex as measured in
the saccharin preference test

Preference to drink a saccharin solution over water was not affected
by biological sex, juvenile stress, nor their interaction [Sex: F(1,31) =
0.0005, p = 0.98; Stress: F(1,31) =0.001, p = 0.93; Sex x Stress: F
(1,31) =1.03; p =0.32, Fig. 2D]. Likewise, the amount of saccharin
solution consumed did not differ between any groups [Sex: F(1,31) =
0.19, p = 0.67; Stress: F(1,31) = 0.25, p = 0.62; Sex x stress: F(1,31) =
0.002, p = 0.95; Fig. 2E].

3.3. Increased supported rearing in the open field by females was
attenuated by juvenile stress

Females were more active in the open field test (Fig. 3) as measured
by overall distance travelled [F(1,34) = 6.29, p < 0.05; Fig. 3A] but
there was no significant effect of stress [F(1,34) = 0.06; p = 0.81] nor a
sex x stress interaction [F(1,34) = 0.72; p = 0.41]. There was no effect
of biological sex [F(1,34) =2.59, p=0.12], stress [F(1,34) = 0.52;
p = 0.48] nor a significant stress x sex interaction on time spent in the
centre [F(1,34) = 1.82; p = 0.18]. The number of entries into the centre
of the arena was higher in females compared to males [F(1,34)= 5.73,
p = 0.022] but was not affected by stress [F(1,34) = 0.85, p = 0.36] nor
the interaction of stress x sex [F(1,34) = 0.57, p = 0.46; Fig. 3C].

The total number of rears was greater in females compared to males
[Sex: F(1,34) = 5.928, p < 0.02; Fig. 3D]. However, there was no effect
of stress nor a stress x sex interaction [F(1,34) =1.23, p=0.27; F
(1,34) =2.12, p=0.15, respectively]. Females exhibited increased
supported rears [Sex effect: F(1,34) =8.40, p < 0.01] and juvenile
stress decreased the number of supported rears [F(1,34) = 5.45,
p < 0.05]. There was no significant stress x sex interaction [F(1,34) =
2.72, p = 0.11; Fig. 3E]. Based on a previous report, we anticipated that
juvenile stress would impact rearing behaviours [63]. Thus, planned
comparisons were conducted and revealed that revealed that juvenile
stress decreased the number of supported rears specifically in females
(Bonferroni’s multiple comparisons test, p < 0.05) but not in males
(p > 0.05).

3.4. Juvenile stress decreased climbing and increased swimming
behaviour in the forced swim test irrespective of biological sex

Immobility in the forced swim test (Fig. 4A) was higher in females
[Sex: F(1,33) = 6.1 p < 0.02] than males. There were no effects of stress
[F(1,33) = 0.03, p = 0.85], nor a stress x sex interaction [F(1,33) =
0.02, p = 0.88] on immobility. We observed that exposure to juvenile
stress altered the escape-oriented behavioural strategies used by rats in
the forced swim test. Juvenile stress significantly decreased climbing in
both sexes [Stress: F(1,33) = 25.0, p < 0.0001] and correspondingly
increased in swimming behaviour in both sexes [Stress: F(1,33) = 5.9,
p < 0.03]. There was a sex difference in climbing behaviour but not in
swimming behaviour whereby counts of climbing behaviour were lower
in females than males [Sex: F(1,33) = 16.0, p < 0.001], while there was
no sex difference in swimming behaviour [Sex: F(1,33) =0.22,
p = 0.65]. There were no significant stress x sex interactions in either
climbing [(F(1,33)=0.03, p =0.86] or swimming [F(1,33) = 0.003,
p =0.96] behaviours. Finally, males exhibited more head shakes
(Fig. 4B) during the FST than females [Sex: F(1,33) = 37.7, p < 0.0001]
but juvenile stress had no effect on head shakes [F(1,33) =0.72,
p = 0.40] and there was no stress x sex interaction [F(1,33) =0.14,
p=0.71].

Similar to the 5-min FST, during the first 5-min of the 15-min pre-
swim session (Figure S2, Supplementary material), juvenile stress
altered escape-oriented behavioural strategies in a sex-independent
manner. Like the 5-min test, juvenile stress decreased climbing behav-
iour in both sexes in the pre-swim session. In contrast to the 5-min FST,
however, juvenile stress increased immobility and had no effect on
swimming behaviour in the pre-swim. In both swim sessions there was
no effect of juvenile stress on headshakes, and the same sex difference in
headshakes was observed in both swims. Interestingly, sex differences in
immobility and climbing behaviour were only apparent in the 5-min test
and not the pre-swim.

3.5. Juvenile stress increased TH-ir in layer 1 of the prelimbic cortex and
had no significant effect on TH in the infralimbic cortex, dorsomedial
striatum, or nucleus accumbens

There were no effects of biological sex or juvenile stress on TH-ir in
the dorsomedial striatum [Sex: F(1,19) = 2.3, p =0.14; Stress: F
(1,19) = 1.58, p = 0.22; Interaction: F(1,19) = 0.23, p = 0.64; Fig. S5F].
Likewise, biological sex and juvenile stress did not affect TH-ir in the
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Fig. 5. Juvenile stress increased TH-ir in layer I of the prelimbic cortex and did not affect TH in the dorsomedial striatum or nucleus accumbens A) Pixel density of
mPFC TH fibres in layer 1; B) layer 2/3; C) layer 5/6; D) Schematic drawing of coronal brain section containing mPFC, boxes indicate fields of view imaged for PrL
and IL (adapted from [112]); E) Representative binary images of PrL and IL mPFC, numbers below correspond to cortical layers, scale bar = 100 um; F) Average
optical density values for DMS and NAc; B) Representative images containing DMS and NAc, scale bar = 1 mm. Significant main effect of stress: * p < 0.05. n = 5-6.
Abbreviations: dorsomedial striatum (DMS), nucleus accumbens (NAc), prelimbic (PrL), infralimbic (IL), medial prefrontal cortex (mPFC).

nucleus accumbens core [Sex: F(1,19) =0.29, p=0.59; Stress: F
(1,19) = 0.33, p = 0.57; Interaction: F(1,19) = 0.66, p = 0.43] or nu-
cleus accumbens shell [Sex: F(1,19) = 0.65 p = 0.42; Stress: F(1,19) =
1.8, p = 0.20; Interaction: F(1,19) = 0.003, p = 0.96 Fig. 5F].

We analysed the density of TH-ir pixels within the different layers of
two subregions of the mPFC, the prelimbic area (PrL) and infralimbic
area (IL). Within each layer, the density of black pixels was analysed
separately by three-way ANOVA (Biological sex x juvenile stress x mPFC
area). In layer 1, there was a trend for mPFC area to affect TH-ir [F
(1,19) = 4.3, p = 0.052]. There was also a main effect of juvenile stress
on TH-ir [F(1,19) = 8.6, p = 0.0085; Fig. 5 A, 5E] whereby stressed
males and stressed females both had higher density of TH-ir than the
corresponding control groups. There was no main effect of biological sex
[F(1,19)= 1.6, p = 0.21], nor any significant interactions between other
variables.

In layer 2/3, there were no effects of juvenile stress [F(1,19) = 0.13,
p = 0.7], biological sex [F(1,19) =0.45, p = 0.5], mPFC region [F

(1,19) = 0.06, p = 0.8], nor any of their interactions (Figs. 5B and E). In
layer 5/6 (Fig. 5 C and E), there was a main effect of mPFC region [F
(1,19) = 89.8, p < 0.0001] where TH-ir pixel density was higher in the
IL compared to the PrL (Fig. 5E). We also found a trend towards an
interaction effect between mPFC region and juvenile stress [F(1,19) =
3.1, p = 0.093], but this did not reach significance. There were no other
significant main effects or interactions [Sex: F(1,19) = 0.7, p = 0.4;
Stress: F(1,19) = 2.8, p = 0.11].

3.6. The survival of juvenile-born hippocampal neurons into adulthood
was not impacted by juvenile stress or biological sex

The number of surviving BrdU+ /NeuN+- cells per section within the
whole DG of the adult hippocampus (Fig. 6A) was not affected by bio-
logical sex [F(1,19) = 0.25, p = 0.61], juvenile stress [F(1,19) = 0.27,
p = 0.62], nor the interaction of biological sex x stress [F(1,19) = 0.05,
p = 0.83]. Likewise, when the dHi and vHi were considered separately,
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we found no statistically significant effects. [dHi: Sex: F(1,19) = 0.64,
p = 0.43; Stress: F(1,19) = 0.13, p = 0.72; Sex x stress: F(1,19) = 0.27,
p =0.61; Fig. 6B] [vHi: Sex: F(1,19) =0.001, p =0.96 Stress: F
(1,19) = 0.06, p = 0.79; Sex x stress: F(1,19) = 0.07, p = 0.81; Fig. 6C].

3.7. The number of adult-born immature hippocampal neurons was lower
in females than males but was not affected by juvenile stress in either sex

There was a significant effect of biological sex whereby females had
fewer immature (DCX+) new neurons in adulthood compared to males
[F(1,20)= 5.412, p = 0.0306; Fig. 7A]. Juvenile stress did not affect the
number of DCX+ neurons [F(1,20) = 0.18, p = 0.68] nor was there an
interaction of stress x biological sex [F(1,20)= 0.3017, p = 0.59] on the
number of immature neurons in the whole hippocampus.

Upon segregation along the longitudinal axis of the hippocampus,
there was no significant effect of juvenile stress nor sex x stress inter-
action in either the dHi or vHi. [dHi: Stress: F(1,20) = 0.35, p = 0.56;
Sex x Stress: F(1,20) = 0.68, p = 0.42] [vHi: Stress: F(1,20) = 0.005,
p = 0.95; Sex x stress: F(1,20) = 0.46, p = 0.51; Fig. 7A]. In both the
dHi and vHi, there was a trend for an effect of sex where females had
fewer DCX+ cells than males, but this did not reach statistical signifi-
cance [dHi: Sex: F(1,20) = 3.6, p = 0.077] [vHi: Sex: F(1,20) = 3.52,
p = 0.079].

-
(4.
o

1 Sex, p=0.031 Sex, p=0.077
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3.8. The average number of dendritic crossings per adult-born immature
neuron was lower in females than males and was not affected by prior
Jjuvenile stress in either sex

As a measure of dendritic complexity and morphological maturation
of newly born neurons, we quantified the average number of dendrites
per DCX+ neuron which crossed into the GCL (proximal dendritic
crossings) or into the ML (distal dendritic crossings, see Fig. 1). In the
whole hippocampus, the number of proximal dendritic crossings per
DCX+ neuron was significantly lower in females compared to males
[Sex: F(1,20) = 4.58, p = 0.045]. When dHi and vHi were considered
separately, the significant effect of biological sex persisted in the dHi
[Sex: F(1,20) = 4.58, p = 0.045], but did not reach statistical signifi-
cance in the vHi [Sex: F(1,20) = 3.58, p = 0.073]. There was no sig-
nificant effect of stress nor a stress x biological sex interaction on
proximal dendritic crossings per DCX+ neuron in the total hippocam-
pus, dHi, or vHi [Total: stress: F(1,20) = 0.006, p = 0.94; stress x bio-
logical sex: F(1,20) =0.26, p = 0.62] [dHi: Stress: F(1,20) = 0.06,
p = 0.80; Stress x sex: F(1,20) = 0.0003, p =0.98] [vHi: Stress: F
(1,20) = 0.55, p = 0.47; Stress x sex: F(1,20)= 1.0, p = 0.32, (Fig. 7B)].

The number of distal dendritic crossings per neuron in the total
hippocampus was also lower in females than males [Sex: F(1,20) =
4.855, p = 0.040; Fig. 7C]. Upon segregation of the longitudinal axis of
the hippocampus, although there was a trend towards a sex effect in both
dHi and vHi, but these did not quite reach statistical significance [dHi: F
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(1,20) = 3.12, p = 0.092] [vHi: F(1,20)= 3.77, p = 0.067]. There was
no significant effect of stress nor a stress x biological sex interaction on
distal dendritic crossings per neuron in the total, dorsal or ventral hip-
pocampus. [Total: Stress: F(1,20) = 0.22, p = 0.64; Stress x sex: F
(1,20) = 0.008, p = 0.98] [dHi: Stress: F(1,20) = 0.14, p = 0.70; Stress
x sex: F(1,20) = 0.09, p = 0.76] [vHi: Stress: F(1,20) = 0.31, p = 0.58;
Stress x sex: F(1,20) = 0.35, p = 0.56].

4. Discussion

The aim of this study was to determine whether juvenile stress in-
duces sex-specific changes in anxiety-like behaviour, anhedonia, and
antidepressant-like behaviour in adulthood and whether these changes
were associated with alterations in adult hippocampal neurogenesis and
tyrosine hydroxylase expressing fibres in mesocorticolimbic structures.
We found that short-term juvenile stress from PND 27-29 altered
escape-oriented behaviours in the FST regardless of sex, decreased la-
tency to drink in the novel environment in the NIH test, and decreased
open field exploratory supported rearing behaviour specifically in fe-
males. Juvenile stress increased TH-ir in the mPFC of both sexes spe-
cifically in layer 1 and did not affect TH-ir in the DMS or NAc. However,
juvenile stress did not impact anhedonia in adulthood as measured by
the saccharin preference test and had no effect on the survival of
juvenile-born hippocampal neurons into adulthood or on the number of
adult-born immature neurons in the hippocampus. Lastly, sex differ-
ences were observed under baseline conditions in the open field and
forced swim test and in the number of adult-born immature neurons in
the hippocampus.

4.1. Exploratory behaviours and anhedonia

In the open field test, we observed a significant effect of biological
sex on locomotor activity and exploratory behaviours, whereby females
were more active and exploratory than males, a finding supported by
previous studies [64-67]. A sex-specific effect of juvenile stress on
supported rearing behaviours in the open field was also observed
whereby juvenile stress decreased supported rears in females but not
males. In a similar study, male rats exposed to short-term juvenile stress
from PND 27-33 exhibited less rearing behaviour but unlike our study
this was in a dimly lit open field and females were not examined [63].

We found no main effect of juvenile stress on either adult anxiety-like
behaviour (as measured by time/entries in the open field centre) or on
locomotor activity in the open field. This result is in agreement with
several studies that report no effect of juvenile stress on anxiety-like
behaviour nor locomotor activity in the open field in adulthood in
male and female mice [39] and rats [68-70]. In contrast, some studies
have reported that short-term juvenile stress (for 3-4 days prior to PND
33) decreased locomotor activity in the open field in adult rats [63,
71-73] and that this occurred specifically in adult male rats but not
females [74]. A subset of these studies additionally report that juvenile
stress increased anxiety-like behaviour as measured by the number of
crosses in the centre of the open field in male rats (females not studied)
[73] and in both male and female rats [74]. Various factors may impact
the discrepancies between these studies such as time during light cycle,
time since stressor cessation, rodent species/strain, and lighting condi-
tions during the test. The above-mentioned studies that report an effect
of juvenile stress on open field behaviour were conducted in a dimly lit
arena, whereas the open field test in the current study was conducted in
an anxiogenic, brightly lit arena, which would typically result in lower
locomotor activity and less time spent in the centre overall.

One of the hallmarks of depression in humans is anhedonia, the loss
of pleasure in normally rewarding stimuli [75]. The saccharin prefer-
ence test is designed to quantify a loss of preference for a sweet solution
as a behavioural read-out for anhedonia. We found no effect of juvenile
stress on saccharin preference as measured over 48 h in adult males and
females. In contrast, a study using the same stress paradigm showed a
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female-specific decrease in saccharin preference in adults exposed to
juvenile stress [41]. However, in that study, saccharin preference was
assessed during a short, 5-min test following 30-min water restriction
with a much higher concentration of saccharin (0.606%) which might
explain our conflicting findings. However, in a somewhat similar testing
paradigm to Horovitz et al. (2-hr test following 18 h of food and water
derivation), another study found no effect of juvenile stress on sucrose
preference in male rats [63].

4.2. Forced swim test (FST)

In the FST, juvenile stress altered escape-oriented behavioural stra-
tegies (climbing and swimming) in both males and females. Juvenile
stress reduced climbing and concomitantly increased swimming
behaviour independently of sex. This result agrees with one study which
showed that repeated foot shock stress from PND 21-25 in male Wistar
rats decreased climbing behaviour in the FST [76]. Only one study has
examined the effect of juvenile/early adolescent stress on active,
escape-oriented behaviours in the forced swim test in both sexes. Social
isolation during a broader period of adolescence (PND 30-50) in rats
lead to a female-specific increase in climbing behaviour in the FST in
adulthood accompanied by a corresponding decrease in immobility
[77]. However, this is a much more prolonged stressor which extends
through puberty into mid-adolescence. By contrast, we found no effect
of prepubescent juvenile stress on immobility likely because the
stress-induced decrease in climbing was counteracted by a
stress-induced increase in swimming behaviour. In agreement, juvenile
stress (PND 27-29) did not impact immobility time in the FST in adult
male Wistar rats [68]. However, females were not studied in that
experiment and the authors did not report results for active behaviours
such as climbing and swimming [68]. Likewise, peripubertal stress
(variable stressors between PND 28-42) in rats did not induce a change
in time spent “floating” in FST in stressed males and females. However,
in that study the rats were tested in adolescence, just one week following
stress and swimming and climbing behaviors were not measured [78].

Consistent with previous reports of sex differences in immobility in
the FST, we found that females exhibited greater immobility than males
[66,77,79-82] and females spend less time engaged in climbing
behaviour than males [77,80,83]. We also quantified head shaking
behaviour, as this is a sexually dimorphic behaviour in the FST [48,81]
and confirmed that males performed more head shakes than females, but
we found no effect of juvenile stress on this behaviour. In the modified
FST, behaviours are typically analysed in the 5-min test and not during
the 15-min pre-swim, however, we also examined behaviours during the
first 5-min of the pre-swim. We found that juvenile stress decreased
climbing behaviours in both the 5-min and pre-swim tests. Likewise,
headshaking behaviours were higher in males compared to females in
both swim sessions. However, while juvenile stress increased swimming
behaviour in the 5-min test, stress increased immobility during the
pre-swim, which aligns with previous reports that proportions of active
and passive behaviours may differ between the pre-swim and FST [84,
85]. Nevertheless, in both swim sessions, juvenile stress exerted
sex-independent alterations in escape-oriented strategies.

4.3. Novelty-induced hypophagia

In the novelty-induced hypophagia test (NIH), juvenile stress
decreased latency to drink the sweetened milk in the anxiogenic context.
At first glance, it may appear that juvenile stress decreased anxiety-like
behaviour, however, we found no effect of juvenile stress on adult lo-
comotor activity or anxiety-like behaviour in the open field test. Expo-
sure to variable short-term stressors prior to puberty has previously been
shown to increase anxiety-like behaviour in the elevated plus maze in
both mice and rats [39,63,68,74,86,87]. The contrasting data in the NIH
vs the open field test may potentially be related to the presence of
rewarding stimulus in the NIH. In contrast to the open field test and the
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EPM, the NIH test is a conflict-based anxiety test in which the rat must
decide between actions with simultaneous rewarding and aversive
outcomes. Thus, we propose that the NIH data might suggest that ju-
venile stress may have induced increased reward seeking behaviour in a
risky environment thus suggesting that juvenile stress may have affected
risk-taking, decision-making, and/or rewarding processes. In agree-
ment, it has been reported that male and female rats stressed as juveniles
were faster than non-stressed controls to make a choice when presented
with an ambiguous stimulus in a cognitive bias test in adulthood, thus
suggesting that juvenile stress altered decision making [86]. The same
group also found an increase in compulsive behaviour (perseverative
responding in nose-poke task) in adult female, but not male, rats
exposed to juvenile stress [88]. This suggests that juvenile stress might
impact neural circuits underlying decision making, reward-related
behaviour, and risk-taking behaviour.

4.4. Mesocorticolimbic dopaminergic system

Since the mesocorticolimbic dopaminergic system is key circuit that
controls these behaviours and undergoes significant structural remod-
eling during the prepubescent juvenile period [11], we next examined
the impact of juvenile stress on TH-ir within this system. The length of
TH fibres in the male and female rat mPFC increases significantly be-
tween PND25-35 [62], which coincides with increased dopamine
innervation in this region during the juvenile period [13] and the time
period in which we applied stress in our experiment. Thus, we hypoth-
esized that increased motivation to obtain a reward in the risky, novel
environment of the NIH test may have been associated with
stress-induced alterations in the development of the mescocorticolimbic
dopaminergic system. We found that neither juvenile stress nor bio-
logical sex affected TH-ir in the DMS and NAc. However, we noted a
significant effect of juvenile stress on the TH-ir the mPFC, which was
specific to layer 1. Female rats undergo a significant increase in layer 1
TH fibre density between the ages of PND 25-35 [62] and a corre-
sponding female-specific increase in synapse number in layer 1 of the
mPFC [10], which coincides with the time during which our juvenile
stress was applied. Axons continue to grow through the Nac to the mPFC
during adolescence in mice, guided by the cue receptors within dopa-
mine neurons [89]. The overall number of mPFC neurons and synapses
gradually decreases between the juvenile period and adulthood and this
drop in number has been shown to be more drastic in female rats
compared to male rats [10,90,91]. We measured TH-ir as a proxy for
dopaminergic fibres, however, it should be noted that TH-positive
neurons may co-release both dopamine and noradrenaline [92]. Thus,
we cannot rule out the possibility that noradrenaline also plays a role in
the observed behaviours, and therefore the effects on of juvenile stress
on noradrenergic signaling will need to be addressed in future studies.
Nevertheless, juvenile stress appears to have disrupted the normal
maturation of catecholaminergic neurons in the mPFC, as shown by
increased TH-ir in layer 1 of the mPFC in stressed rats irrespective of
biological sex. Stress during the juvenile/childhood period has been
shown to impact various aspects of mPFC development and functioning
in mice, rats, non-human primates, and humans [reviewed in 12].
However, the current study is the first to report layer-specific effects of
juvenile stress on TH-ir in the mPFC of adults.

In preclinical studies of antidepressant drugs, climbing behaviours in
the FST have been linked to catecholamine neurotransmitter systems in
the brain [47,93] whereas swimming behaviour has been linked to
serotonergic neurotransmission [47,94,95]. Therefore, the
stress-induced changes in climbing and swimming behaviour observed
in the FST might potentially be associated with the stress-induced in-
crease in catecholaminergic fibres in the mPFC. Climbing behaviour is
particularly affected by antidepressant drugs with selective effects on
noradrenergic [95-97] and dopaminergic signaling [98,99]. Evidence
further suggests that dopamine signaling specifically within the mPFC is
important for climbing behaviour. Depletion of mPFC dopamine
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attenuated the antidepressant actions of desipramine to increase active
behaviours in the FST in male rats [100]. Intra-mPFC microinjection of
D2R dopamine receptor antagonist, haloperidol, abolished the
antidepressant-like effect of wheel running on active behaviours in the
FST in male rats [101]. Although this was not directly tested, the juve-
nile stress-related increase in catecholaminergic TH-positive in the layer
1 of the mPFC may partially explain decreased climbing behaviours in
the FST. However, no studies have yet examined the layer-specific
impact of TH-positive fibres on FST behaviours.

Other research has shown that stress during the juvenile period can
disrupt dopaminergic circuits with long-lasting consequences. Juvenile
stress (PND 27-33) has previously been shown to increase dopamine
concentrations in the mPFC of adult male rats [63]. Chronic social
isolation beginning from PND 28 in male rats increased dopamine
release in the NAc accompanied by increased TH protein measured by
Western blot [102]. Adolescent social defeat in male rats (PND 35-40)
has been shown to increase dopamine transporter binding in the mPFC,
increase D1 receptor binding in the striatum in adulthood [103], and
increase mPFC dopamine release [104]. Peri-pubertal stress (PND
28-42) in male rats increased expression of monoamine oxidase A
(MAOA), an enzyme that degrades dopamine, in the PFC both in male
rats [105]. Additionally, pharmacological inhibition of dopamine re-
ceptor D1-D2 heteromers via intracerebrovascular injection TAT-D1
peptide in rats was shown to decrease latency to drink in NIH suggest-
ing that modulation of dopaminergic signalling influenced behaviour in
the NIH, a test we found was impacted by juvenile stress [106]. Taken
together, these studies suggest a potential role for the mesocorticolimbic
dopamine system in mediating the juvenile stress-induced behavioural
changes in the NIH test, which supports our finding that juvenile stress
increased TH-ir in layer 1 of the mPFC in adulthood.

4.5. Adult hippocampal neurogenesis

The ability of some antidepressants to decrease hyponeophagia has
been shown to be dependent on adult hippocampal neurogenesis [107]
and many studies have reported that chronic stress in adulthood de-
creases adult hippocampal neurogenesis [108,109]. However, we found
that neither juvenile stress nor biological sex impacted the survival of
new neurons born just prior to juvenile stress as measured by
BrdU+ /NeuN+ cells in the dorsal and ventral hippocampus. Similarly,
juvenile stress did not impact the number of newly born DCX+ neurons
or the number of dendritic crossings per neuron across the longitudinal
axis of the adult hippocampus suggesting that despite affecting behav-
iour in the NIH test, juvenile stress did not affect hippocampal neuro-
genesis. One recent study reported that juvenile stress (PND 25-27)
decreased proliferation of adult-born neurons specifically in the vHi of
males (BrdU+/DCX+), but not females, aged PND 60-65 [40]. This
study differs from ours in that these rats were injected with BrdU as
adults 24 h before perfusion, and thus measured proliferation, rather
than the survival of neurons born during the juvenile period. That study
also found an increase the total number of DCX+ cells/mm? specifically
in the vHi of males, but not females exposed to juvenile stress [40].
However, in agreement with our current findings, juvenile stress did not
impact any measure of adult hippocampal neurogenesis in females [40].
Similarly, three weeks of social isolation stress during adolescence (PND
28-49) in male mice did not impact the survival of newly born neurons
(BrdU+/NeuN-+) [110].

Irrespective of juvenile stress, adult females had fewer adult born
DCX+ cells and these DCX+ cells exhibited fewer proximal and distal
dendritic crossings than those of males. This is in agreement with a study
which found that the number of newly born DCX+ hippocampal neu-
rons born in adulthood is lower in female rats compared to males [109].
Similarly, a recent study reported that sex differences exist in the
maturation and attrition of adult born hippocampal neurons in rats
[111] whereby cell proliferation was greater in the male dentate gyrus
and adult-born hippocampal neurons matured faster in male rats
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compared to females [111]. However, we found no difference in the
resulting number of juvenile-born hippocampal neurons between adult
male and female rats, suggesting that the sex difference we observed in
DCX+ cell numbers may be transient in nature.

5. Conclusion

In conclusion, our results showed that juvenile stress altered
antidepressant-like escape-oriented behavioural strategies independent
of biological sex. Juvenile stress increased reward-seeking behaviour in
a risky environment and decreased supported rearing behaviour. Irre-
spective of stress, we also found significant sex differences in behaviour
across tests and in adult hippocampal neurogenesis, further emphasizing
the importance of studying sex as a biological variable. Juvenile stress-
induced behavioural changes were not associated with alterations in
hippocampal neurogenesis, but juvenile stress increased TH-ir in layer 1
of the mPFC in adulthood, offering a possible explanation for our ob-
servations in the NIH test and FST. Taken together, these data reinforce
the conclusion that stress during the juvenile period has enduring neu-
robehavioural consequences in both males and females. This underlines
the importance of further uncovering the neurobiology underlying
stress-induced changes in the juvenile brain to develop new treatments
for psychiatric illness.

CRediT authorship contribution statement

Erin Harris: Methodology, Formal Analysis, Investigation, Writing —
original draft preparation, Visualization. Andrew McGovern: Investi-
gation, Formal analysis. Thieza Melo: Investigation, Validation. Aaron
Barron: Investigation, Formal analysis. Yvonne Nolan: Supervision,
Resources, Writing — review & editing. Olivia O’Leary: Conceptuali-
zation, Funding acquisition, Supervision, Writing — review & editing.

Acknowledgements

We would like to acknowledge Ms. Tara Foley, Dr. Sarah Nicolas, Dr.
Martin Codagnone, and the staff of the Biological Services Unit in UCC
for their assistance in conducting these experiments. This work was
supported by the Health Research Board Ireland [ILP-POR-2017-033].

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bbr.2021.113725.

References

[1] C. Heim, E.B. Binder, Current research trends in early life stress and depression:
review of human studies on sensitive periods, gene-environment interactions, and
epigenetics, Exp. Neurol. 233 (2012) 102-111, https://doi.org/10.1016/j.
expneurol.2011.10.032.

R.J. Turner, D.A. Lloyd, Stress burden and the lifetime incidence of psychiatric
disorder in young adults: racial and ethnic contrasts, Arch. Gen. Psychiatry 61
(2004) 481-488, https://doi.org/10.1001/archpsyc.61.5.481.

0. Horovitz, M.M.M. Tsoory, J. Hall, S. Jacobson-Pick, G. Richter-Levin, Post-
weaning to pre-pubertal (‘Juvenile’) stress: a model of induced predisposition to
stress-related disorders, Neuroendocrinology 95 (2012) 56-64, https://doi.org/
10.1159/000331393.

M. Tsoory, H. Cohen, G. Richter-Levin, Juvenile stress induces a predisposition to
either anxiety or depressive-like symptoms following stress in adulthood, Eur.
Neuropsychopharmacol. 17 (2007) 245-256, https://doi.org/10.1016/J.
EURONEURO.2006.06.007.

C.P. McLean, A. Asnaani, B.T. Litz, S.G. Hofmann, Gender differences in anxiety
disorders: prevalence, course of illness, comorbidity and burden of illness,

J. Psychiatr. Res. 45 (2011) 1027-1035, https://doi.org/10.1016/].
jpsychires.2011.03.006.

Depression and Other Common Mental Disorders: Global Health Estimates.
Geneva: World Health Organization; 2017. Licence: CC BY-NC-SA 3.0 IGO.

A K. Beery, I. Zucker, Sex bias in neuroscience and biomedical research, Neurosci.
Biobehav. Rev. 35 (2011) 565-572, https://doi.org/10.1016/j.
neubiorev.2010.07.002.

[2]

[3]

[4

=

[5]

[6

[}

[7]

12

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Behavioural Brain Research 421 (2022) 113725

T.R. Will, S.B. Proano, A.M. Thomas, L.M. Kunz, K.C. Thompson, L.A. Ginnari, C.
H. Jones, S.C. Lucas, E.M. Reavis, D.M. Dorris, J. Meitzen, Problems and progress
regarding sex bias and omission in neuroscience research, ENeuro 4 (2017),
https://doi.org/10.1523/ENEURO.0278-17.2017. ENEURO.0278-17.2017.

L.P. Spear, The adolescent brain and age-related behavioral manifestations,
Neurosci. Biobehav. Rev. 24 (2000) 417-463, https://doi.org/10.1016/50149-
7634(00)00014-2.

C.M. Drzewiecki, J. Willing, J.M. Juraska, Synaptic number changes in the medial
prefrontal cortex across adolescence in male and female rats: a role for pubertal
onset, Synapse 70 (2016) 361-368, https://doi.org/10.1002/syn.21909.

D.M. Walker, A.M. Cunningham, J.K. Gregory, E.J. Nestler, Long-term behavioral
effects of post-weaning social isolation in males and females, Front. Behav.
Neurosci. 13 (2019) 1-20, https://doi.org/10.3389/fnbeh.2019.00066.

M.J. Watt, M.A. Weber, S.R. Davies, G.L. Forster, Impact of juvenile chronic stress
on adult cortico-accumbal function: Implications for cognition and addiction,
Prog. Neuro Psychopharmacol. Biol. Psychiatry 79 (2017) 136-154, https://doi.
org/10.1016/j.pnpbp.2017.06.015.

F. Naneix, A.R. Marchand, G. Di Scala, J.R. Pape, E. Coutureau, Parallel
maturation of goal-directed behavior and dopaminergic systems during
adolescence, J. Neurosci. 32 (2012) 16223-16232, https://doi.org/10.1523/
JNEUROSCI.3080-12.2012.

L. Eiland, R.D. Romeo, Stress and the developing adolescent brain, Neuroscience
249 (2013) 162-171, https://doi.org/10.1016/j.neuroscience.2012.10.048.

J.D. Bremner, M. Narayan, E.R. Anderson, L.H. Staib, H.L. Miller, D.S. Charney,
Hippocampal volume reduction in major depression, Am. J. Psychiatry 157
(2000) 115-117, https://doi.org/10.1176/ajp.157.1.115.

Y.I. Sheline, P.W. Wang, M.H. Gado, J.G. Csernansky, M.W. Vannier,
Hippocampal atrophy in recurrent major depression, Proc. Natl. Acad. Sci. USA
93 (1996) 3908-3913, https://doi.org/10.1073/pnas.93.9.3908.

P. Videbech, Hippocampal volume and depression: a meta-analysis of MRI
studies, Am. J. Psychiatry 161 (2004) 1957-1966, https://doi.org/10.1176/appi.
ajp.161.11.1957.

T.J. Schoenfeld, H.C. McCausland, H.D. Morris, V. Padmanaban, H.A. Cameron,
Stress and loss of adult neurogenesis differentially reduce hippocampal volume,
Biol. Psychiatry 82 (2017) 914-923, https://doi.org/10.1016/J.
BIOPSYCH.2017.05.013.

T. Lee, T. Jarome, S.J. Li, J.J. Kim, F.J. Helmstetter, Chronic stress selectively
reduces hippocampal volume in rats: a longitudinal magnetic resonance imaging
study, Neuroreport 20 (2009) 1554-1558, https://doi.org/10.1097/
WNR.0b013e328332bb09.

J.S. Snyder, A. Soumier, M. Brewer, J. Pickel, H.A. Cameron, Adult hippocampal
neurogenesis buffers stress responses and depressive behaviour, Nature 476
(2011) 458-462, https://doi.org/10.1038/nature10287.

O.F. O’Leary, D. Felice, S. Galimberti, H.M. Savignac, J.A. Bravo, T. Crowley, M.
El Yacoubi, J.-M. Vaugeois, M. Gassmann, B. Bettler, T.G. Dinan, J.F. Cryan,
GABAB(1) receptor subunit isoforms differentially regulate stress resilience.,
Proc. Natl. Acad. Sci. U. S. A. 111 (2014) 15232-15237. https://doi.org/10.1
073/pnas.1404090111.

C. Anacker, V.M. Luna, G.S. Stevens, A. Millette, R. Shores, J.C. Jimenez, B. Chen,
R. Hen, Hippocampal neurogenesis confers stress resilience by inhibiting the
ventral dentate gyrus, Nature 559 (2018) 98-102, https://doi.org/10.1038/
$41586-018-0262-4.

B.R. Levone, J.F. Cryan, O.F. O’Leary, Role of adult hippocampal neurogenesis in
stress resilience, Neurobiol. Stress. 1 (2015) 147-155, https://doi.org/10.1016/j.
ynstr.2014.11.003.

S. Brummelte, L.A.M. Galea, Chronic high corticosterone reduces neurogenesis in
the dentate gyrus of adult male and female rats, Neuroscience 168 (2010)
680-690, https://doi.org/10.1016/j.neuroscience.2010.04.023.

E.Y.H. Wong, J. Herbert, Raised circulating corticosterone inhibits neuronal
differentiation of progenitor cells in the adult hippocampus, Neuroscience 137
(2006) 83-92, https://doi.org/10.1016/J.NEUROSCIENCE.2005.08.073.

A.R. Gobinath, R. Mahmoud, L.A.M. Galea, Influence of sex and stress exposure
across the lifespan on endophenotypes of depression: focus on behavior,
glucocorticoids, and hippocampus, Front. Neurosci. 8 (2015) 420, https://doi.
org/10.3389/fnins.2014.00420.

B.S. McEwen, C. Nasca, J.D. Gray, Stress effects on neuronal structure:
hippocampus, amygdala, and prefrontal cortex, Neuropsychopharmacology 41
(2016) 3-23, https://doi.org/10.1038/npp.2015.171.

M.S. Fanselow, H.W. Dong, Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron 65 (2010) 7-19, https://doi.org/10.1016/j.
neuron.2009.11.031.

D.M. Bannerman, J.N.P. Rawlins, S.B. McHugh, R.M.J. Deacon, B.K. Yee, T. Bast,
W.N. Zhang, H.H.J. Pothuizen, J. Feldon, Regional dissociations within the
hippocampus - memory and anxiety, Neurosci. Biobehav. Rev. 28 (2004)
273-283, https://doi.org/10.1016/j.neubiorev.2004.03.004.

E.A. Maguire, D.G. Gadian, 1.S. Johnsrude, C.D. Good, J. Ashburner, R.S.J.
Frackowiak, C.D. Frith, Navigation-related structural change in the hippocampi of
taxi drivers, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 4398-4403. https://doi.
org/10.1073/pnas.070039597.

B.R. Levone, G.M. Moloney, J.F. Cryan, O.F. O’Leary, Specific sub-regions along
the longitudinal axis of the hippocampus mediate antidepressant-like behavioral
effects, Neurobiol. Stress. 14 (2021), 100331, https://doi.org/10.1016/j.
ynstr.2021.100331.

B.R. Levone, J.F. Cryan, O.F. O’Leary, Specific sub-regions of the longitudinal axis
of the hippocampus mediate behavioural responses to chronic psychosocial stress,


https://doi.org/10.1016/j.bbr.2021.113725
https://doi.org/10.1016/j.expneurol.2011.10.032
https://doi.org/10.1016/j.expneurol.2011.10.032
https://doi.org/10.1001/archpsyc.61.5.481
https://doi.org/10.1159/000331393
https://doi.org/10.1159/000331393
https://doi.org/10.1016/J.EURONEURO.2006.06.007
https://doi.org/10.1016/J.EURONEURO.2006.06.007
https://doi.org/10.1016/j.jpsychires.2011.03.006
https://doi.org/10.1016/j.jpsychires.2011.03.006
https://doi.org/10.1016/j.neubiorev.2010.07.002
https://doi.org/10.1016/j.neubiorev.2010.07.002
https://doi.org/10.1523/ENEURO.0278-17.2017
https://doi.org/10.1016/S0149-7634(00)00014-2
https://doi.org/10.1016/S0149-7634(00)00014-2
https://doi.org/10.1002/syn.21909
https://doi.org/10.3389/fnbeh.2019.00066
https://doi.org/10.1016/j.pnpbp.2017.06.015
https://doi.org/10.1016/j.pnpbp.2017.06.015
https://doi.org/10.1523/JNEUROSCI.3080-12.2012
https://doi.org/10.1523/JNEUROSCI.3080-12.2012
https://doi.org/10.1016/j.neuroscience.2012.10.048
https://doi.org/10.1176/ajp.157.1.115
https://doi.org/10.1073/pnas.93.9.3908
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1016/J.BIOPSYCH.2017.05.013
https://doi.org/10.1016/J.BIOPSYCH.2017.05.013
https://doi.org/10.1097/WNR.0b013e328332bb09
https://doi.org/10.1097/WNR.0b013e328332bb09
https://doi.org/10.1038/nature10287
https://doi.org/10.1073/pnas.1404090111
https://doi.org/10.1073/pnas.1404090111
https://doi.org/10.1038/s41586-018-0262-4
https://doi.org/10.1038/s41586-018-0262-4
https://doi.org/10.1016/j.ynstr.2014.11.003
https://doi.org/10.1016/j.ynstr.2014.11.003
https://doi.org/10.1016/j.neuroscience.2010.04.023
https://doi.org/10.1016/J.NEUROSCIENCE.2005.08.073
https://doi.org/10.3389/fnins.2014.00420
https://doi.org/10.3389/fnins.2014.00420
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neubiorev.2004.03.004
https://doi.org/10.1073/pnas.070039597
https://doi.org/10.1073/pnas.070039597
https://doi.org/10.1016/j.ynstr.2021.100331
https://doi.org/10.1016/j.ynstr.2021.100331

E.P. Harris et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Neuropharmacology 201 (2021), 108843, https://doi.org/10.1016/j.
neuropharm.2021.108843.

A. Tanti, Q. Rainer, F. Minier, A. Surget, C. Belzung, Differential environmental
regulation of neurogenesis along the septo-temporal axis of the hippocampus,
Neuropharmacology 63 (2012) 374-384, https://doi.org/10.1016/j.
neuropharm.2012.04.022.

M.L. Lehmann, R.A. Brachman, K. Martinowich, R.J. Schloesser, M. Herkenham,
Glucocorticoids orchestrate divergent effects on mood through adult
neurogenesis, J. Neurosci. 33 (2013) 2961-2972, https://doi.org/10.1523/
JNEUROSCI.3878-12.2013.

B.R. Levone, M.G. Codagnone, G.M. Moloney, Y.M. Nolan, J.F. Cryan, O.F.

0.’ Leary, Adult-born neurons from the dorsal, intermediate, and ventral regions
of the longitudinal axis of the hippocampus exhibit differential sensitivity to
glucocorticoids, Mol. Psychiatry 26 (2020) 3240-3252, https://doi.org/10.1038/
s41380-020-0848-8.

J. He, F.T. Crews, Neurogenesis decreases during brain maturation from
adolescence to adulthood, Pharmacol. Biochem. Behav. 86 (2007) 327-333,
https://doi.org/10.1016/j.pbb.2006.11.003.

R.D. Romeo, S.J. Lee, N. Chhua, C.R. McPherson, B.S. McEwen, Testosterone
cannot activate an adult-like stress response in prepubertal male rats,
Neuroendocrinology 79 (2004) 125-132, https://doi.org/10.1159/000077270.
L. Goldman, C. Winget, G.W. Hollingshead, S. Levine, Postweaning development
of negative feedback in the pituitary-adrenal system of the rat,
Neuroendocrinology 12 (1973) 199-211, https://doi.org/10.1159/000122169.
N.M. Brydges, R. Jin, J. Seckl, M.C. Holmes, A.J. Drake, J. Hall, Juvenile stress
enhances anxiety and alters corticosteroid receptor expression in adulthood,
Brain Behav. 4 (2014) 4-13, https://doi.org/10.1002/brb3.182.

N.M. Brydges, A. Moon, L. Rule, H. Watkin, K.L. Thomas, J. Hall, Sex specific
effects of pre-pubertal stress on hippocampal neurogenesis and behaviour, Transl.
Psychiatry 8 (2018) 271, https://doi.org/10.1038/s41398-018-0322-4.

O. Horovitz, M.M.M. Tsoory, Y. Yovell, G. Richter-Levin, A rat model of pre-
puberty (Juvenile) stress-induced predisposition to stress-related disorders: Sex
similarities and sex differences in effects and symptoms, World J. Biol. Psychiatry
15 (2014) 36-48, https://doi.org/10.3109/15622975.2012.745604.

O.F. O’'Leary, S. Zandy, T.G. Dinan, J.F. Cryan, Lithium augmentation of the
effects of desipramine in a mouse model of treatment-resistant depression: a role
for hippocampal cell proliferation, Neuroscience 228 (2013) 36-46, https://doi.
org/10.1016/j.neuroscience.2012.09.072.

S.C. Dulawa, R. Hen, Recent advances in animal models of chronic antidepressant
effects: The novelty-induced hypophagia test, Neurosci. Biobehav. Rev. 29 (2005)
771-783, https://doi.org/10.1016/j.neubiorev.2005.03.017.

A. Sclafani, M. Bahrani, S. Zukerman, K. Ackroff, Stevia and saccharin preferences
in rats and mice, Chem. Senses 35 (2010) 433-443, https://doi.org/10.1093/
chemse/bjq033.

R.D. Porsolt, G. Anton, N. Blavet, M. Jalfre, Behavioural despair in rats: a new
model sensitive to antidepressant treatments, Eur. J. Pharmacol. 47 (1978)
379-391, https://doi.org/10.1016,/0014-2999(78)90118-8.

D.A. Slattery, J.F. Cryan, Using the rat forced swim test to assess antidepressant-
like activity in rodents, Nat. Protoc. 7 (2012) 1009-1014, https://doi.org/
10.1038/nprot.2012.044.

M.J. Detke, M. Rickels, I. Lucki, Active behaviors in the rat forced swimming test
differentially produced by serotonergic and noradrenergic antidepressants,
Psychopharmacology 121 (1995) 66-72, https://doi.org/10.1007/BF02245592.
N. Kokras, A. Polissidis, K. Antoniou, C. Dalla, Head shaking in the forced swim
test: a robust but unexplored sex difference, Pharmacol. Biochem. Behav. 152
(2017) 90-96, https://doi.org/10.1016/j.pbb.2016.05.007.

N. Kokras, N. Pastromas, D. Papasava, C. de Bournonville, C.A. Cornil, C. Dalla,
Sex differences in behavioral and neurochemical effects of gonadectomy and
aromatase inhibition in rats, Psychoneuroendocrinology 87 (2018) 93-107,
https://doi.org/10.1016/j.psyneuen.2017.10.007.

C. Lino-De-Oliveira, T.C.M. De Lima, A.D.P. Carobrez, Structure of the rat
behaviour in the forced swimming test, Behav. Brain Res. 158 (2005) 243-250,
https://doi.org/10.1016/j.bbr.2004.09.004.

A.P. Ramos Costa, B.R. Levone, A. Gururajan, G. Moloney, A.A. Hoeller, C. Lino-
de-Oliveira, T.G. Dinan, O.F. O’Leary, T.C. Monteiro de Lima, J.F. Cryan,
Enduring effects of muscarinic receptor activation on adult hippocampal
neurogenesis, microRNA expression and behaviour, Behav. Brain Res. 362 (2019)
188-198, https://doi.org/10.1016/j.bbr.2018.12.043.

D. Felice, O.F. O’Leary, R.C. Pizzo, J.F. Cryan, Blockade of the GABAB receptor
increases neurogenesis in the ventral but not dorsal adult hippocampus:
Relevance to antidepressant action, Neuropharmacology 63 (2012) 1380-1388,
https://doi.org/10.1016/j.neuropharm.2012.06.066.

Y.C. Wang, U.C. Ho, M.C. Ko, C.C. Liao, L.J. Lee, Differential neuronal changes in
medial prefrontal cortex, basolateral amygdala and nucleus accumbens after
postweaning social isolation, Brain Struct. Funct. 217 (2012) 337-351, https://
doi.org/10.1007/5s00429-011-0355-4.

P.L.A. Gabbott, T.A. Warner, P.R.L. Jays, P. Salway, S.J. Busby, Prefrontal cortex
in the rat: projections to subcortical autonomic, motor, and limbic centers,

J. Comp. Neurol. 492 (2005) 145-177, https://doi.org/10.1002/cne.20738.

A. Tanti, C. Belzung, Neurogenesis along the septo-temporal axis of the
hippocampus: are depression and the action of antidepressants region-specific?
Neuroscience 252 (2013) 234-252, https://doi.org/10.1016/j.
neuroscience.2013.08.017.

O.F. O’Leary, J.F. Cryan, A ventral view on antidepressant action: roles for adult
hippocampal neurogenesis along the dorsoventral axis, Trends Pharmacol. Sci. 35
(2014) 675-687, https://doi.org/10.1016/].tips.2014.09.011.

13

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Behavioural Brain Research 421 (2022) 113725

T. Nishijima, M. Kawakami, I. Kita, Long-term exercise is a potent trigger for
AFosB induction in the hippocampus along the dorso-ventral axis, PLOS one
(2013), https://doi.org/10.1371/journal.pone.0081245.

T. Nishijima, Y. Kamidozono, A. Ishiizumi, S. Amemiya, I. Kita, Negative rebound
in hippocampal neurogenesis following exercise cessation, Am. J. Physiol. Regul.
Integr. Comp. Physiol. 312 (2017) R347-R357, https://doi.org/10.1152/
ajpregu.00397.2016.

S. Nicolas, A.J. McGovern, C.M. Hueston, S.M. O’'Mahony, J.F. Cryan, O.

F. O’Leary, Y.M. Nolan, Prior maternal separation stress alters the dendritic
complexity of new hippocampal neurons and neuroinflammation in response to
an inflammatory stressor in juvenile female rats, Brain. Behav. Immun. 99 (2021)
327-338, https://doi.org/10.1016/j.bbi.2021.10.016.

N.C. Chisholm, T. Kim, J.M. Juraska, Males, but not females, lose tyrosine
hydroxylase fibers in the medial prefrontal cortex and are impaired on a delayed
alternation task during aging, Behav. Brain Res. 243 (2013) 239-246, https://doi.
org/10.1016/j.bbr.2013.01.009.

N.C. Chisholm, T. Kim, J.M. Juraska, Males, but not females, lose tyrosine
hydroxylase fibers in the medial prefrontal cortex and are impaired on a delayed
alternation task during aging, Behav. Brain Res. 243 (2013) 239-246, https://doi.
org/10.1016/j.bbr.2013.01.009.

J. Willing, L.R. Cortes, J.M. Brodsky, T. Kim, J.M. Juraska, Innervation of the
medial prefrontal cortex by tyrosine hydroxylase immunoreactive fibers during
adolescence in male and female rats, Dev. Psychobiol. 59 (2017) 583-589,
https://doi.org/10.1002/dev.21525.

X.-M. Luo, S.-N. Yuan, X.-T. Guan, X. Xie, F. Shao, W.-W. Wang, Juvenile stress
affects anxiety-like behavior and limbic monoamines in adult rats, Physiol.
Behav. 135 (2014) 7-16, https://doi.org/10.1016/j.physbeh.2014.05.035.

S.J. Alonso, M.A. Castellano, D. Afonso, M. Rodriguez, Sex differences in
behavioral despair: relationships between behavioral despair and open field
activity, Physiol. Behav. 49 (1991) 69-72, https://doi.org/10.1016/0031-9384
(91)90232-D.

A K. Slob, H. Bogers, M.A.Van Stolk, Effects of gonadectomy and exogenous
gonadal steroids on sex differences in open field behaviour of adult rats, Behav.
Brain Res. 2 (1981) 347-362, https://doi.org/10.1016/0166-4328(81)90017-6.
N. Kokras, C. Dalla, A.C. Sideris, A. Dendi, H.G. Mikail, K. Antoniou,

Z. Papadopoulou-Daifoti, Behavioral sexual dimorphism in models of anxiety and
depression due to changes in HPA axis activity, Neuropharmacology 62 (2012)
436-445, https://doi.org/10.1016/j.neuropharm.2011.08.025.

D.F. Lovelock, T. Deak, Acute stress imposed during adolescence yields
heightened anxiety in Sprague Dawley rats that persists into adulthood: sex
differences and potential involvement of the Medial Amygdala, Brain Res. 2019
(1723), 146392, https://doi.org/10.1016/j.brainres.2019.146392.

J.C. MacKay, J.S. James, C. Cayer, P. Kent, H. Anisman, Z. Merali, Protracted
effects of juvenile stressor exposure are mitigated by access to palatable food,
PLoS One 9 (2014), €96573, https://doi.org/10.1371/journal.pone.0096573.

M. Toledo-Rodriguez, C. Sandi, Stress before puberty exerts a sex- and age-related
impact on auditory and contextual fear conditioning in the rat, Neural Plast. 2007
(2007) 1-12, https://doi.org/10.1155/2007/71203.

D. Gruber, K.E. Gilling, A. Albrecht, J.C. Bartsch, G. Caliskan, G. Richter-Levin,
O. Stork, U. Heinemann, J. Behr, 5-HT receptor-mediated modulation of granule
cell inhibition after juvenile stress recovers after a second exposure to adult stress,
Neuroscience 293 (2015) 67-79, https://doi.org/10.1016/j.
neuroscience.2015.02.050.

A. Avital, G. Richter-Levin, Exposure to juvenile stress exacerbates the
behavioural consequences of exposure to stress in the adult rat, Int. J.
Neuropsychopharmacol. 8 (2005) 163-173, https://doi.org/10.1017/
S$1461145704004808.

M. Tsoory, G. Richter-Levin, Learning under stress in the adult rat is differentially
affected by “juvenile” or “adolescent” stress, Int. J. Neuropsychopharmacol. 9
(2006) 713-728, https://doi.org/10.1017/51461145705006255.

Y. Ilin, G. Richter-Levin, Enriched environment experience overcomes learning
deficits and depressive-like behavior induced by juvenile stress, PLoS One 4
(2009), 4329, https://doi.org/10.1371/journal.pone.0004329.

S. Jacobson-Pick, G. Richter-Levin, Differential impact of juvenile stress and
corticosterone in juvenility and in adulthood, in male and female rats, Behav.
Brain Res. 214 (2010) 268-276, https://doi.org/10.1016/j.bbr.2010.05.036.
M.T. Treadway, D.H. Zald, Reconsidering anhedonia in depression: lessons from
translational neuroscience, Neurosci. Biobehav. Rev. 35 (2011) 537-555, https://
doi.org/10.1016/j.neubiorev.2010.06.006.

K. Lyttle, Y. Ohmura, K. Konno, T. Yoshida, T. Izumi, M. Watanabe, M. Yoshioka,
Repeated fluvoxamine treatment recovers juvenile stress-induced morphological
changes and depressive-like behavior in rats, Brain Res. 2015 (1616) 88-100,
https://doi.org/10.1016/j.brainres.2015.04.058.

S. Hong, B. Flashner, M. Chiu, E. ver Hoeve, S. Luz, S. Bhatnagar, Social isolation
in adolescence alters behaviors in the forced swim and sucrose preference tests in
female but not in male rats, Physiol. Behav. 105 (2012) 269-275, https://doi.org/
10.1016/j.physbeh.2011.08.036.

M. Toledo-Rodriguez, C. Sandi, Stress during adolescence increases novelty
seeking and risk-taking behavior in male and female rats, Front. Behav. Neurosci.
5(2011) 17, https://doi.org/10.3389/fnbeh.2011.00017.

C. Dalla, K. Antoniou, G. Drossopoulou, M. Xagoraris, N. Kokras, A. Sfikakis,

Z. Papadopoulou-Daifoti, Chronic mild stress impact: are females more
vulnerable? Neuroscience 135 (2005) 703-714, https://doi.org/10.1016/J.
NEUROSCIENCE.2005.06.068.

C. Dalla, K. Antoniou, N. Kokras, G. Drossopoulou, G. Papathanasiou, S. Bekris,
S. Daskas, Z. Papadopoulou-Daifoti, Sex differences in the effects of two stress


https://doi.org/10.1016/j.neuropharm.2021.108843
https://doi.org/10.1016/j.neuropharm.2021.108843
https://doi.org/10.1016/j.neuropharm.2012.04.022
https://doi.org/10.1016/j.neuropharm.2012.04.022
https://doi.org/10.1523/JNEUROSCI.3878-12.2013
https://doi.org/10.1523/JNEUROSCI.3878-12.2013
https://doi.org/10.1038/s41380-020-0848-8
https://doi.org/10.1038/s41380-020-0848-8
https://doi.org/10.1016/j.pbb.2006.11.003
https://doi.org/10.1159/000077270
https://doi.org/10.1159/000122169
https://doi.org/10.1002/brb3.182
https://doi.org/10.1038/s41398-018-0322-4
https://doi.org/10.3109/15622975.2012.745604
https://doi.org/10.1016/j.neuroscience.2012.09.072
https://doi.org/10.1016/j.neuroscience.2012.09.072
https://doi.org/10.1016/j.neubiorev.2005.03.017
https://doi.org/10.1093/chemse/bjq033
https://doi.org/10.1093/chemse/bjq033
https://doi.org/10.1016/0014-2999(78)90118-8
https://doi.org/10.1038/nprot.2012.044
https://doi.org/10.1038/nprot.2012.044
https://doi.org/10.1007/BF02245592
https://doi.org/10.1016/j.pbb.2016.05.007
https://doi.org/10.1016/j.psyneuen.2017.10.007
https://doi.org/10.1016/j.bbr.2004.09.004
https://doi.org/10.1016/j.bbr.2018.12.043
https://doi.org/10.1016/j.neuropharm.2012.06.066
https://doi.org/10.1007/s00429-011-0355-4
https://doi.org/10.1007/s00429-011-0355-4
https://doi.org/10.1002/cne.20738
https://doi.org/10.1016/j.neuroscience.2013.08.017
https://doi.org/10.1016/j.neuroscience.2013.08.017
https://doi.org/10.1016/j.tips.2014.09.011
https://doi.org/10.1371/journal.pone.0081245
https://doi.org/10.1152/ajpregu.00397.2016
https://doi.org/10.1152/ajpregu.00397.2016
https://doi.org/10.1016/j.bbi.2021.10.016
https://doi.org/10.1016/j.bbr.2013.01.009
https://doi.org/10.1016/j.bbr.2013.01.009
https://doi.org/10.1016/j.bbr.2013.01.009
https://doi.org/10.1016/j.bbr.2013.01.009
https://doi.org/10.1002/dev.21525
https://doi.org/10.1016/j.physbeh.2014.05.035
https://doi.org/10.1016/0031-9384(91)90232-D
https://doi.org/10.1016/0031-9384(91)90232-D
https://doi.org/10.1016/0166-4328(81)90017-6
https://doi.org/10.1016/j.neuropharm.2011.08.025
https://doi.org/10.1016/j.brainres.2019.146392
https://doi.org/10.1371/journal.pone.0096573
https://doi.org/10.1155/2007/71203
https://doi.org/10.1016/j.neuroscience.2015.02.050
https://doi.org/10.1016/j.neuroscience.2015.02.050
https://doi.org/10.1017/S1461145704004808
https://doi.org/10.1017/S1461145704004808
https://doi.org/10.1017/S1461145705006255
https://doi.org/10.1371/journal.pone.0004329
https://doi.org/10.1016/j.bbr.2010.05.036
https://doi.org/10.1016/j.neubiorev.2010.06.006
https://doi.org/10.1016/j.neubiorev.2010.06.006
https://doi.org/10.1016/j.brainres.2015.04.058
https://doi.org/10.1016/j.physbeh.2011.08.036
https://doi.org/10.1016/j.physbeh.2011.08.036
https://doi.org/10.3389/fnbeh.2011.00017
https://doi.org/10.1016/J.NEUROSCIENCE.2005.06.068
https://doi.org/10.1016/J.NEUROSCIENCE.2005.06.068

E.P. Harris et al.

[81]

[82]

[83]

[84]

[85]

[86]

871

[88]

[89]

[90]

911

[92]

[93]

[94]

[95]

[96]

[97]

paradigms on dopaminergic neurotransmission, Physiol. Behav. 93 (2008)
595-605, https://doi.org/10.1016/j.physbeh.2007.10.020.

N. Kokras, K. Antoniou, H.G. Mikail, V. Kafetzopoulos, Z. Papadopoulou-Daifoti,
C. Dalla, Forced swim test: what about females? Neuropharmacology 99 (2015)
408-421, https://doi.org/10.1016/j.neuropharm.2015.03.016.

M. Rincén-Cortés, A.A. Grace, Sex-dependent effects of stress on immobility
behavior and VTA dopamine neuron activity: modulation by ketamine, Int. J.
Neuropsychopharmacol. 20 (2017) 823-832, https://doi.org/10.1093/ijnp/
pyx048.

G. Drossopoulou, K. Antoniou, E. Kitraki, G. Papathanasiou, E. Papalexi, C. Dalla,
Z. Papadopoulou-Daifoti, Sex differences in behavioral, neurochemical and
neuroendocrine effects induced by the forced swim test in rats, Neuroscience 126
(2004) 849-857, https://doi.org/10.1016/j.neuroscience.2004.04.044.

D. D’Souza, M. Sadananda, Stressor during early adolescence in hyperreactive
female wistar kyoto rats induces a ‘double hit’ manifested by variation in
neurobehaviors and brain monoamines, Neuroscience 414 (2019) 200-209,
https://doi.org/10.1016/J.NEUROSCIENCE.2019.06.035.

L. Martinez-Mota, R.E. Ulloa, J. Herrera-Pérez, R. Chavira, A. Fernandez-Guasti,
Sex and age differences in the impact of the forced swimming test on the levels of
steroid hormones, Physiol. Behav. 104 (2011) 900-905, https://doi.org/
10.1016/j.physbeh.2011.05.027.

N.M. Brydges, L. Hall, R. Nicolson, M.C. Holmes, J. Hall, The effects of juvenile
stress on anxiety, cognitive bias and decision making in adulthood: a rat model,
PLoS One 7 (2012), e48143, https://doi.org/10.1371/journal.pone.0048143.

L. Ariel, S. Inbar, S. Edut, G. Richter-Levin, Fluoxetine treatment is effective in a
rat model of childhood-induced post-traumatic stress disorder, Transl. Psychiatry
7 (2017) 1260, https://doi.org/10.1038/s41398-017-0014-5.

N.M. Brydges, M.C. Holmes, A.P. Harris, R.N. Cardinal, J. Hall, Early life stress
produces compulsive-like, but not impulsive, behavior in females, Behav.
Neurosci. 129 (2015) 300-308, https://doi.org/10.1037/bne0000059.

L.M. Reynolds, M. Pokinko, A. Torres-Berrio, S. Cuesta, L.C. Lambert, E. Del Cid
Pellitero, M. Wodzinski, C. Manitt, P. Krimpenfort, B. Kolb, C. Flores, DCC
receptors drive prefrontal cortex maturation by determining dopamine axon
targeting in adolescence, Biol. Psychiatry 83 (2018) 181-192, https://doi.org/
10.1016/j.biopsych.2017.06.009.

J.A. Markham, J.R. Morris, J.M. Juraska, Neuron number decreases in the rat
ventral, but not dorsal, medial prefrontal cortex between adolescence and
adulthood, Neuroscience 144 (2007) 961-968, https://doi.org/10.1016/j.
neuroscience.2006.10.015.

J. Willing, J.M. Juraska, The timing of neuronal loss across adolescence in the
medial prefrontal cortex of male and female rats, Neuroscience 301 (2015)
268-275, https://doi.org/10.1016/j.neuroscience.2015.05.073.

Y. Ranjbar-Slamloo, Z. Fazlali, Dopamine and noradrenaline in the brain;
overlapping or dissociate functions? Front. Mol. Neurosci. 12 (2020) 1-8, https://
doi.org/10.3389/fnmol.2019.00334.

J.F. Cryan, R.J. Valentino, I. Lucki, Assessing substrates underlying the behavioral
effects of antidepressants using the modified rat forced swimming test, Neurosci.
Biobehav. Rev. 29 (2005) 547-569, https://doi.org/10.1016/j.
neubiorev.2005.03.008.

M.E. Page, M.J. Detke, A. Dalvi, L.G. Kirby, I. Lucki, Serotonergic mediation of the
effects of fluoxetine, but not desipramine, in the rat forced swimming test,
Psychopharmacology 147 (1999) 162-167, https://doi.org/10.1007/
s002130051156.

J.F. Cryan, M.E. Page, I. Lucki, Differential behavioral effects of the
antidepressants reboxetine, fluoxetine, and moclobemide in a modified forced
swim test following chronic treatment, Psychopharmacology 182 (2005)
335-344, https://doi.org/10.1007/s00213-005-0093-5.

J.F. Cryan, M.E. Page, I. Lucki, Noradrenergic lesions differentially alter the
antidepressant-like effects of reboxetine in a modified forced swim test, Eur. J.
Pharmacol. 436 (2002) 197-205, https://doi.org/10.1016/50014-2999(01)
01628-4.

P. Kelliher, J.P. Kelly, B.E. Leonard, C. Sanchez, Effects of acute and chronic
administration of selective monoamine re-uptake inhibitors in the rat forced swim

14

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Behavioural Brain Research 421 (2022) 113725

test, Psychoneuroendocrinology 28 (2003) 332-347, https://doi.org/10.1016/
S0306-4530(02)00026-4.

J.-P. Rénéric, I. Lucki, Antidepressant behavioral effects by dual inhibition of
monoamine reuptake in the rat forced swimming test, Psychopharmacology 136
(1998) 190-197, https://doi.org/10.1007/s002130050555.

S.E. Hemby, L. Lucki, G. Gatto, A. Singh, C. Thornley, J. Matasi, N. Kong, J.

E. Smith, H.M.L. Davies, S.I. Dworkin, Potential antidepressant effects of novel
tropane compounds, selective for serotonin or dopamine transporters,

J. Pharmacol. Exp. Ther. 282 (1997) 727-733.

E.F. Espejo, F.J. Minano, Prefrontocortical dopamine depletion induces
antidepressant-like effects in rats and alters the profile of desipramine during
Porsolt’s test, Neuroscience 88 (1999) 609-615, https://doi.org/10.1016/S0306-
4522(98)00258-9.

C. Chen, S. Nakagawa, Y. Kitaichi, Y. An, Y. Omiya, N. Song, M. Koga, A. Kato,
T. Inoue, I. Kusumi, The role of medial prefrontal corticosterone and dopamine in
the antidepressant-like effect of exercise, Psychoneuroendocrinology 69 (2016)
1-9, https://doi.org/10.1016/j.psyneuen.2016.03.008.

A.N. Karkhanis, A.C. Leach, J.T. Yorgason, A. Uneri, S. Barth, F. Niere, N.

J. Alexander, J.L. Weiner, B.A. Mccool, K.F. Raab-Graham, M.J. Ferris, S.R. Jones,
Chronic social isolation stress during peri-adolescence alters presynaptic
dopamine terminal dynamics via augmentation in accumbal dopamine
availability HHS public access, ACS Chem. Neurosci. 10 (2019) 2033-2044,
https://doi.org/10.1021/acschemneuro.8b00360.

AM. Novick, G.L. Forster, S.M. Tejani-Butt, M.J. Watt, Adolescent social defeat
alters markers of adult dopaminergic function, Brain Res. Bull. 86 (2011)
123-128, https://doi.org/10.1016/j.brainresbull.2011.06.009.

M.J. Watt, C.L. Roberts, J.L. Scholl, D.L. Meyer, L.C. Miiller, J.L. Barr, A.

M. Novick, K.J. Renner, G.L. Forster, Decreased prefrontal cortex dopamine
activity following adolescent social defeat in male rats: role of dopamine D2
receptors, Psychopharmacology 231 (2014) 1627-1636, https://doi.org/
10.1007/500213-013-3353-9.

C. Marquez, G.L. Poirier, M.I. Cordero, M.H. Larsen, A. Groner, J. Marquis, P.
J. Magistretti, D. Trono, C. Sandi, Peripuberty stress leads to abnormal aggression,
altered amygdala and orbitofrontal reactivity and increased prefrontal MAOA
gene expression, Transl. Psychiatry 3 (2013) €216, https://doi.org/10.1038/
tp.2012.144.

M.Y.F. Shen, M.L. Perreault, F.R. Bambico, J. Jones-Tabah, M. Cheung, T. Fan, J.
N. Nobrega, S.R. George, Rapid anti-depressant and anxiolytic actions following
dopamine D1-D2 receptor heteromer inactivation, Eur. Neuropsychopharmacol.
25 (2015) 2437-2448, https://doi.org/10.1016/j.euroneuro.2015.09.004.

L. Santarelli, Requirement of hippocampal neurogenesis for the behavioral effects
of antidepressants, Science 301 (2003) 805-809, https://doi.org/10.1126/
science.1083328.

P.J. Lucassen, P. Meerlo, A.S. Naylor, A.M. van Dam, A.G. Dayer, E. Fuchs, C.
A. Oomen, B. Czéh, Regulation of adult neurogenesis by stress, sleep disruption,
exercise and inflammation: implications for depression and antidepressant action,
Eur. Neuropsychopharmacol. 20 (2010) 1-17, https://doi.org/10.1016/j.
euroneuro.2009.08.003.

K.M. Hillerer, I.D. Neumann, S. Couillard-Despres, L. Aigner, D.A. Slattery, Sex-
dependent regulation of hippocampal neurogenesis under basal and chronic stress
conditions in rats, Hippocampus 23 (2013) 476-487, https://doi.org/10.1002/
hipo.22107.

D.A. Kozareva, O.F. O’Leary, J.F. Cryan, Y.M. Nolan, Deletion of TLX and social
isolation impairs exercise-induced neurogenesis in the adolescent hippocampus,
Hippocampus 28 (2018) 3-11, https://doi.org/10.1002/hipo.22805.

S. Yagi, J.E.J. Splinter, D. Tai, S. Wong, Y. Wen, L.A.M. Galea, Sex differences in
maturation and attrition of adult neurogenesis in the hippocampus,
ENEURO.0468-19.2020, Eneuro 7 (2020), https://doi.org/10.1523/
ENEURO.0468-19.2020.

G. Paxinos, C. Watson, The Rat Brain in Stereotaxic Coordinates, fourth ed.,
Academic Press, San Diego, 1998.


https://doi.org/10.1016/j.physbeh.2007.10.020
https://doi.org/10.1016/j.neuropharm.2015.03.016
https://doi.org/10.1093/ijnp/pyx048
https://doi.org/10.1093/ijnp/pyx048
https://doi.org/10.1016/j.neuroscience.2004.04.044
https://doi.org/10.1016/J.NEUROSCIENCE.2019.06.035
https://doi.org/10.1016/j.physbeh.2011.05.027
https://doi.org/10.1016/j.physbeh.2011.05.027
https://doi.org/10.1371/journal.pone.0048143
https://doi.org/10.1038/s41398-017-0014-5
https://doi.org/10.1037/bne0000059
https://doi.org/10.1016/j.biopsych.2017.06.009
https://doi.org/10.1016/j.biopsych.2017.06.009
https://doi.org/10.1016/j.neuroscience.2006.10.015
https://doi.org/10.1016/j.neuroscience.2006.10.015
https://doi.org/10.1016/j.neuroscience.2015.05.073
https://doi.org/10.3389/fnmol.2019.00334
https://doi.org/10.3389/fnmol.2019.00334
https://doi.org/10.1016/j.neubiorev.2005.03.008
https://doi.org/10.1016/j.neubiorev.2005.03.008
https://doi.org/10.1007/s002130051156
https://doi.org/10.1007/s002130051156
https://doi.org/10.1007/s00213-005-0093-5
https://doi.org/10.1016/S0014-2999(01)01628-4
https://doi.org/10.1016/S0014-2999(01)01628-4
https://doi.org/10.1016/S0306-4530(02)00026-4
https://doi.org/10.1016/S0306-4530(02)00026-4
https://doi.org/10.1007/s002130050555
http://refhub.elsevier.com/S0166-4328(21)00613-6/sbref96
http://refhub.elsevier.com/S0166-4328(21)00613-6/sbref96
http://refhub.elsevier.com/S0166-4328(21)00613-6/sbref96
http://refhub.elsevier.com/S0166-4328(21)00613-6/sbref96
https://doi.org/10.1016/S0306-4522(98)00258-9
https://doi.org/10.1016/S0306-4522(98)00258-9
https://doi.org/10.1016/j.psyneuen.2016.03.008
https://doi.org/10.1021/acschemneuro.8b00360
https://doi.org/10.1016/j.brainresbull.2011.06.009
https://doi.org/10.1007/s00213-013-3353-9
https://doi.org/10.1007/s00213-013-3353-9
https://doi.org/10.1038/tp.2012.144
https://doi.org/10.1038/tp.2012.144
https://doi.org/10.1016/j.euroneuro.2015.09.004
https://doi.org/10.1126/science.1083328
https://doi.org/10.1126/science.1083328
https://doi.org/10.1016/j.euroneuro.2009.08.003
https://doi.org/10.1016/j.euroneuro.2009.08.003
https://doi.org/10.1002/hipo.22107
https://doi.org/10.1002/hipo.22107
https://doi.org/10.1002/hipo.22805
https://doi.org/10.1523/ENEURO.0468-19.2020
https://doi.org/10.1523/ENEURO.0468-19.2020
http://refhub.elsevier.com/S0166-4328(21)00613-6/sbref109
http://refhub.elsevier.com/S0166-4328(21)00613-6/sbref109

	Juvenile stress exerts sex-independent effects on anxiety, antidepressant-like behaviours and dopaminergic innervation of t ...
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 BrdU injection and juvenile stress paradigm
	2.3 Novelty-induced hypophagia (NIH) test
	2.4 Saccharin preference test (SPT)
	2.5 Open field test (OFT)
	2.6 Forced swim test (FST)
	2.7 Perfusion and brain sectioning
	2.8 Immunohistochemistry
	2.9 Microscopy and image analysis
	2.10 Statistical analysis

	3 Results
	3.1 Juvenile stress decreased latency to drink in the novelty-induced hypophagia test
	3.2 Juvenile stress did not impact anhedonia in either sex as measured in the saccharin preference test
	3.3 Increased supported rearing in the open field by females was attenuated by juvenile stress
	3.4 Juvenile stress decreased climbing and increased swimming behaviour in the forced swim test irrespective of biological sex
	3.5 Juvenile stress increased TH-ir in layer 1 of the prelimbic cortex and had no significant effect on TH in the infralimb ...
	3.6 The survival of juvenile-born hippocampal neurons into adulthood was not impacted by juvenile stress or biological sex
	3.7 The number of adult-born immature hippocampal neurons was lower in females than males but was not affected by juvenile  ...
	3.8 The average number of dendritic crossings per adult-born immature neuron was lower in females than males and was not af ...

	4 Discussion
	4.1 Exploratory behaviours and anhedonia
	4.2 Forced swim test (FST)
	4.3 Novelty-induced hypophagia
	4.4 Mesocorticolimbic dopaminergic system
	4.5 Adult hippocampal neurogenesis

	5 Conclusion
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A Supporting information
	References


