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Early adversity during the peripubertal period is a well-established risk factor for the emergence of adult psy-
chopathology, particularly depression. Notably, depression arising from early stress often presents with greater
symptomatic complexity and reduced responsiveness to conventional treatments, underscoring the need to

DePre,ssmn identify biomarkers that can predict long-term vulnerability. Despite this, a major research gap persists regarding
Sex-differences . . . s . .o .
Biomarkers the effects of juvenile stress in females, even though clinical evidence indicates that women show heightened

susceptibility to stress-related depression. To address these issues, we conducted a systematic review of the
literature examining the behavioral and biological consequences of juvenile stress and the biomarkers associated
with depression-like outcomes in adulthood. Across studies, juvenile stress rarely left brain or behavior unaf-
fected; instead, it biased developmental trajectories toward a range of maladaptive outcomes, with depression
being common but not exclusive. The resulting phenotype was strongly shaped by sex, developmental timing,
stressor type and duration, and genetic background. Among biological markers, only two domains showed partial
convergence. Functional changes, which were consistently linked to anxiety-related behaviors, and neuro-
plasticity impairments, which were associated with classical depressive-like outcomes. Overall, biomarker pro-
files were highly context-dependent, supporting the notion that juvenile stress gives rise to multiple
neurobiological pathways rather than a single depressive mechanism. A deeper understanding of these divergent
trajectories may improve preventive strategies and guide more personalized therapeutic interventions for
depression rooted in early-life stress.

comorbid psychiatric conditions (Kessler et al., 2013; Mor-
eno-Fernandez et al., 2017, 2018, 2023; Bobo et al., 2022; Platona et al.,

1. Introduction

Accumulating epidemiological evidence suggests that adversity
during childhood and adolescence, including experiences of abuse,
neglect, or bereavement, constitutes a significant risk factor for the
development of psychopathology in adulthood (Caspi and Moffitt, 2006;
Heim et al., 2008; Heim and Binder, 2012; Walker and Sandi, 2018).
These adverse experiences constitute a profound disruption to norma-
tive development, challenging the child’s adaptive capacity and often
leading to multi-level impairments in biological, psychological, and
social functioning (Humphreys and Zeanah, 2015; Nelson et al., 2020;
Rizeq et al., 2025). Depression represents one of the most common af-
fective outcomes of such adversity and is among the most prevalent and

2024). Although its aetiology is multifactorial, early environmental
adversity is a key determinant of vulnerability (Humphreys and Zeanah,
2015; Nelson et al., 2020; Zajkowska et al., 2021; Rizeq et al., 2025).
Beyond increasing the likelihood of developing depression, trauma
exposure during the peripubertal period contributes to greater symptom
heterogeneity and poorer treatment response (Nanni et al., 2012; Allen
et al.,, 2023). Notably, fewer than 18% of individuals with major
depressive disorder (MDD) and a history of childhood trauma respond to
specialized interventions, compared with response rates exceeding 84%
in those without such history, highlighting profound clinical disparities
(Williams et al., 2016). These differences underscore the need to
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elucidate the neurobiological mechanisms that may drive altered
treatment responsiveness, and the increased symptom complexity
observed in trauma-exposed individuals (Nemeroff et al., 2003; Nanni
et al., 2012; Williams et al., 2016; Tapocik et al., 2021; Dos Santos et al.,
2026).

Such outcomes are thought to arise, at least in part, from dynamic
interactions between environmental inputs and the developing nervous
system. (Boyce, 2016; Pillai and Franze, 2024; Whittle et al., 2025).
However, despite the well-established link between early adversity and
adult mental health disorders, the specific neurobiological pathways
through which such experiences confer increased risk for the develop-
ment of depression remain incompletely understood.

On the other hand, depression is approximately twice as prevalent in
women compared to men, and evidence suggests that the neurobiolog-
ical substrates of stress and depression may differ by sex (Bangasser and
Cuarenta, 2021; Mengelkoch and Slavich, 2024; Da Silva et al., 2025).
However, the literature has historically exhibited a strong male bias,
both in clinical and preclinical research. Until relatively recently, most
animal models and experimental frameworks currently in use have
either excluded female subjects or failed to analyze sex as a biological
variable (Miller et al., 2017; Rechlin et al., 2022). Consequently, the
neurobiological effects of early-life adversity in females remain insuffi-
ciently studied and poorly characterized, limiting progress toward the
development of targeted, sex-specific interventions (Kang et al., 2020;
Harris et al., 2022a, 2022b; Mohammadi et al., 2023).

In addition to sex differences, the impact of peripubertal and juvenile
stress is modulated by a range of contextual and individual factors.
These include the type of stressor, whether psychological, physical, or
physiological, as well as its controllability, duration, and perceived
threat level (Kubala et al., 2012; Tapocik et al., 2021). Distinct types of
stress may activate different neural circuits and molecular pathways,
resulting in divergent symptom profiles. The timing of stress exposure
also appears to play a crucial role, as the developing brain may be
differentially sensitive to adversity depending on the maturational stage
at which it occurs (Vaidya et al., 2024).

Given this complexity, there is a pressing need to identify robust and
specific biomarkers that can capture individual and sexual differences in
susceptibility or resilience to the effects of juvenile stress. Biomarkers,
whether molecular, hormonal, neuroimaging-based, or physiological
hold promise not only for elucidating underlying mechanisms, but also
for informing early detection, risk stratification, and the development of
targeted preventive or therapeutic strategies. Identifying such markers
may eventually lead to personalized interventions tailored to the
neurobiological and psychosocial profile of everyone.

In this context, the present systematic review was designed to
address several interrelated objectives: a) To determine whether juve-
nile stress is associated with an increased risk of developing depressive-
like behavior in adulthood in animal models; b) To assess whether the
specific characteristics of stress exposure, namely its type (emotional,
physical, social), duration (acute vs. chronic), and timing (i.e., the
developmental stage during which adversity occurs), differentially in-
fluence vulnerability to adult depressive-like behavior; ¢) To identify
and evaluate biological markers that have been proposed as predictors
of depressive-like behavior, following early-life stress, including
markers of neuroinflammation, HPA axis dysregulation, neurogenesis,
epigenetic modifications, and alterations in brain connectivity; d) To
explore sex- and individual-dependent differences in both the effects of
juvenile stress and the predictive value of identified biomarkers.

By integrating findings across preclinical studies, this review seeks to
advance our understanding of the neurodevelopmental mechanisms that
link juvenile stress with adult depressive-like behavior. The synthesis
highlights key moderators, particularly sex and individual variability,
which strongly influence vulnerability and shape long-term outcomes.
Together, the findings support a view of depressive-like behavior as a
heterogeneous condition arising from multiple etiological pathways,
some specifically rooted in early-life stress. A clearer understanding of
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these mechanisms may ultimately guide the development of more tar-
geted, mechanistically informed preventive and therapeutic strategies
for high-risk individuals.

2. Methods
2.1. Search strategy

We searched the literature using four primary electronic databases:
Web of Science, Scopus, PsycINFO, and Medline. The search was per-
formed in February 2025 and restricted to articles published between
the year 2000 and the 31st of December 2024. To maximize the search
results and capture all relevant articles, we combined the terms (1)
“Juvenile stress”, (2) “Early stress”, (3) “Adolescent stress” and (4)
“Peripubertal stress” with the key terms (A) “Depressi’, (B)
“Biomarker*” and (C) “Gender differenc*”, resulting in a total of four
search combinations. One example of the Boolean search would be
“Juvenile stress” AND (“depressi*” OR “Biomarker*” OR “Gender dif-
ferenc*”), and this strategy was repeated for “Early stress”, “Adolescent
stress” and “Peripubertal stress”.

Two authors (V.M.A. & A.Z.D.) independently searched and
reviewed the selected studies according to the established inclusion and
exclusion criteria. Discrepancies were resolved by consensus and dis-
cussed with a third author (C.P.B.). The search and selection of articles
followed the Cochrane and PRISMA guidelines (Page et al., 2021; Hig-
gins et al., 2024).”

2.2. Inclusion and exclusion criteria

Study selection was guided by the PICO framework, defining the
population as healthy male and female rodent models (mice and rats) of
different strains assessed in adulthood following stress exposure during
juvenile or adolescent developmental periods. Human studies, other
animal species, and rodent models with pathological conditions were
excluded. The intervention consisted of stress exposure (e.g., social
isolation, chronic unpredictable mild stress, physical restraint, predator
odor exposure) applied during the juvenile/adolescent period, approx-
imately PND 21-65 in mice and PND 21-70 in rats. The comparison
included age-, sex-, and strain-matched non-stressed control animals
housed under standard conditions. The primary outcome was
depressive-like behavior in adulthood following juvenile stress expo-
sure, together with associated neurobiological biomarkers. Following
this framework, inclusion criteria were: (1) empirical, peer-reviewed
articles in English or Spanish; (2) use of rodent models; (3) stress
exposure during juvenile or adolescent phases; and (4) assessment of
depressive-like behavior and biomarkers in adulthood. Studies were
excluded if they were theoretical or review articles, measured outcomes
exclusively during adolescence, lacked biological markers, or utilized
models of comorbid clinical disorders such as schizophrenia, bipolar
disorder, or epilepsy.

To ensure developmental accuracy within this framework and taking
into account species- and sex-specific differences (Bell, 2018; Tirelli
etal., 2003; Arellano et al., 2024), developmental stages were defined as
follows. The juvenile/pre-pubertal period extends from weaning (PND
21) to puberty onset, approximately PND 26 in female mice, PND 30 in
male mice, PND 34 in female rats, and PND 45 in male rats (Arellano
et al., 2024). Adolescence is generally considered to span from PND 21
to PND 59 in mice and up to PND 65-70 in rats and has been further
subdivided into early (pre-pubertal; PND 21-34), mid- (peri-adolescent;
PND 34-46), and late adolescence (PND 46-59) based on developmental
milestones (Tirelli et al., 2003). Adulthood begins around PND 60 for
mice and female rats, whereas male rats typically reach full maturity at
PND 70 (Arellano et al., 2024; Bell, 2018). However, these boundaries
should be considered approximate, as developmental transitions may
vary depending on species, sex, and experimental context and the pre-
cise timing may differ between mice and rats. Accordingly, some studies
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extend adolescence up to approximately PND 65, highlighting a partial
overlap between late adolescence and early adulthood (Borsini et al.,
2023).

2.3. Identification

The initial search across the four databases identified a total of 2497
articles (749 from Web of Science, 490 from Scopus, 463 from Psy-
cINFO, and 795 from MedLine). After removing duplicates, 918 articles
remained. An initial title and abstract screening eliminated 847 articles
that were either outside the scope of this review or did not meet the
inclusion/exclusion criteria. The remaining 71 articles were considered
for full-text review. Thirty articles were excluded from this selection for
the following reasons: Lack of juvenile stress (15 articles), lack of an
adult measurement of depression (10 articles), and lack of biomarker (5

Records identified through
database search (n=2497)
Web of Science (n=749)
MedLine (n=795)
Scopus (n=490)
PsycINFO (n=463)

— !

[ Identification ]

Records screened by title

= and abstract

< (n=918)

o

)

Q

n

—

Full-text reports assessed for
eligibility
(n=71)

Studies included in review:
(n=41)

Studies included through
snowballing (n=9)

Total articles included in
review n=50
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articles). Consequently, 41 articles fully met all the established criteria
and were included in the systematic review. Finally, another 9 articles
were included through the snowballing process. The literature search
and study selection process are summarized in the flow chart presented
in Fig. 1.

3. Results
3.1. Behavioral paradigms used to assess depressive-like phenotypes

Across the reviewed studies, juvenile stress exposure was induced
using a variety of experimental procedures designed to model early-life
adversity. The most common paradigms included social stress (e.g.,
social isolation or social instability), chronic unpredictable mild stress
(CUMS), restraint stress, predator-related stressors, and mixed or

Duplicates removed
(n=1579)

Records excluded (n=847)
Records excluded by title

(n =607)
Records excluded by abstract
(n=240)

Reports excluded: (n= 30)

- Lack of juvenile stress
(n=15)

-Lack of adult measure of
depression

(n=10)

-Lack of biomarker (n =5)

Fig. 1. Search and study selection flowchart. The flowchart illustrates the identification phase, with the number of records retrieved from each database; the
screening phase; the eligibility phase, including the number of articles excluded for each criterion; and the inclusion phase, showing the final number of studies

included in the systematic review.
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variable stress protocols. Although the specific stressors and their
duration varied across studies and species, these procedures are widely
used in preclinical research to induce long-lasting alterations in affective
and motivational behavior. A structured overview of these paradigms,
including their characteristics and validity, is provided in Table 1.

To characterize depressive-like outcomes following juvenile stress
exposure, the reviewed studies employed a range of behavioral para-
digms targeting different affective and motivational domains. In line
with the Research Domain Criteria (RDoC) framework proposed by the
National Institute of Mental Health (NIMH), affective disorders are
increasingly conceptualized as multidimensional constructs (Carcone
and Ruocco, 2017; Insel et al., 2010). These involve alterations across
negative valence systems, prominently including anxiety and over-
lapping distress (Ahmed et al., 2018; Bottger et al., 2023), as well as
cognitive (von Miicke-Heim et al., 2023; Woody and Gibb, 2015), and
motivational systems (Ahmed et al., 2018; von Miicke-Heim et al.,
2023). Accordingly, behavioral domains such as anxiety-related re-
sponses and cognitive impairments are often evaluated in preclinical
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studies as components of the broader depressive-like phenotype rather
than as entirely independent outcomes. In this context, the Forced Swim
Test (FST) was the most frequently employed tool to assess the conse-
quences of juvenile stress (76% of studies). Although traditionally
interpreted as a measure of 'behavioral despair, it is important to note
that this interpretation is currently under scrutiny (Molendijk and de
Kloet, 2015; Gorman-Sandler and Hollis, 2022); contemporary per-
spectives suggest that increased immobility may represent an adaptive
energy-saving strategy or a specific coping style rather than a purely
depressive-like state (Molendijk and de Kloet, 2015).

Similarly, other tasks were used to infer different dimensions of
depressive-like phenotypes, such as the Sucrose Preference Test (SPT,
48%) (Primo et al., 2023) and the Splash Test (ST), which assess
anhedonia-like behaviors and self-care deficits (Butelman et al., 2019),
respectively. The Social Interaction Test (SIT) provided indices of social
withdrawal (Mancha-Gutiérrez et al., 2021). The Tail Suspension Test
(TST), applied in a smaller subset of studies, is conceptually like the FST
and measures the duration of immobility when animals are suspended

Table 1
Classification of Juvenile stress protocols by stressor types.
Protocol/Main Nature of Stressor Specific stressors used (frequency) Description/Primary Impact Validity
category
1. CUMS/ Physical/ Restraint (18), Forced swimming (11), Cold  Induces physical fatigue, direct Construct Validity: Originally proposed by
Mixed sensorimotor (7), Tail puncture (6), Footshock (5), pain activation, or thermal Willner et al. (1987) to model chronic,
stressors (32 Shaking (4), Heat exposure (4), Rotation (2), discomfort. Triggers a strong unpredictable socio-environmental stress (Nollet,
articles) Water immersion, Tail suspension HPA axis response. 2021).
Psychological/ Elevated platform (10), Lights exposure (8),  Disrupts circadian rhythms, Face Validity: Strongly associated with
Environmental Cage tilt/slanted cage (8), Wet bedding (5), creates a sense of threat (odors/  anhedonic behavior (sucrose preference loss) and
Predator odor (fox 5, rat 2, snake), Noise (4), heights), and induces a loss of environmental loss of control (Antoniuk et al.,
Day and night reversal (4), Lights off (3), No environmental control. 2019).
bedding (2), Dirty/soiled cages, Open field Predictive Validity: Robust; symptoms are
(2), Novel environment. successfully reversed by chronic antidepressant
Metabolic/ Water deprivation (9), Food deprivation (8), Directly compromises energy treatment (Zhang et al., 2019; Patucha-Poniewiera
Homeostatic Hypoxia (2). resources and basic survival et al., 2023).

Social (within Isolation (5), Social crowding (2), New

CUMS) partner (2), Exchange of residents, Intruder,
Paired housing, Social defeat stress.
Pharmacological Lithium chloride injection.
2. Social stress Psychological/ Chronic Variable Social Stress/CVSS (5),
Social Isolation (5).
3. Physical Physical Footshock (5), Restriction/Restraint stress
stress (2).
4. Endocrine Pharmacological/ CORT (Corticosterone) exposure.
stress Physiological

needs

Acute social instability
paradigms to cause social stress
or isolation

Induces gastric distress/nausea
(interoceptive stress).

Interferes with the development
of prosocial behaviors, social
hierarchies, and social behavior

Monotypic (non-mixed)
protocols. Generate an acute or
chronic response based
primarily on pain or
immobilization.

Simulates the effect of chronic
stress by bypassing stressor
perception (direct impact on
glucocorticoid receptors).

Construct Validity: High ethological relevance;
mimics human psychosocial stress, bullying, and
social subordination (Golden et al., 2011).

Face Validity: Effectively induces social
avoidance, withdrawal, and anhedonia-like
phenotypes (Antoniuk et al., 2019).

Predictive Validity: Crucial for identifying
"Resilient" vs. "Susceptible" phenotypes and testing
novel rapid-acting antidepressants (Hollis and
Kabbaj, 2014)

Construct Validity: Uses footshock/restraint to
model both Depression and PTSD (Bali and Jaggi,
2015). Shows circuit-level convergence with
human pathology (Gyles et al., 2024).

Face Validity: Replicates core human symptoms
like anhedonia and specific neurochemical shifts (
Mao et al., 2022).

Predictive Validity: Validated via reversal of
effects by antidepressants, including Ketamine and
Fluvoxamine (Lyttle et al., 2015; Aikawa et al.,
2020).

Construct Validity: Directly manipulates the
primary effector of the HPA axis, bypassing the
variability of environmental stressors (Shoji et al.,
2024).

Face Validity: Produces a robust phenotype
mirroring core human symptoms: anhedonia,
anxiety, and cognitive dysfunction (Wang et al.,
2024).

Predictive Validity: Limited/Inconsistent;
unlike CUMS or Physical Stress, its
pharmacological reversal has not been
consistently documented.
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by the tail, typically interpreted as reflecting passive coping (Gencturk
and Unal, 2024)

Regarding other domains, anxiety-related behaviors were widely
assessed (in nearly 80% of the studies), most commonly using the
Elevated Plus Maze (EPM), Open Field (OF), and Light-Dark Box (LDBT)
(Gencturk and Unal, 2024). While cognitive functions were explored less
frequently, tasks such as the Morris Water Maze (MWM). Object
Recognition Test (ORT) (Vorhees and Williams, 2024), Object—Context
Mismatch Test (OCMT), and the Attention-Shift Task (ACT) (Heisler
et al., 2015) provided insights into executive and memory deficits. It
should be noted that the references cited in this paragraph are not
derived from the systematic search but are included to support the
interpretation and functional relevance of these behavioral paradigms.
Nevertheless, while these paradigms are widely used in preclinical
research to model behavioral domains relevant to depressive-like phe-
notypes, their interpretation is not universally agreed upon and should
be considered within the broader behavioral context of each study. For a
detailed overview of these behavioral tests and their specific parameters
across studies, see Table 2."

3.2. Association between juvenile stress and adult depression

Evidence from the reviewed studies supports a link between peri-
adolescent stress and later depression risk, with very few exceptions.
Only six of the reviewed studies failed to report depressive-like behavior
following juvenile stress exposure (Luo et al., 2014; Azogu et al., 2018;
Page and Coutellier, 2018; Walker and Sandi, 2018; Lovelock and Deak,
2019; Drzewiecki et al., 2021). However, even in these cases, increases
in anxiety-like behaviors (Luo et al., 2014; Page and Coutellier, 2018;
Walker and Sandi, 2018), or cognitive impairment, particularly in males
(Page and Coutellier, 2018), both of which fall within the broader
depressive-symptom spectrum. Drzewiecki et al. (2021) additionally
reported impaired prepulse inhibition (PPI), more often associated with
schizophrenia, yet also documented in some depressed patients (Perry
et al., 2004; reviewed in Santos-Carrasco and De la Casa, 2023).

Two studies, however, showed non-orthodox forced swimming test/
tail suspension test (FST/TST) outcomes with increased latency to
immobility with enhanced exploration (De Lima et al., 2017) and
reduced immobility accompanied by elevated plus maze/locomotion
test (EPM/LOC) indices of hyperactivity (Sim¢ et al., 2012), patterns
observed in males and compatible with sex-specific depressive pheno-
types (Krahe et al., 2015; Pietrantonio et al., 2025). Similarly, several
studies in Sprague-Dawley rats reported no anhedonia (Harris et al.,
2022a; Xue et al., 2023), with the absence of anhedonia in Xue et al.,
2023 observed only after 30 days of stress, whereas shorter 14-day
exposure induced anhedonia, highlighting strong strain-dependent
resilience. Additional null findings appeared in C57BL/6N NMRI and
Wistar rats (Luo et al., 2014; Eidson et al., 2019; Ranaei et al., 2020;
Fariborzi et al., 2021), particularly when sucrose > 2% likely produced
ceiling effects.

By contrast, most studies consistently reported increased immobility
or reduced latency to immobility in the FST/TST and/or anhedonia
following juvenile stress. In particular, elevated immobility emerged
across a wide range of stress paradigms, including chronic unpredictable
mild stress (CUMS, isolation, mixed stressors, predator exposure, re-
striction, social instability, and footshock), and across species such as
mice (Schmidt et al., 2010; Yohn and Blendy, 2017; Fariborzi et al.,
2021; Aleksic et al., 2022; Takaba et al., 2022; Niwa et al., 2024) and
rats (Bourke and Neigh, 2011; Wilkin et al., 2012; Veenit et al., 2014;
Lyttle et al., 2015; Wulsin et al., 2016; Arcego et al., 2018; Cotella et al.,
2018; Ghalandari-Shamami et al., 2019; Aikawa et al., 2020; Bras et al.,
2022; Harris et al., 2022b; Sun et al., 2023). Anhedonia also emerged
frequently, especially after long CUMS exposure (>20 days) in Wistar
rats (Wang et al., 2018; Xu et al., 2019, 2024) or C57BL/6J mice (Takaba
et al.,, 2022), t was also reliably induced by shorter peripubertal or
mixed-modality stressors (Bourke and Neigh, 2011; Marquez et al.,
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2013), mid-adolescent isolation (Niwa et al., 2024), and predator stress
in rats (Tapocik et al., 2021). These effects were sometimes sex-specific
or dependent on stress sensitivity (Bourke and Neigh, 2011; Caruso
et al., 2017; Bras et al., 2022).

Importantly, anhedonia and immobility did not always emerge or co-
occur; however, affective disturbances were almost invariably present,
often manifesting as anxiety-like responses following footshock or mixed
stress (Azogu et al., 2018; Lovelock and Deak, 2019; Fariborzi et al.,
2021), CUMS (Page and Coutellier, 2018) or as altered emotional be-
haviors such as risk-seeking in predator-based paradigms (Eidson et al.,
2019). Cognitive impairments, though less extensively assessed,
emerged in the object recognition test (ORT), Morris Water Maze
(MWM) and related tasks (Page and Coutellier, 2018; Xu et al., 2019;
Sun et al., 2023).

Furthermore, a subset of studies employed two-hit paradigms in
which juvenile stress was combined with either earlier developmental
insults or subsequent environmental challenges. In these models,
behavioral outcomes were typically more severe than after juvenile
stress alone, indicating that both prior and subsequent stressors can
potentiate the impact of juvenile stress, thereby amplifying vulnerability
to later depressive-like phenotypes (Raftogianni et al., 2012; Arcego
et al., 2018; Ranaei et al., 2020; Huang et al., 2021; Niwa et al., 2024).
Although Jaric et al. (2019) reported attenuated anxiety when juvenile
stress followed early-life stress.

3.3. Influence of stress type, duration, and developmental timing during
the peripubertal period on adult depression susceptibility

Although findings remain heterogeneous, the evidence can be
organized according to developmental timing, stress type, and exposure
duration, which jointly shape, but do not fully determine, susceptibility
to depressive-like behaviors in adulthood.

Stress exposure during pre-pubertal (juvenile) stages (before PND
34) generally produced weaker or inconsistent depressive-like out-
comes, particularly in short protocols (3-7 days). Some brief stressors
produced subtle changes in anxiety or active coping with stress (Harris
et al., 2022a) or affected anxiety without altering depressive-like
behavior (Luo et al., 2014). In contrast, other paradigms yielded
clearer effects. For example, variable stress at PND 27-29 increased
anxiety and passive coping (Ilin and Richter-Levin, 2009), and variable
stress + social isolation (VS/IS) combinations at PND 24-26 induced
contextual fear generalization, while isolation increased immobility
(Miiller et al., 2014). Similarly, isolation-based protocols, whether
applied alone or following early adversity, increased FST immobility
(Raftogianni et al., 2012; Arcego et al., 2018).

Similarly, footshock paradigms during this stage also showed clear
duration- and intensity-dependent effects. Repeated footshock (PND
28-33) increased anxiety-like behavior (Li et al., 2015), whereas a mild
protocol increased immobility without affecting anxiety (Lyttle et al.,
2015). Similarly, daily footshock (PND 21-25) increased immobility but
did not alter anhedonia (Aikawa et al., 2020), while a single exposure at
PND 29 selectively affected anxiety-related responses in males (Lovelock
and Deak, 2019).

Longer protocols yielded more consistent changes, particularly
under mixed or ethologically relevant stressors. Across mixed para-
digms, stress effects depended on timing, complexity, and individual
susceptibility. Early-to mid-adolescent mixed stress reduced self-care
behavior, particularly in females (Alcaide et al., 2024) and increased
anxiety in both sexes but immobility only in males, whereas applying the
similar paradigm slightly later increased both exploration and immo-
bility (Wilkin et al., 2012). More complex combinations produced robust
outcomes. Thus, social defeat (PND 28-42) increased anxiety and
aggression (Kovalenko et al., 2014), while a restriction + light-noise
protocol (PND 30-40) induced male-specific memory deficits and
female-specific anxiety. Moreover, both sexes showed reduced latency
to immobility after 30 days of recovery (Fariborzi et al., 2021).



Table 2

Characteristics and main findings of the selected articles (organized in alphabetical order of first author’s name) divided into single and double stress studies.

REF.

SPECIES/ SEX

STRAIN

STRESS

CONTROL GROUP

STRESS
WINDOW

BEHAVIOR
TEST

ADULT BEHAVIOR
RESULTS

BIOMARKER

BIOMARKER RESULTS

Articles with a single stress protocol

Aikawa et al., 2020

Alcaide et al., 2024

Aleksic et al., 2022

Wistar rats M

C57BL/6J-tg M/
(PV-tdTomato) F
15

Gfng/6J mice

C57BL/6J mice M/
F

Footshock

Mixed stressors:

7 stressors in 7 non-
following days:

Novel environment, fox
odor (TMT), tail puncture,
elevated platform,
restraint, tail suspension,
forced swimming

CUMS

Cold, cage tilt, lights off,
shaking, rat odor, forced
swim, restraint, new
partner, no bedding

Age-, sex-, and strain-
matched controls with
vehicle injections. There is
an experimental group
receiving treatment with
ketamine (not shown)

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

P21-25

P28-42

P28-40

FST
SPT

OFT
ST

OFT
EPM
NSFT
TST
FST

1 Immobility in the FST
of juvenile stressed
groups. No effects in
anhedonia measured
with SPT

MEF: No behavioral
differences in OFT after
stress. | Licking in ST in
the stressed group

MF: stress caused 1
Anxiety-like behaviors. |
Time spent and entries to
the center of OFT. | Time
in open arms in EPM and
1 latency to eat in the
NSFT

1 Depressive-like
behaviors. 1 Immobility
in FST and TST

Synaptic plasticity/
Synaptic proteins
Excitatory/Inhibitory
balance

Brain morphology
Synaptic plasticity/
Synaptic proteins
Excitatory/Inhibitory
balance.
Neuroinflammation

HPA axis

Gene expression and
epigenetics.
BDNF/Neurotrophins

| Apical spine density of
pyramidal neurons in layer V of
mPFC in the juvenile stressed
group

| Excitatory neurotransmission,
affecting the Excitatory/
Inhibitory balance in the mPFC
in the juvenile stressed group

1 Frequency of mIPSCs in the
mPFC in the juvenile stressed
group

F: | volume of the thalamic
reticular nucleus in the juvenile
stressed group

F: 1 WFA-labeled PNN
fluorescence intensity and |
density of PSA-NCAM in the
thalamic reticular nucleus in the
juvenile stressed group

F: 1 PV+ puncta fluorescence
intensity in the lateral posterior
nucleus of the thalamus in the
juvenile stressed group

M: | Fluorescence intensity
points expressing inhibitory
synaptic markers in the thalamic
reticular nucleus (VGLUT1,
VGLUT2, and VGAT) in the
juvenile stressed group

MF: No changes in Ibal or GFAP
Significative negative correlation
in PPS males between TRN
volume and immobile episodes
M: stress caused t GR25 and 40
glucocorticoid receptor isoforms
in the hippocampus. t GR50
isoform in PFC in the juvenile
stressed group

1 Levels of glucocorticoid
receptor mRNA in the
hippocampus and BDNF mRNA
in the PFC

F: stress caused | GR25 and 1
GR40 glucocorticoid receptor o
isoforms in the hippocampus. 1
GR25 and 40 isoforms in PFC.

| Levels of glucocorticoid
receptor and BDNF mRNA in the
hippocampus and PFC. 1
expression of FKBP5 and IL-1p in
the hippocampus

(continued on next page)

ID 32 IDINBY-URIDIT ‘A

014901 (920Z) 98T SMIIUY [DIOIADY2]OIE PUD 2IUIIISOMAN



Table 2 (continued)

REF.

SPECIES/
STRAIN

SEX

STRESS

CONTROL GROUP

STRESS
WINDOW

BEHAVIOR
TEST

ADULT BEHAVIOR
RESULTS

BIOMARKER

BIOMARKER RESULTS

Azogu et al., 2018

Bertholomey et al.,
2022

Bourke and Neigh,
2011

Bras et al., 2022

Wistar rats

Sprague-
Dawley rats

Wistar rats

Wistar Han rats

M/

M/

M/

Mixed Stressors: Restriction

-+ Forced swimming

Chronic CORT exposure

Mixed stressors: Isolation,
restriction, and social
defeat stress

Mixed stressors: Open field,

synthetic fox odor, and
elevated platform.

Age-, sex-, and strain-
matched controls with
vehicle injections. There is
an experimental group
receiving treatment with
TrKb receptor agonist (not
shown)

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

Age- and sex-, matched
naive controls from two
different strains:

High and low CORT
responsive group

P26-36

P30-50

P37-49

P28-42

OFT
EPM
FST

EPM
CFC
SPT
FST

EPM
ASR
FST
SPT

OFT
EPM
SIT
SPT
FST

MF: | Open arm entries
in the EPM. No effect of
FST in the juvenile
stressed group

F: | Anhedonia (SPT), |
anxiety-like (greater
percent open arm
entries), depressive-like
(less immobile time),
and fear-related
behaviors (| freezing)
irrespective of
treatment. 1 Immobility
in FST in the juvenile
stressed group.

M: No differences in
behavior in the juvenile
stressed group

F: 1 Depressive-like
behaviors both in SPT (1
anhedonia) and FST (|
latency to immobility).
In EPM, chronic stress
increased locomotor
activity but not
exploration in the
stressed group

M: No effect of stress

| Sociability and
exploring motivation in
SIT in all experimental
conditions subjected to
juvenile stress

1 Time in periphery
(OFT), t anhedonia
(SPT), and 1 immobility
time (FST) in the high
CORT-responsive group
subjected to juvenile
stress

Gene expression and
epigenetics.
BDNF/Neurotrophins

HPA axis
Neurotransmitters

HPA axis

Neuroinflammation/
Immune activation

M: 1 levels of TrkB receptor
isoforms TrkBT.1 (truncated) and
FL (full length) in both PFC, NAc,
and hippocampus compared to F
on a physiological basis

M: | Levels of both isoforms in
the nucleus accumbens and 1
levels in the PFC, in the juvenile
stressed group. This suggests a
site-specific expression of TrkB
receptors

Under stress, there are brain
region differences in the isoform
expression ratios, with the
hippocampus having 3.41 T1 to
FL isoform ratio, 1,73 for the
PFC, and 1,76 for the Nac. 1 PFC
ratio is related to alterations

F: stress caused 1 CORT
consumption and plasma levels
regardless of age

F: Control 1 basal expression of
GluAl and GluA2/3 of AMPA in
the BLA compared to males.
Adolescent CORT treatment |
GluA1 and GluA2/3 expression
in females

M: Adolescent CORT treatment

1 GluAl and GluA2/3 subunits in
comparison female

F: Blunted 1 in plasma CORT
after stress
M: Not affected

1 Levels of IL-1p, IL-6, and IBA-1
in mPFC and 1 levels of IL-1p and
IL-6 in the nucleus accumbens in
the high CORT-responsive group
alone

1 TNF-a in the nucleus
accumbens of the high CORT-
responsive group subjected to
juvenile stress

1 TNF-«a in the hippocampus in
all groups subjected to juvenile
stress, and correlates with

(continued on next page)
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Table 2 (continued)

REF.

STRESS

CONTROL GROUP

BEHAVIOR
TEST

ADULT BEHAVIOR
RESULTS

BIOMARKER

BIOMARKER RESULTS

Caruso et al., 2017

Cotella et al., 2018

De Lima et al., 2017

Drzewiecki et al.,
2021

CVSS

Chronic variables social
stress: repeated cycles of
individual-housing (3 days)
and re-socialization with
two unfamiliar same-sex
cagemates (4 days)

CvVs

Hypoxia, rotation, cold
exposure, foot shock,
lithium chloride injection,
restriction, and novel
environment

CUMS

Water deprivation, wet
bedding, cold, exchange of
residents, restraint,
intruder, forced swim,
slanted cage, dirty bedding

Restriction and isolation
stress

Rats were divided into:
Pubertal stress (PS), post-
pubertal stress (post-PS)
and unstressed (US) groups

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

EPM
SPT
FST

EPM
FST

LDBT

OFT

NORT

TST

EPM
PPI
OFT

NORT

FST

MF: stress caused | Time
in open arms, | open arm
entries, and |
locomotion in EPM
(anxiety-like behaviors).
No effects in the FST

F: 1 Anhedonia after
stress

| Entries to the center in
EPM and 1 immobility
time in FST caused by
stress

| Time in the center of
the OFT and 1 latency to
immobility in the TST of
the juvenile stressed
group. No differences in
the LDBT. 1 Exploratory
behaviors towards the
object in NORT in the
control group

M: 1 Anxiety-like
behavior compared to F
ME: stress reduced PPI,
indicating impaired
inhibitory processing,
but only during puberty
onset and not at later

HPA axis

HPA axis
Fos-B

HPA axis
Neurotransmitters

Brain morphology

worsened depressive behaviors
1 IBA-1 and morphological
alterations in hippocampal
microglia of the high CORT-
responsive group subjected to
juvenile stress. The alterations
studied are reduced arborization
volume, decreased total number
of branches, and a shift toward
an amoeboid shape

1 microRNA (miR-342)
expression in the high CORT-
responsive group subjected to
juvenile stress. This correlated
with TNF- a expression,
depressive-like behaviors, and
microglial arborization volume
MF: | Concentrations of fecal
corticoids in the stress group
suggest hypoactive HPA in
adulthood

F: | Concentrations of fecal
corticoids during daytime in the
juvenile stressed group

Positive correlation between
corticoids and SPT in F

No differences in the HPA axis
response of the juvenile stressed
group

| Fos-B expression in PVN of the
hypothalamus in the juvenile
stressed group

1 CORT levels in serum and
adrenal weight in the stressed
group

| 5-HT levels in PFC,
hippocampus and hypothalamus.
1 5-HIAA in the PFC of the
juvenile stressed group

| Noradrenaline in the
hippocampus and hypothalamus.
1 VMA in the hippocampus of the
juvenile stressed group

1 Dopamine turnover in general.
Significant | in metabolite HVA
in the hypothalamus caused by
stress

MF: | Volume of mPFC.

F: 1 Neuronal density in mPFC in
the PS group

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
stages.
F: | Passive behavior
compared to M,
independent of stress
(FST)
MF: No differences in
exploration behavior
(OFT). No differences in
anxious or depressive-
like behaviors long-term
Eidson et al., 2019 C57BL/6J mice M/ Intermittent predator stress ~ Age-, sex-, and strain- P34-64 SIT M: More affected in Neuroinflammation/ M: 1 weight in gonadal fat. |
F matched controls with OFT social interaction. Immune activation CXCL1 in the cortex in the
vehicle injections. There is SPT Stressed males took Metabolism/ juvenile stress group. Stress did
an experimental group longer to enter the Microbiota not change fecal inflammatory
receiving treatment with strange chamber and to Body weight/Body protein levels... There was no main
solTN (not shown) sniff the stranger composition effect of stress condition on...
F: More affected in OFT, indicators of gut dys-function
increasing risk-seeking F: 1 plasma IL-4 and CXCL1
behaviors. Stressed compared to M, where there was
females took longer to a decrease. 1 CCL2 in the cortex.
freeze and spent more 1 TNF-a in the hippocampus. |
time in the center and IL-6 in cortex of stressed animals.
less in the borders of the 1 CCL2 in the amygdala in the
OF compared to controls. juvenile stress group
MEF: Stress did not alter MF: 1 IL-1f, | TNF-a, LCN2, and
sucrose preference when TLR4 levels in the cortex of
tested at 2 or 4 weeks. stressed animals. 1 Len2 and
CCL2 in the hippocampus. |
TNFR1 and TNFR2 in the
intestines in the juvenile stress
group
Stress did not change fecal
inflammatory protein levels.
Fariborzi et al., 2021 C57BL/6J mice ~ M/ Mixed stressors: Age-, sex-, and strain- 1 h for 10 YMT MF: 1 Immobility in the Excitatory/Inhibitory ~ M: The juvenile stress group had
F Restriction and light-noise matched naive controls days LDBT FST. No differences in balance | Excitatory impulses in the deep
exposure. P30-40 FST SPT in the juvenile stress layers of the posterior parietal
SPT group cortex, measured using whole-
M: | Performance in cell voltage clamp recordings
YMT in the juvenile from pyramidal neurons
stress group F: Not affected by stress.
F: | Entries in open arm Correlation with deficits in
in LDBT and 1 anxious visuospatial working memory in
behavior in LDBT in the the YMT
juvenile stress group
Ghalandari-Shamami Wistar rats M Restriction stress Age-, sex-, and strain- P30-40 EPM 1 Anxiety (| percent of HPA axis Juvenile stress caused:
et al.,, 2019 matched naive controls FST open arm time and open  Brain morphology 1 CORT levels and adrenal

arm entries in EPM) and
depressive-like
behaviors (1 immobility
time) in the juvenile
stress group

weight

| Dendritic length of pyramidal
neurons of infralimbic and
prelimbic regions of PFC. |
Dendritic branch points of
pyramidal neurons in the
infralimbic region

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
Harris et al., 2022a Sprague- M/ Mixed stressors: Age-, sex-, and strain- P27-29 NIH MF: | Latency to drink a  Neurotransmitters MF: stress 1 tyrosine hydroxylase
Dawley rats F Forced swimming, elevated  matched naive controls OFT palatable solution (NIH). ~ Neurogenesis in PFC only. Catecholaminergic
platform, SPT | Climbing and 1 Cell markers innervation in the PFC might
Restriction FST swimming (escape- explain reward-seeking behavior
oriented behaviors), but deficits, the authors suggest
no effect on immobility MEF: No effect of stress on
in the FST. No effect of hippocampal neurogenesis
stress on SPT (DCX+ count)
F: | Number of rearings
in OFT, although no
anxiety effect as
evidenced by crossings
in the juvenile stress
group
Harris et al., 2022b Sprague- M/ Mixed stressors: Age-, sex-, and strain- M: P35-37 OFT MF: 1 Immobility and HPA axis MF: No changes in CORT levels in
Dawley rats F Forced swimming matched naive controls F: P45-47 NIH reduced climbing in FST ~ Neurotransmitters adulthood. | 5-HT turnover in
+ elevated platform FUST caused by juvenile stress the striatum of the juvenile
+ restriction SPT M: Stress T Anhedonia in stressed group
FST SPT M: | Dopamine turnover in
F: Stress | Rearings in striatum
OFT F: 1 Dopamine turnover in
striatum
1lin and Richter-Levin, Sprague M Mixed stressors: Age-, sex-, and strain- P27-29 OFT 1 Anxious and depressive HPA axis 1 CORT concentrations in the
2009 Dawley rats forced swimming, elevated matched naive controls EPM behaviors as evidenced Synaptic plasticity/ group that underwent juvenile
platform, and restriction NSE by less exploration in the ~ Synaptic proteins stress
TWSAT OFT and EPM. Learned | Levels of L1-CAM (related to
helplessness in the axon growth, neural migration,
TWSAT with fewer and survival) in BLA and
escape attempts in the thalamus
juvenile stress group
Jankord et al., 2011 Sprague- M CVS during early Age-, sex-, and strain- P35-50 or FST No differences in HPA axis 1 Basal CORT plasma levels and
Dawley rats adolescence, late matched naive controls P50-64 behavior in the FST of Metabolism/ reduced oxytocin expression in
adolescence or adult period the early juvenile Microbiota PVN in the late juvenile stressed
(not shown) stressed group (P35-50) Body weight/Body group
Plastic restraint tube, or late juvenile stressed Composition | Body weight and body weight
shaker stress, hypoxia, group (P50-64) gain, 1 adrenal size, | and body
open field, and cold room fat composition in the early
juvenile stressed group
| body weight, body weight gain,
thymus size and ratio, fat tissue
in the late juvenile stressed group
Kim et al., 2021 Wistar Kyoto M/ Footshock to induce CFC Age- and sex- matched P32-34 CFC MF: 1 Immobility time in ~ HPA axis F: 1 Nr3c1 glucocorticoid
rats F naive controls from two OFT FST in the genetically Gene expression and receptor expression in PFC of
different strains (high and SIT less stress-reactive strain  epigenetics. females of the more stress-
low reactivity to stress). FST subjected to juvenile BDNF/Neurotrophins  reactive strain compared to

Animals were classified as
high or low immobility
responders

stress

M: 1 Freezing and | time
in the center of the
genetically less stress-
reactive strain subjected
to juvenile stress,
compared to the
genetically more stress-
reactive strain also

males (for both control and
stressed conditions)

1 Nr3cl glucocorticoid receptor
expression in the hippocampus of
the genetically less stress-
reactive strain compared to the
genetically more stress-reactive
strain

M: 1 Nr3cl glucocorticoid

(continued on next page)
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Table 2 (continued)

REF.

SPECIES/
STRAIN

SEX

STRESS

CONTROL GROUP

STRESS
WINDOW

BEHAVIOR
TEST

ADULT BEHAVIOR
RESULTS

BIOMARKER

BIOMARKER RESULTS

Kovalenko et al., 2014

Li et al., 2015

Lovelock and Deak,
2019

Luo et al., 2014

C57BL/6 J
mice

Wistar rats

Sprague-
Dawley Rats

Wistar rats

M

M

M/
F

Social Defeat Stress

Footshock

Footshock

CVS
Restraint (2 h, P27)
Elevated platform (30 min,

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched controls with
vehicle injections. There is
an experimental group
receiving treatment with
central corticotropin-
releasing factor receptor 1
(not shown)

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

P28-42

P28-33

P29

P27-33

PT
EPM
SIT
AIT
FST

EPM
YMZ
OFT

SIT
LOC
LDBT
FST

EPM
OFT

subjected to stress

F: | Immobility in FST in
a genetically more stress-
reactive strain subjected
to juvenile stress. No
effect in OFT or SIT. F
shows less vulnerability
to stress in general
compared to M

| Latency to move in
OFT. 1 Anxious behavior
in EPM (| open arm
entries and number of
head dips and peepings).
1 Aggressivity in AIT in
the juvenile stressed
group

| Time in central
squares, horizontal and
vertical movement
scores and number of
groomings of juvenile
stressed group compared
to controls in the OFT. 1
Number of fecal boli

| Ratio of entry to open
arms and time in the
open arms of the juvenile
stressed group compared
to controls in the EPM
Y maze (spatial memory)
registered | ratio of
entry to novel arm and
ratio spent in the novel
arm in the stress group
M: 1 Anxiety (LDBT). No
depressive-like
behaviors or
socialization deficits
(SIT)

F: Not affected

1 Anxiety-like behaviors
were evidenced by fewer
entries in the open arms

Neurogenesis
Cell markers

HPA axis

HPA axis

C-FOS

IL-1p

Gene expression and
epigenetics

Neurotransmitters

receptor expression in the
hippocampus of the genetically
less stress-reactive strain. (both
control and stressed males, in
comparison to the control and
stressed males of the higher
reactive strain)

MEF: 1 BDNF expression in PFC in
the control groups of the
genetically more stress-reactive
strain compared to the less
reactive. This difference was not
found in the juvenile stressed
groups. In the hippocampus, |
BDNF in the more stress-reactive
strain subjected to juvenile stress
No correlation between
behavioral phenotypes and BDNF
levels

Juvenile stress initially reduced
BrdU levels, but no differences in
DG cell proliferation/survival
were observed 3 weeks later.

Juvenile stress | Basal CORT
levels. 1 DEX negative feedback
inhibition and displayed
exacerbated and longer-lasting
reactions to CRH challenge as
evidenced by the DEX-CRH test
Juvenile stress 1 Expression of
CRFR1 in PFC, amygdala and
hypothalamus but reduced in
hippocampus

MEF: 1 IL-1p after FST. HPA axis
genes not affected by stress

MF: 1 C-Fos in medial amygdala
caused by juvenile stress

1 Levels of dopamine in mPFC
(correlating with anxious
response) induced by juvenile

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
P29, P33) AST of EPM. No differences in stress.
Foot shock (40 times in SPT anhedonia (SPT) or AST | Levels of 5-HIAA and
20 min, P31) produced by juvenile noradrenaline in the amygdala
stress induced by juvenile stress.
Noradrenergic activity in the
amygdala might mediate the
modulatory effects of GABAergic
transmitters in memory, the
authors suggest
Lyttle et al., 2015 Wistar rats M Footshock Age-, sex-, and strain- P21-26 OFT 1 Immobility in the FST Brain morphology | Thickness in prelimbic and
matched controls with FST and reduced locomotor infralimbic regions of mPFC after
vehicle injections. There is activity. No effect of stress
an experimental group juvenile stress on | Dendritic length and basal-
receiving treatment with anxious behavior in OFT apical spine densities of
fluvoxamine (not shown) pyramidal neurons in the layers
IIand III of the infralimbic region
of mPFC. No reduction was found
in the prelimbic region for the
juvenile stress group
Mérquez et al., 2013 Wistar Hanrats M VS Age-, sex-, and strain- P28-42 RIT 1 Aggressivity in RIT. 1 HPA axis Juvenile stress changed:
Fox odor (TMT) and matched naive controls SIT Number of attacks on HPG axis 1 Testosterone/CORT ratio
elevated platform, both EPM non-violent individuals, Neurotransmitters 1 MAOA enzyme and 5-HTT
under bright light SPT vulnerable zones, and | Gene expression and receptor mRNA expression in
(administered a total of FST discrimination between epigenetics PFC
seven random days) individuals in the 1 Histone H3 acetylation in the
juvenile stress group MAOA gene promoters in PFC,
Juvenile stress 1 Anxiety suggesting increased
and depression-like transcription
behaviors. | % of time in | activity of the medial
open arms, | distance in orbitofrontal cortex (region of
open arms, 1 latency to PFC) and increased activity of the
enter in open arms for amygdala
anxiety and 1 % time
floating in the FST and |
sucrose consumption in
the SPT
Mathews et al., 2008 Long Evan rats M/ CSS Age-, sex-, and strain- P30-45 FST M: No differences in HPA axis MF: No differences in CORT
F Isolation stress + peer- matched naive controls behavior fclimb concentrations
change stress -+ acute stress F: 1 immobility time in
(one day only, 1 h of FST and | climb
isolation containers)
Moradi-Kor et al., Wistar rats F Restriction stress Age-, sex-, and strain- P30-40 OFT | Number of center BDNF/Neurotrophins ~ Juvenile stress group had:
2020 matched naive controls EPM visits, time in center, and Gene expression and | BDNF levels that correlated
FST total distance in the OFT.  epigenetics. with FST behavior (PFC). Both
| Open arm entriesinthe ~ Neurotransmitters. protein and mRNA
EPM and 1 immobility Neuroinflammation/ | BDNF mRNA expression levels

time in the FST in the
juvenile stressed group

Immune activation

in the PFC

1 5-HT3 receptor expression
(mRNA, PFC)

| FRAP levels and t MDA levels,
indicating | antioxidant capacity
and 1 oxidative damage,
respectively. In this line, an 1
activity of SOD and GPx enzymes

(continued on next page)
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Table 2 (continued)

REF.

SPECIES/ SEX
STRAIN

STRESS

CONTROL GROUP

STRESS BEHAVIOR
WINDOW TEST

ADULT BEHAVIOR
RESULTS

BIOMARKER

BIOMARKER RESULTS

Miiller et al., 2014

€1

Page and Coutellier,
2018

Ros-Simo et al., 2012

C57BL/6N and M
male

heterozygous

GAD (+/-)

mice

C57BL/6J mice M/
F

CD1 mice M

Variable stress

+

Isolation stress

Variable stress:
immobilization for 30 min,
bright light three times for
30 min, and forced swim
for 15 min

CUMS

Absence of nesting material
for 24 h, 20 cage-tilt along
the vertical axis for 6 h,
absence of bedding for 8 h,
restraint stress for 8 min in
the dark, and restraint
stress for 4 min under
bright light. Stressors were
applied during 2 weeks,
daily exposure to a random
stressor)

Isolation stress

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

Age-, sex-, and strain-
matched naive controls

P24-26 OFT
EPM
CFC
LDBT
SIT
TST

P28-42 EPM
OFT
OCMT
FST

P21-70 LOC
EPM
Dark-light

5 main factors Neurotransmitters
accounted:

1) Generalized
contextual fear (CFC)
and anxiety: stress 1 the
scores in the wildtype as
well as in the GAD
group, except for the
variable stress group

2) Pre-conditioning
activity (EPM/OFT):
stress-reduced activity,
being significant in the
isolation stress group, no
effect for the GAD group
3) Pre-conditioning
anxiety (EPM/OFT):
either variable stress or
isolation stress 1, the
score in the wildtype, no
effect for the GAD group
4) Depression-like
behavior: either variable
stress and variable stress
+ isolation stress 1
depression, without
effect in the GAD group
5) Cued fear memory: no
effects

MF: 1 Anxiety-like
behaviors (| time in
open arms in EPM and |
time in the center of
OFT, no significant
differences due to stress
in the FST). No
depressive-behaviors.
Males show cognitive
impairment in the OCMT
with a lower
discrimination ratio

F: Resiliency in cognitive
impairments. While
males were affected by
stress, females stressed
during the juvenile
period were not affected
1 Horizontal activity in
LOC, | entries, and time
spent in open arms in
EPM, and | immobility

Neurotransmitters
Synaptic plasticity/
Synaptic proteins

balance
Body weight

HPA axis.

Excitatory/Inhibitory

was found, suggesting a
compensatory mechanism of
these antioxidant enzymes
Haplodeficiency of GAD infers
protection against anxiety and
depression by delaying
GABAergic system maturation
during the stress period

M: The juvenile stress group had
the following differences:

1 body weight

| PV+ cells in the prelimbic
region of mPFC. PNN not affected
1 NMDA receptor subunit NR2B
expression.

1 the ratio NR2B:NR2A

F: were not affected by stress

| Levels of basal CORT. 1 Levels
of CORT after stressor (DLB) in
the group subjected to isolated
housing in comparison with the

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
box (DLB) in FST in the group rest of the experimental
FST subjected to isolated conditions (Exacerbated HPA
housing. | Time spent in axis)
the white box is
consistent with EPM
results
Schmidt et al., 2010 CD1 mice M CSS Age-, sex-, and strain- P30-80 OFT 1 Distance travelled in HPA axis 1 CORT in a subset of the juvenile
In a highly unstable social matched naive controls EPM OFT (hyperactivity). stressed group with vulnerability
and hierarchical situation, TST | Time spent and entries to stress
the group composition of to open arms in EPM. 1 1 CRH in PVN in the juvenile
each cage is changed twice Immobility in TST in the stressed group with vulnerability
a week for 7 weeks juvenile stressed group to stress (High CORT levels)
Then, they were divided with vulnerability to compared to resilient and control
into high and low stress (higher CORT mice (Lower CORT levels)
responders levels) | Mineralocorticoid receptor
These changes happen in expression in the hippocampus
the vulnerable group, and PVN in the juvenile stressed
compared to both the group with vulnerability to stress
resilient and the control (High CORT levels). No changes
group in the expression of the
glucocorticoid receptor
Sun et al., 2023 Specific M CUMS Age-, sex-, and strain- P28-49 OFT | Distance travelled, Gene expression and 1 Expression of genes in the
pathogen free Food deprivation (24 h), matched naive controls EPM exploration time, and epigenetics. hippocampus, related to
Sprague- water deprivation (24 h), NORT center time in OFT. 1 metabolic pathways like
Dawley rats wet bedding (24 h), tail FST Time in closed arms and oxidative phosphorylation and
pinch (1 min), day and closed arm entries in neurodegenerative disorders.
night reversal (24 h), cold EPM and immobility in Specifically, some of these genes
swimming for 5 min, the FST. | Novel object were related to iron ion binding,
restriction 24 h, inversion exploration in NORT in nerve growth factor receptor
of the light/dark cycle the juvenile stressed binding, and apoptotic processes.
(24 h) group These genes were upregulated in
the juvenile stressed group
compared to the control group
Suppressed glycolysis and
activated the immune response
in the hippocampus, as reported
by the GSEA analysis in the
juvenile stress group
1 Expression of genes in mPFC,
related to metabolic pathways
and neuroactive ligand-receptor
interaction, mainly related to
NOD-like receptor/ErbB/TNF
signaling pathways in the
juvenile stress group
Takaba et al., 2022 C57BL/6 J M CUMS Age-, sex-, and strain- P28-50 OFT 1 Anxious-like behavior HPA axis 1 CORT levels in the juvenile
mice Food and water deprivation =~ matched naive controls MBT in the OFT and MBT, 1 Body weight stressed group
(24 h), 30° tilted cage SIT immobility in the FST, Gene expression and | Body weight levels in the
(24 h), shaking (10 min), SPT and anhedonia in the epigenetics juvenile stressed group
tail clamping (1 min), TST SPT. Deficits in social BDNF/Neurotrophins | Sirt1 levels in the PFC and

damp bedding cage (24 h),
confinement (2 h),
isolation rearing (24 h),

interaction (SIT) in the
juvenile stressed group

hippocampus in the juvenile
stressed group. Sirtl is involved
in dendritic development and
synaptic growth

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
illumination (100 lx, 24 h), No changes in BDNF expression
empty cage (24 h) or housekeeping genes like
GAPDH and beta-actin
Tapocik et al., 2021 Wistar rats M Restriction + Predator Age-, sex-, and strain- P31, 46, 61 EBT | Exploratory behavior, HPA axis | CORT levels in the juvenile
stress (live snake) matched naive controls EPM | percentage of time in C-Fos stressed group after stress
Alcohol the openarm in the EPM,  Body weight exposure (blunted HPA response)
consumption and 1 anhedonia (SPT) in 1 C-Fos expression in the lateral
SPT the juvenile stress group habenula and dorsal raphe
nucleus. 1 C-Fos in BLA, medial
amygdala, medial habenula, and
lateral habenula (lateral part),
and dorsal raphe nucleus in
adulthood, compared to
activation during the juvenile
period (P31)
| Body weight in the stress group
Téth et al., 2008 Sprague- M CUMS Age-, sex-, and strain- P30-58 LOC No differences in HPA axis | CORT levels in the juvenile
Dawley rats Cage tilt, low intensity matched naive controls Spontaneous behaviorin SPTor FSTin  Neurotransmitters stressed group
stroboscopic light, male sexual the juvenile stressed BDNF/Neurotrophins | GluR1 subunit of the AMPA
intermittent white noise, behavior group Synaptic plasticity/ receptor in the PFC
soiled cages, food and NSE Synaptic proteins 1 BDNF levels in the dorsal
water deprivation, empty FST Neurogenesis dentate gyrus and in the ventral
water bottle, restricted SPT Cell markers hippocampus in rats exposed to
food, paired housing, and CUMS compared to their age-
lights overnight matched controls
1 Number of BrdU-positive cells
in the DG of the dorsal
hippocampus
Veenit et al., 2014 Wistar Hans M Exposure to the synthetic Age-, sex-, and strain- P28-42 EPM 1 Anxiety-like behaviors HPA axis 1 CHRH1 mRNA expression in
rats fox odor and the elevated matched naive controls SPT in the EPM (| time and Gene expression and the hippocampal CA1 and central
platform FST percentage of time in epigenetics nucleus of the amygdala in the
SIT center) and depressive- juvenile stress group
like behaviors in the FST
(1 immobility) in the
juvenile stress group- |
Sociability
Walker and Sandi, Wistar rats M/ Mixed stressors: Age- and sex-, matched P28-42 EPM MF: 1 Anxious behavior Metabolism/ MEF: t 2-DG reuptake in the dorsal
2018 F Elevated platform naive controls from two RIT in the EPM (1 time in Microbiota hippocampus in the juvenile
Synthetic fox odor (TMT) different strains: high and FST closed arms). No effects Body weight/Body stressed group with a high CORT
Performed in two strains: low glucocorticoid on FST in the juvenile composition response

High and Low
glucocorticoid responders
to stress

responders

stressed group

1 Anxious behavior (1
immobility time in the
FST) and more
aggressive behaviors in
the RIT of the juvenile
stressed group with a
high CORT response.
High CORT lines (both
stressed and non-
stressed) show anxious
behavior in the EPM (1}
time in closed arms) and
1 time floating in the

1 2-DG reuptake in ventral and
medial orbitofrontal cortex and
prelimbic cortex in the juvenile
stressed group, independently of
CORT levels

This activation is negatively
correlated with distance in the
EPM

No sex differences found

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
FST, as well as
aggressive behavior
1 Aggressivity with
aberrant responses in the
juvenile stressed group,
with a low CORT
response
No sex differences found
Wang et al., 2018 Wistar rats M CUMS Age-, sex-, and strain- P28-50 OFT | Sucrose preference Neuroinflammation/ Juvenile stress 1 Levels of IL-p
Water deprivation, food matched naive controls EPM affected the behavior in Immune activation and IL-6, microglial reactivity,
deprivation, pinching tail, MWM the OFT (rearing, iNOS activation, and Jmjd3. |
footshock, heat, light/dark SPT grooming, number of Levels of H3K27me3. Changes
cycle reversal, noise, water crossings), 1 anxiety in found in both the PFC and
deprivation the EPM (fewer entries in hippocampus
the open arm), and
impaired memory in the
Morris maze in the
juvenile stresss group
Wilkin et al., 2012 Long-Evans M/ Mixed stressors: Age-, sex-, and strain- P22-33 or EPM MF: | Exploration in the HPA axis MF: | Basal levels of CORT in
rats F Water immersion, elevated matched naive controls P35-46 SPBT open arm in EPM and 1 plasma in the groups that
platform, and forced FST the duration of burying underwent stress in the juvenile
swimming. in SPBT when the stress period
period was in prepuberal
(P22-33). 1 Exploration
and immobility in FST
when the stress period is
in mid adolescence
(P35-46)
M: 1 Immobility in the
FST when the stress
period was in prepuberal
(P22-33)
Waulsin et al., 2016 Sprague- F CVS Age-, sex-, and strain- P45-58 FST 1 Immobility time in the HPA axis | ACTH and CORT levels in
Dawley rats Cold room, shaker, matched naive controls FST in the juvenile Gene expression and plasma after FST in the juvenile
hypoxia, and restriction, stressed group epigenetics. stressed group (Blunted HPA
open field axis), although the immediate
effect is | body weight gain and a
transient 1 in central HPA axis
drive, as indicated by 1 CRH
mRNA expression in the PVN and
1 baseline CORT secretion
| Vasopressin mRNA expression
in PVN. 1 Magnocellular OXT in
the PVN of the juvenile stress
group
Xu et al., 2019 Wistar rats M CUMS or Dexamethasone Age-, sex-, and strain- P28-49 OFT 1 Anhedonia in SPT, | HPA axis Both CUMS and dexamethasone
Food deprivation (24 h), matched naive controls EPM locomotor activity in Gene expression and (separately) induced:
water deprivation (24 h), MWM OFT, | time in open arms  epigenetics. | Glucocorticoid receptor mRNA
noise (2 h), pinching tail SPT in the EPM and impaired expression
(1 min), hot stress (5 min), memory in the MWM in 1 FKBP5 levels in PFC and
footshocks, day and night juvenile stressed animals hippocampus

reversal 24 h

1 Micro RNA (miR-18 and 124) in
PFC and hippocampus. | miR-
511 in PFC

(continued on next page)
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Table 2 (continued)

REF.

SPECIES/ SEX
STRAIN

STRESS

CONTROL GROUP STRESS

WINDOW

BEHAVIOR
TEST

ADULT BEHAVIOR
RESULTS

BIOMARKER

BIOMARKER RESULTS

Xu et al., 2024

Xue et al., 2023

Specific M
pathogen-free
Wistar rats

Sprague- M
Dawley rats

CUMS

Food deprivation (24 h),
water deprivation (24 h),
empty water bottle (1 h),
tail pinch (1 min), cage
tilting 45° 24 h, wet
padding for 24 h,
horizontal vibration for
30 min, overnight
illumination, moist
bedding for 24 h, social
crowding for 24 h,
horizontal vibration for
30 min

CSsC

Experimental rats observed

higher-ranking rats with
environmental stimuli
through a transparent
acrylic plate

Age-, sex-, and strain- P28-56
matched controls with

vehicle injections. There is

an experimental group

receiving treatment with S-
adenosylmethionine (not

shown)

P28-42-59
(14 or 31
days of
stress)

Age-, sex-, and strain-
matched naive controls

OFT
YMT
EPM
SPT

3-CSIT
LOC
OFSIT
OF
EPM
SPT
FST

| Open arm entries, open
arm time, and total
distance in EPM and 1
anhedonia in SPT caused
by juvenile stress

1 Immobility in the FST
and anxious behaviors in
the EPM or OF, with t
closed-arm entries, and
OF | in the center area
after 30 d stress. |%
Sniffing the novel rat

Brain morphology
Neuroinflammation/
Immune activation
Metabolism/
Microbiota

Body weight/Body
composition
Neurogenesis

Cell markers

BDNF/Neurotrophins

1 Neuronal damage in the
hippocampus, with unclear
neuronal outlines in the juvenile
stressed group

| Nissl bodies and 1 cytoplasmic
cavitations in the juvenile
stressed group

1 Inflammatory cell infiltration
into the colon and reduced
intestinal glands

1 Firmicutes, deferribacteres,
lactobacillus, clostridium_XIVb,
enterococcus, butyrivibrio,
roseburia, clostridium _XlIVa,
pseudoflavonifractor and
musciprillum in the juvenile
stressed group

| Romboustia,
phascolarctobacterium,
turicibacter, bacteroides and
barnesiella

| Ratio of Bacteroidetes to
Firmicutes phylum

CUMS t: Absolute abundance of
firmicutes and deferribacteres,
elevates abundances of
lactobacillus, clostridium_XIVb
(inversely related to BDNF
levels) enterococcus (which has a
positive correlation with
depressive behaviors), elevates
butyrivibrio, roseburia and
clostridium_XIVa (also correlated
with depressive-behaviors),
abundance of
pseudoflavonifractor and
musciprillum.

CUMS |: Lower radio of
Bacteroidetes to firmicutes,
romboustia,
phascolarctobacterium and
turicibacter levels, reduces
absolute abundance of
bacteroides and barnesiella (also
correlated with depressive
behaviors)

| BDNF levels in the mPFC and
hippocampus. Interestingly, |
BDNF levels in the mPFC
correlated with immobility in the
juvenile stress group

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
cage and SPT after 14
days stress.
Yohn and Blendy, C57BL/6 J M/ CUMS Age-, sex-, and strain- P28-40 MBT MEF: 1 Depressive-like HPA axis M: Changes in Crfr2 in amygdala.
2017. mice F Rotate, restraint, forced matched naive controls EZM behaviors (1 immobility Gene expression and Significant upregulation in the
swimming, rat odor, cold, ASR in FST) in the juvenile epigenetics juvenile stress group
new partner, lights off, cage FST stress group F: Not affected
tilt, wet bedding, dividers, 1 anxiety
isolation, food deprivation, F: | Immobility than M
lights in the control group
Articles with a double stress protocol
Arcego et al., 2018 Wistar rats M Isolation stress Age-, sex-, and strain- P21-28 for SPT 1 Immobility (FST) in the HPA axis | Levels of glucocorticoid
Chronic High-fat diet matched naive controls isolation FST groups following Synaptic plasticity/ receptors in groups with isolation
stress isolation stress. 1 Synaptic proteins stress and a high-fat diet
P21-70 Immobility (FST — only BDNF/Neurotrophins | Phospho-AKT following
day 1) in the groups with ~ Neurotransmitters isolation. | BIII tubulin, PSD95,
a high-fat diet following Neuroinflammation/ SNAP-25 and neurotrophin-3
isolation stress Immune activation Impaired glutamatergic
transmission (1 NR2A subunit of
NMDA receptor levels) after
isolation. Impaired GABAergic
and glutamatergic transmission
(reduced GAD-65, GLUTA2 and
phospho-NR2B, subunits of
AMPA receptor)
No changes in levels of GFAP or
BDNF
Huang et al., 2021 Sprague- F Maternal Age-, sex-, and strain- P1-21 and OFT 1 Anhedonia in SPT. | Synaptic plasticity/ | Nissl-stained bodies in the
Dawley rats separation+CUMS matched naive controls P28-61 EZM Time in the center of Synaptic proteins juvenile stressed group in the DG
Food deprivation (24 h) SPT OFT and time in theopen  Neurogenesis or CA1 of the hippocampus. The
water deprivation (24 h), areas of EZM of the Cell marker effect is aggravated in the group
thermal water stimulation juvenile stressed group. that combined maternal
for 5 min, reversal for 24 h, The effect is aggravated separation and juvenile stress
ice water stimulation in the group that | Expression of synaptic and
5 min, cage tilting 45° 24 h, combined maternal neural signalling proteins
wet padding for 24 h, separation and juvenile (PSD95, GAP43, and SYN) in the
crowded squirrel cage 24 h, stress juvenile stressed group. The
empty water bottle 2 h downregulation is aggravated in
the group that combined
maternal separation and juvenile
stress
Jaric et al., 2019 C57BL/6J mice M/ Maternal separation Age-, sex-, and strain- P1-14 and OFT MF: 1 Locomotor activity Gene expression and F: | Levels of Cacnacl (a gene
F + Social isolation matched naive controls P35-56 EPM in the OFT in the group epigenetics. related to psychiatric disorders)
SPT that combined maternal in the group that combined
FST separation during maternal separation during

infancy and social
isolation in the juvenile
period. 1 Latency to
enter the center of OFT
in the group subjected to
social isolation only

infancy and social isolation in the
juvenile period. M was not
affected

MF: 1 Expression of Dnmt1
(epigenetic regulation) in the
group that combined maternal
separation during infancy and
social isolation in the juvenile
period. Dnmt1 could be related
to 1 hyperactivity in OFT

(continued on next page)
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Table 2 (continued)

REF. SPECIES/ SEX STRESS CONTROL GROUP STRESS BEHAVIOR ADULT BEHAVIOR BIOMARKER BIOMARKER RESULTS
STRAIN WINDOW TEST RESULTS
Niwa et al., 2024 CBL57/6J mice F Isolation stress from week Age-, sex-, and strain- Juvenile SIT 1 Immobility (FST, TST), HPA axis Higher CORT levels were in the
postpartum 5-8 matched naive controls stress TST 1 anhedonia (SPT), and group that combined isolation
The isolation stress FST deficits in social novelty stress and partum. Positive
(juvenile) is combined (or SPT recognition but not correlations with the behavioral
not) with a second stressor sociability in SIT in the changes seen in TST and FST
(partum) group that combined No changes in ACTH and CORT
isolation stress and levels with a low dose of DEX
partum (DEX-CRH test) in the isolation
group
Raftogianni et al., Wistar rats F Maternal contact-reward Age-, sex-, and strain- P10-13 FST 1 Immobility time in the HPA axis | Levels of 5-HT and 1 5-HIAA/5-
2012 denial + Isolation stress matched naive controls P30-38 group whose maternal Neurotransmitters HT in the amygdala, 5-HIAA, and
contact-reward was 5-HIAA/5-HT ratio in the PFC.
denied during infancy, These changes in serotonin
and underwent stress in concentrations are evidenced
the juvenile period mostly in the group whose
maternal contact-reward was
denied during infancy. Stress in
all conditions | levels of 5-HT1A
in the PFC and 1 5-HT1A only in
control groups
Ranaei et al., 2020 NMRI mice M Maternal LPS injection + Age-, sex-, and strain- LPS on GD NSFT M: 1 Latency to feed in HPA axis M: 1 Basal and stress-induced
Postnatal mixed stressors: matched controls that were 17 SPT the NSFT, 1 anhedonia HPG axis CORT levels in the group that
footshock, restriction, and the offspring of vehicle- P30, P34, TST (SPT), and immobility combined maternal LPS injection
forced swimming treated mothers that did P38 FST time in the TST and FST during gestation and juvenile

not undergo the stress
protocol

in the group that
combined maternal LPS
injection during
gestation and juvenile
stress

stress compared to control and to
F

M: | testosterone levels in the
group that combined maternal
LPS injection during gestation
and juvenile stress

F: | Estradiol levels in the group
that combined maternal LPS
injection during gestation and
juvenile stress.

There are positive correlations
between the tests and CORT
level, and a negative correlation
between FST and NSFT with
testosterone levels, as well as
CORT and estradiol M offspring
seem to be more vulnerable to
stress than F offspring, evidenced
by the HPA axis and gonadal
hormones

Acronyms in alphabetical order:

2-DG: 2-Deoxy-D-glucose, 3-CSIT: Three chamber social interaction test, 5-HIAA: 5-hydroxyindoleacetic acid, 5-HT: 5-hydroxytryptamine, 5-HT1A: 5-hydroxytryptamine receptor 1A, ACTH: Adrenocorticotropic
hormone, AIT: Agonistic interaction test, AMPA: a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, ASR: Acoustic startle response, AST: Attention-shift task, BDNF: Brain-derived neurotrophic factor, BLA:
Basolateral amygdala, BrdU: 5-Bromo-2-deoxyuridine, CA1l: Cornu ammonis 1, CFC: Contextual fear conditioning, CORT: Corticosterone, CRFR: Corticotropin-releasing factor receptor, CRH: Corticotropin releasing
hormone, CSC: Chronic social comparison stress, CSS: Chronic social stress, CUMS: Chronic unpredictable mild stress (Note that the original studies may have referred to this paradigm as Chronic Unpredictable stress
(CUS) or Chronic Mild Stress (CMS); this terms have been unified into CUMS for clarification), CVS: Chronic variable stress, CVSS: Chronic variable social stress, DEX: Dexamethasone, DG: Dentate gyrus, EBT: Exploratory
behavior test, EPM: Elevated plus maze, EZM: Elevated zero maze test, F: Females, FRAP: Ferric reducing antioxidant power, FST: Forced swimming test, FUST: Female urine sniffing test, G: Gestation day, GAD: Glutamic
acid decarboxylase, GFAP: Glial fibrillary acidic protein, GPx: Glutathione peroxidase, HVA: Homovanillic acid, LDBT: Light-dark box test, LOC: Locomotion test, M: Males, MDA: Malondialdehyde, MAOA: Monoamine
oxidase A, MBT: Marble burying task, mIPSCs: Miniature inhibitory postsynaptic currents, mPFC: Medial prefrontal cortex, MRI: Magnetic resonance imaging, MWM: Morris water maze, NIH: Novelty induced
hypophagia, NORT: Novel object recognition test, NSE: Novel-setting exploration, NSFT: Novelty suppression feeding test, NMDA: N-methyl-D-aspartate, OCMT: Object/context mismatch test, OFT: Open field test,
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OFSIT: Open Field social interaction test, P: Postnatal day, PNN: Perineural nets, PPI: Prepulse inhibition, PSA-NCAM: Polysialylated neural cell adhesion molecule, PT: Partition test, PV: Parvalbumin, PVN: Para-
ventricular nucleus, RIT: Resident-intruder test, SIT: Social interaction test, SOD: Superoxide dismutase, SPBT: Shock-probe burying test, SPT: Saccharine/Sucrose preference test, ST: Splash test, TST: Tail suspension

test, TWSAT: Two-way shuttle avoidance task, VMA: Vanillylmandelic acid, WFA: Wisteria floribunda agglutinin, YMT: Y maze test.

1 Indicates an increase and | indicates a decrease.
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Biological vulnerability further modulated outcomes. Following prena-
tal immune activation, early-to mid-adolescent stress (PND 30-38)
selectively increased feeding latency, anhedonia, and immobility in
males (Ranaei et al., 2020). Predator-based stressors (synthetic fox
odour + elevated platform, PND 28-42) produced strong anxiety, and
immobility (Veenit et al., 2014; Walker and Sandi, 2018), particularly in
high-CORT responders (Walker and Sandi, 2018). Other paradigms,
such as chronic social comparison (Xue et al., 2023) or social isolation,
mainly increased anxiety, with isolation also reducing immobility,
suggesting hyperactivity rather than despair (Ros-Sim¢ et al., 2012).
Strain-dependent stress reactivity also emerged. In this sense,
less-reactive Wistar Kyoto lines showed increased immobility, whereas
highly reactive females showed the opposite (Kim et al., 2021).

Long-term social stress produced mixed outcomes. Hierarchy insta-
bility or prolonged isolation increased anxiety and promoted passive
coping, particularly in vulnerable animals (Schmidt et al., 2010).
However, chronic social stress from PND 30-45 combining isolation,
repeated peer changes and an acute isolation session, induced
depressive-like behavior, and stressed female Long-Evans rats even
showed increased immobility and less climbing compared with controls
(Mathews et al., 2008). In contrast, 31 days of chronic social comparison
stress (CSC) increased immobility in the FST and anxiety-like behavior
in the EPM (more closed-arm entries, reduced center exploration) and
OFT, while leaving social interaction and hedonic responses unaffected
(Xue et al., 2023).

CUMS during early-to mid-adolescence yielded contrasting outcomes
depending on intensity and duration and, in some cases, produced
atypical profiles, such as increased latency to immobility rather than the
expected immobility in the TST (De Lima et al., 2017) or selective
cognitive impairment in males accompanied by overt affective changes
(Page and Coutellier, 2018). In contrast, more intense protocols
consistently increased immobility, anhedonia, anxiety, social with-
drawal, reduced self-care, and/or cognitive impairments, the latter
mainly in males (Yohn and Blendy, 2017; Wang et al., 2018; Xu et al.,
2019, 2024; Aleksic et al., 2022; Takaba et al., 2022; Sun et al., 2023). A
28-day CVSS protocol (PND 22-50) induced anxiety in both sexes and
anhedonia in females (Caruso et al., 2017). Combined maternal sepa-
ration + CUMS (PND 28-61) produced stronger anhedonia and reduced
exploration than either stressor alone (Huang et al., 2021).

Consistent with these findings, mixed stress paradigms applied dur-
ing a comparable developmental window (PND 28-42) also induced
affective alterations, including reduced sociability and, in high-CORT
responders, increased anhedonia and immobility (Bras et al., 2022).
Likewise, exposure similar procedure, such as fox odour combined with
elevated platform, increased anxiety, immobility, and aggression
(Marquez et al., 2013). Restriction-based paradigms applied during this
period (restriction alone or combined with forced swimming) were
associated with increased anxiety-like behavior (Azogu et al., 2018;
Ghalandari-Shamami et al., 2019; Moradi-Kor et al., 2020) and immo-
bility (Ghalandari-Shamami et al., 2019; Moradi-Kor et al., 2020). These
findings suggest that even relatively simple physical stressors can induce
affective alterations when applied during this developmental window.

Stress applied slightly later (during mid-adolescence (= PND 34-46)
produced a distinct and often more sexually divergent profile. Isolation
+ predator stress (PND 34-64) induced male-specific social deficits and
female-specific risk-seeking (Eidson et al., 2019). Early-life adversity
increased vulnerability in females, and when combined with isolation
(PND 35-56), it further amplified hyperactivity without altering anxiety
or immobility (Jaric et al., 2019). Mixed paradigms revealed selective
vulnerabilities. Mixed stress (PND 37-49) induced depressive-like
behavior in females only (Bourke et al., 2011), while juvenile isolation
increased immobility, anhedonia, and impaired social behavior during
the postpartum period, which can be considered a second stressor (Niwa
et al., 2024). Pharmacological stressors also produced sex-specific ef-
fects: chronic corticosterone exposure (PND 30-50) increased immo-
bility in females but had no effect in males (Bertholomey et al., 2022).
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Predator-based stress paradigms during this period reduced explo-
ration and increased anhedonia (Tapocik et al., 2021). In contrast, short
restriction protocols, even when paired with social isolation, failed to
elicit typical depressive-like behaviors but impaired prepulse inhibition
(PPI), indicating a sensorimotor gating deficit rather than canonical
affective disruption (Drzewiecki et al., 2021). Short mixed stress or
mid-adolescent CVS increased immobility and reduced open-arm
exploration (Cotella et al., 2018; Harris et al., 2022b).

Although less extensively studied, stress applied during late-
adolescent stages (=~ PND 47-59) was still associated with affective al-
terations. For example, CVS applied during this window (PND 45-58)
increased immobility in females exclusively when tested in adulthood
(Wulsin et al., 2016). However, a comparative design spanning mid- to
late adolescence (PND 35-50 vs. PND 50-64) found no differences in
FST outcomes, suggesting that sensitivity to this protocol may not differ
across these developmental windows (Jankord et al., 2011).

3.4. Candidate biomarkers of adult depression after juvenile stress

Identifying reliable biomarkers is crucial for understanding how
peripubertal stress enhances long-term vulnerability to mood disorders
and for guiding early interventions. Among preclinical candidates, the
hypothalamic-pituitary—adrenal (HPA) axis stands out due to its central
role in stress regulation. HPA-related parameters were assessed in 59%
of the reviewed studies, underscoring their relevance (see Table 2). It
should be noted that only a small subset of the reviewed studies
explicitly distinguished between resilient and vulnerable animals within
the stress-exposed population (Schmidt et al., 2010; Walker and Sandi,
2018; Kim et al., 2021; Bras et al., 2022). In most cases, biological and
behavioral outcomes were reported by comparing stress-exposed ani-
mals with non-stressed controls, without stratifying individuals ac-
cording to their later behavioral phenotype (see Table 2). Studies
employing two-hit paradigms, where juvenile stress was combined with
an additional stressor occurring either before (most frequently during
early development) or after the juvenile period, reported biological al-
terations that differed from those observed after single-stress exposure.
Rather than simple quantitative increases, these models revealed
distinct molecular and endocrine profiles (Raftogianni et al., 2012;
Arcego et al., 2018; Jaric et al., 2019; Ranaei et al., 2020; Huang et al.,
2021; Niwa et al., 2024), suggesting that combined developmental stress
exposures may help uncover biological signatures associated with
heightened vulnerability that are not readily detectable in single-stress
designs. Notably, only two of these studies applied juvenile stress as
the first hit followed by a second stressor, an approach particularly
relevant for assessing its long-term impact. However, the effects of the
combined stress exposure varied by study and type of second stressor.
Thus, Niwa et al. (2024) reported that alterations emerged specifically
after the second stressor, whereas in Arcego et al. (2018), where the
second challenge was a high-fat diet, effects were more complex, with
some neurobiological changes reverting to control levels despite
persistent depressive-like behavior. These findings suggest that the
impact of juvenile stress depends on the nature of the subsequent
stressor and may involve dissociations between behavioral and biolog-
ical outcomes.

3.4.1. The hypothalamic-pituitary—adrenal (HPA) axis and stress-related
hormones

Although HPA axis alterations are among the most consistent find-
ings following stress exposure, the direction and magnitude of these
changes vary considerably across studies. Depending on the nature,
duration, and developmental timing of the stressor, stress can lead to
either hyperactivation or attenuation of the axis, both of which may
represent maladaptive responses. Such variability likely reflects differ-
ences in feedback regulation, adrenal sensitivity, and steroid receptor
plasticity, as well as sex-specific hormonal modulation.

In this sense, a hyporeactive phenotype, characterized by reduced
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basal and stress-induced corticosterone (CORT) release or enhanced
negative feedback sensitivity, typically emerges after early intermittent
or mixed stress (Wilkin et al., 2012; Li et al., 2015; Wulsin et al., 2016;
Caruso et al., 2017), and is also observed in studies using predator and
restriction protocols during adolescence (Tapocik et al., 2021), where
animals showed reduced CORT levels after stress and increased immo-
bility or anhedonia. This profile appears particularly evident in females
(Wulsin et al., 2016). Conversely, a hyperreactive HPA profile, charac-
terized by elevated basal CORT, adrenal hypertrophy, and exaggerated
stress responses, is frequently observed following social or environ-
mental stress (De Lima et al., 2017; Ranaei et al., 2020), mixed stressors
like forced swim, elevated platform and restraint (Ilin, Richter-Levin,
2009) or CVS combined with restriction (Jankord et al., 2011) restric-
tion stress (Ghalandari-Shamami et al., 2019). CUMS models showed
variable outcomes, including upregulation of GR in male and a differ-
ential expression of GR isoforms in females (Aleksic et al., 2022). In
contrast, in a two-hit model combining juvenile isolation with a high-fat
diet, basal CORT remained unaffected, yet a significant down-regulation
of hippocampal GR was observed (Arcego et al., 2018).

Adolescent CUMS or dexamethasone induced long-term molecular
changes related to depressive-like behavior in males, including miR-
124a and miR-18a overexpression, which reduced GR levels, and
FKBP5 upregulation, which inhibited GR activity, disrupting HPA
regulation (Xu et al., 2019). Peripubertal stress increased Crhrl mRNA
in hippocampus and amygdala, without affecting Crhr2, and was asso-
ciated with social deficits and increased immobility (Veenit et al., 2014).

In a two-hit model (maternal separation + adolescent isolation),
females showed increased Nr3cl and Egrl expression and reduced
Nr3cl methylation, primarily driven by maternal separation, while
isolation modulated these effects. Conversely, Dnmtl expression
reached its highest levels in the combined stress group, a distinct mo-
lecular change that was associated with synergistically amplified hy-
peractivity, a phenotype in which males were more strongly affected
(Jaric et al., 2019). Sex- and strain-specific responses were also evident.
Distinguishing between highly and less stress-reactive animals, less rats
showed generally higher hippocampal Nr3c1 expression than WMI, with
modest sex-specific differences, while early adolescent stress did not
significantly alter Nr3cl levels, indicating these patterns reflect consti-
tutive strain effects (Kim et al., 2021).

In adulthood, adolescent stress exposure also led to reduced GR and
AVP mRNA and increased OXT mRNA in the PVN, associated with HPA
hyporresponsivity and delayed-onset depressive-like behavior (Wulsin
et al., 2016). Still, behavioral symptoms and endocrine output do not
always align. Thus, hypocorticosteronaemic mice showed mild hyper-
locomotion despite enhanced CORT reactivity, while transient CORT
elevations normalized in adulthood even though behavioral deficits
persisted (Ros-Simo et al., 2012; Bras et al., 2022). Furthermore, altered
GR isoforms and increased FKBP5 expression in the PFC without changes
in circulating CORT (Aleksic et al., 2022).

Finally, some models exhibit depressive- and anxiety-like behaviors
in the absence of HPA axis alterations. In this sense, Lovelock and Deak
(2019) reported increased anxiety and reduced sociability in males
following adolescent footshock without changes in HPA-related genes,
whereas Bourke and Neigh (2011) observed increased immobility and
anhedonia in females without HPA alterations. Together, these findings
suggest that glucocorticoid measures alone are insufficient predictors of
stress-related behavior, supporting a more integrative framework
encompassing endocrine, neural, and immune mechanisms.

Mid-to late-adolescent chronic variable stress reduced oxytocin
levels and increased vasopressin. However, despite increased suscepti-
bility to the central and peripheral effects of chronic stress, late-
adolescent animals remained resistant to its behavioral consequences
(Jankord et al., 2011).

3.4.2. Neurotransmission systems and stress response
Neurochemical markers, particularly glutamatergic and GABAergic,
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were reported in ~27% of studies. Glutamatergic signaling, emerged as
a consistent feature of adolescent stress although not always directly
correlated with behavioral alterations. Thus, in C57BL/6J males
exposed to adolescent CUMS; NR2B upregulation and an increased
NR2B:NR2A ratio were observed in the PFC, accompanied by height-
ened anxiety-like behavior (Page and Coutellier, 2018). Similarly, early
social isolation in Wistar rats led to NR2A elevation in the hippocampus,
associated with depressive-like behavior in adulthood (Arcego et al.,
2018). Chronic corticosterone exposure markedly reduced BLA levels of
GluA1 and GluA2/3 in females, accompanied by behavioral alterations,
whereas in males it increased these markers, consistent with a resilient
phenotype (Bertholomey et al., 2022). Additionally, females showed an
increase in GluN1 density in PV+ neurons of the thalamic reticular
nucleus, alongside significant depressive-like behavior (evidenced by
reduced number of licks in the sucrose splash test) (Alcaide et al., 2024).

Additional evidence supports the role of inhibitory signaling in stress
susceptibility. GAD65+/— mice showed resilience to variable stress but
not to prolonged isolation, suggesting that delayed GABAergic matura-
tion selectively modulates stress vulnerability, whereas complete
GADG65 deficiency increases susceptibility to stress-induced behavioral
alterations (Miiller et al., 2014). Furthermore, high-fat diet, either alone
or combined with early social isolation, reduced hippocampal
GABAergic marker GAD 65, indicating impaired inhibitory trans-
mission, whereas stress alone had no significant effect (Arcego et al.,
2018).

Multiple studies have shown long-lasting alterations in the mono-
aminergic system, classically linked to depression, following early or
adolescent stress, often in a sex- and region-specific fashion. In female
Wistar rats, neonatal reward deprivation combined with adolescent
isolation reduced 5-HT levels and increased serotonin turnover in the
amygdala and PFC, alongside increased immobility in the FST. In
contrast, early reward exposure increased baseline 5-HT and 5-HT1A
receptor levels but did not confer resilience (Raftogianni et al., 2012).

Adolescent CUMS induced persistent reductions in serotonin and
noradrenaline in the hippocampus and hypothalamus, as well as
decreased cortical serotonin, alongside increased dopamine turnover in
the cortex. These neurochemical alterations were associated with
emotional hyperarousal, hyperactivity, and memory deficits in adult-
hood (De Lima et al., 2017). Similarly, adolescent stress upregulated
5-HTs receptor mRNA in the PFC, which was linked to elevated anxiety-
and depression-like behaviors, potentially via BDNF downregulation
(Moradi-Kor et al., 2020). Early life stress also induced increased MAOA
and 5-HTT mRNA expression and H3 histone acetylation at the MAOA
promoter in the PFC, associated with heightened aggression, anxiety,
and depressive-like behavior, suggesting an epigenetic mechanism of
serotonergic dysregulation (Marquez et al., 2013).

Moreover, in the PFC, juvenile stress has been shown to increase
dopamine levels in association with heightened anxiety (Luo et al.,
2014), and to elevate tyrosine hydroxylase (TH) expression, a change
linked to increased risk-taking behavior (Harris et al., 2022a).

Sex-dependent changes were also reported. In this regard, pubertal
stress induced opposite changes in dopamine turnover in males and fe-
males, with striatal dopamine turnover increasing in females but
decreasing in males, effects that persisted into adulthood (Harris et al.,
2022b). In an exclusively male cohort, chronic juvenile stress increased
anxiety-like behavior, associated with reduced noradrenaline in the
amygdala and lower 5-HIAA in the mPFC, while dopamine levels in the
mPFC were elevated and correlated with behavioral outcomes (Luo
et al., 2014). Increased TH+ fiber density in the prelimbic cortex was
also observed independently of sexes (Harris et al., 2022b), along with
further evidence of 5-HTs upregulation in adult female PFC (Moradi-Kor
et al., 2020).

3.4.3. Neuroinflammatory mechanisms linking stress and depression
In recent years, dysregulation of the immune system and increased
inflammation have been increasingly implicated in stress-induced
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depression.

Acute adult stress increased IL-1p and IL-6 expression, which was not
further sensitized by footshock-induced juvenile stress (Lovelock and
Deak, 2019). In contrast, adolescent CUMS produced a persistent
upregulation of IL-1p and IL-6 in the PFC and hippocampus, accompa-
nied by increased Jmjd3 and reduced H3K27me3, epigenetic changes
linked to greater stress vulnerability in adulthood (Wang et al., 2018).
Adolescent predatory stress induced sex-dependent neuroinflammatory
dysregulation, with reduced cortical IL-1f, IL-6, and TNF mRNA, and
increased hippocampal TNF, Len2, and CCL2, as well as amygdalar CCL2
and elevated plasma cytokines (IL-10, IFN-y, IL-2) in females. These
molecular alterations were accompanied by reduced social interaction
and social novelty preference in males and altered open-field behavior in
females, and unchanged sucrose preference, indicating selective
socio-emotional vulnerability without anhedonia (Eidson et al., 2019).

Changes in microglia, the main immune cells of the brain, have been
consistently associated with neuroinflammation. Thus, the increase in
amoeboid, stress-reactive microglia was linked to anhedonia, as mino-
cycline treatment, a microglial activation inhibitor, prevented this
phenotype (Wang et al., 2018). Similarly, peripubertal stress elevated
hippocampal IBA-1 and TNF-a expression and promoted microglial
activation, evidenced by reduced branching, particularly in rats with
high corticosterone responses, which also exhibited anhedonia and
passive coping behaviors (Bras et al., 2022). Increased miR-342 levels
were also reported (Bras et al., 2022) that potentially may perpetuate
the inflammatory response. Moreover, animals with a high corticoste-
rone responder phenotype (H-CSR) showed elevated IL-6 levels in the
mPFC and nucleus accumbens, independent of stress exposure, indi-
cating a baseline pro-inflammatory profile associated with this pheno-
type (Bras et al., 2020). Finally, adolescent stress induced neuronal
damage in the hippocampus, characterized by disrupted neuronal
morphology and reduced Nissl bodies, observed in CA1 and CA3 with no
significant changes in the dentate gyrus (Xu et al., 2024), and in CA1 and
DG when aggravated in a two-hit stress paradigm (Huang et al., 2021).
These alterations were associated with anhedonia and depressive-like
behaviors, including reduced sucrose preference (Xu et al., 2024;
Huang et al., 2021).

Adolescent chronic restraint stress increased malondialdehyde
(MDA) levels, a marker of lipid peroxidation, and enhanced the activity
of antioxidant enzymes (glutathione peroxidase and superoxide dis-
mutase), while significantly reducing total antioxidant capacity in the
PFC. These oxidative alterations were accompanied by anxiety and
depressive-like behaviors, particularly impaired stress-coping strategies
(Moradi-Kor et al., 2020).

3.4.4. Neuroplasticity alterations as biomarkers of stress-induced
depression

Other widely studied biomarkers in depression include indicators of
neuroplasticity and neurotrophic support, particularly adult hippo-
campal neurogenesis, dendritic remodeling, and neurotrophin signaling
(e.g., BDNF). These mechanisms are highly sensitive to early-life stress
and have been consistently associated with long-term emotional and
cognitive vulnerability (Leschik et al., 2021; Takahashi and Shelton,
2025).

Stress-related impairments in neurotrophic and synaptic plasticity
are evidenced by decreased BDNF levels in the medial PFC and dorsal
hippocampus following chronic social comparison stress, paralleled by
depression- and anxiety-like behaviors (Xue et al., 2023). Similarly,
restraint stress in adolescent females reduced BDNF content and mRNA
in the PFC, correlating with increased anxiety and depressive-like
behavior (Moradi-Kor et al, 2020). In contrast, early- to
mid-adolescent CUMS induced sex-specific alterations in BDNF mRNA
expression. In females, BDNF mRNA levels decreased in the hippocam-
pus and the prefrontal cortex (PFC), whereas in males, CUMS increased
BDNF mRNA in the PFC, with no reported increase in the hippocampus.
These changes were associated with depressive-like behavior (Aleksic
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et al.,, 2022). Altered BDNF signaling through TrkB has also been
observed. Thus, early-life social isolation reduced TrkB receptor and
phospho-AKT levels in the hippocampus, reflecting impaired neuro-
trophic signaling (Arcego et al., 2018). In contrast, combined adolescent
stress decreased TrkB.FL and TrkB.T1 expression in the nucleus
accumbens of males, while increasing their expression in the prefrontal
cortex, changes that were accompanied by heightened anxiety-like
behavior (Azogu et al., 2018). Moreover, downregulation of SIRT1, a
NAD*-dependent deacetylase, has been reported in the PFC and hippo-
campus of adult mice. Reduced SIRT1 expression disrupts synaptic and
neurotrophic plasticity, independently of BDNF, and has been linked to
depressive-like phenotypes, including behavioral despair, anxiety,
anhedonia, and social withdrawal (Takaba et al., 2022).

Beyond neurotrophins, several studies highlight structural and mo-
lecular alterations linked to reduced synaptic remodeling. Combined or
two-hit stress paradigms, such as maternal separation plus juvenile
CUMS, aggravated these effects, producing greater reductions in syn-
aptic plasticity proteins (SYN, PSD-95, GAP-43) and more severe
emotional disturbances than single stress (Huang et al., 2021). Similarly,
mixed adolescent stress reduced PSA-NCAM in the thalamic reticular
nucleus specifically in females (Alcaide et al, 2024), and
footshock-induced juvenile stress decreased apical spine density of
mPFC pyramidal neurons while increasing immobility (Aikawa et al.,
2020).

Regarding hippocampal cell proliferation, social defeat stress (SDS)
impaired adolescent neurogenesis and induced emotional disturbances.
Although proliferation levels normalized over time and these neural
deficits did not persist into adulthood, the emotional disturbances
remained (Kovalenko et al., 2014). By contrast, SDS or mixed stressors
do not significantly affect adult neurogenesis or long-term neuronal
survival (Harris et al., 2022a).

3.4.5. Neuronal activation and brain energetic metabolism

In addition, various adolescent stress paradigms have been linked to
sustained changes in immediate-early gene expression and neuronal
activation. For instance, acute footshock during juvenile period in rat
(PND 29-30) selectively enhanced c-Fos expression in the medial
amygdala (MeA) in response to adult stress, without promoting
depressive-like behavior but increasing anxiety and neophobia in adult
males (Lovelock and Deak, 2019). Similarly, repeated live predator
exposure across adolescence (PND 31, 46, 61) increased c-Fos expres-
sion in the dorsal raphe nucleus and lateral habenula, regions implicated
in mood and stress regulation, and was associated with reduced
saccharin preference, diminished exploration, a behavioral profiles
consistent with anhedonia and anxiety (Tapocik et al., 2021).

By contrast, chronic variable stress during late adolescence (PND
40-54) led to reduced Fos-B like immunoreactivity in the PVN following
adult stress exposure, suggesting increased inhibitory tone in central
stress circuits. This was accompanied by enhanced passive coping
(increased immobility in the FST) and reduced exploratory behavior
(Cotella et al., 2018).

Similarly, peripubertal stress altered basal brain metabolism, as
evidenced by increased 2-DG uptake in the orbitofrontal and prelimbic
cortex, indicating heightened neuronal activity in stressed and high-line
rats. An increase in the dorsal hippocampus was observed in high-line
rats regardless of stress exposure. These findings suggest that adoles-
cent stress modifies both neuronal activation and baseline metabolic
function, contributing to long-term emotional vulnerability, particularly
in animals with a high corticosterone response (Walker and Sandi,
2018).

3.4.6. Changes in brain morphology

Adolescent stress has also been shown to alter brain morphology.
Specifically, peripubertal stress reduced the volume of the thalamic
reticular nucleus in adult females, measured using PV+ cell boundaries,
and was associated with depressive-like behavior emerging in adulthood
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(Alcaide et al., 2024). Juvenile footshock stress consistently impaired
medial PFC structure and cortical thickness and reduced dendritic
complexity and apical spine density in infralimbic pyramidal neurons
(Lyttle et al., 2015) or in mPFC (Aikawa et al., 2020). These convergent
alterations were associated with depressive-like outcomes emerging in
adulthood. Pubertal isolation and restriction stress reduced medial PFC
gray matter volume, likely reflecting loss of neurons, synapses, and
dendritic spines in males. This structural change predicted behavioral
vulnerability, including impaired sensorimotor gating (Drzewiecki
etal., 2021). Adolescent chronic variable stress reduced dendritic length
and branching in pyramidal neurons of the infralimbic and prelimbic
cortex, measured in adulthood, and was associated with persistent
anxiety- and depression-like behaviors (Ghalandari-Shamami et al.,
2019).

3.4.7. Body weight and microbiota

Several studies reported reduced weight gain during or after juvenile
stress exposure (Jankord et al., 2011; Wulsin et al., 2016; Eidson et al.,
2019), whereas others found rebound weight gain or metabolic shifts
later in adulthood (Bourke and Neigh, 2011). Some models showed
altered adiposity (Eidson et al., 2019) or altered hormone profiles (e.g.,
decreased testosterone and estradiol) correlated with depressive-like
immobility (Ranaei et al., 2020). Conversely, other stress paradigms
resulted in reduced body weight associated with anhedonia and anxiety
(Tapocik et al., 2021). However, weight changes alone were not a reli-
able predictor of psychopathology, as they were not consistently asso-
ciated with behavioral alterations. Instead, persistent physiological
changes, such as adrenal hypertrophy or reduced thymus size and body
fat following late-adolescent stress (Jankord et al., 2011), may reflect
underlying stress-related adaptations, even in the absence of overt
behavioral deficits. Consistent with this, several studies identified
stress-induced gut dysbiosis as a relevant pathway. Changes in microbial
composition were associated with depressive-like behaviors. For
example, increased abundance of Enterococcus, Butyrivibrio, Roseburia,
Clostridium_XlVa and Mucispirillum correlated positively with
depression-like behaviors, whereas Barnesiella showed a negative,
possibly protective, association (Xu et al., 2024). Adolescent CUMS
produced persistent alterations in microbiota diversity and composition,
including increases in Enterococcus and shifts in the Firmicu-
tes/Bacteroidetes ratio, changes directly linked to anxiety- and
depression-like behaviors (Xu et al., 2024). In contrast, adolescent
predatory stress did not alter faecal inflammatory protein levels or other
gut dysfunction markers, though it did increase retroperitoneal fat in
males (Eidson et al., 2019).

3.5. Sex- and individual-dependent differences in both the effects of
juvenile stress and the predictive value of identified biomarkers

Depression is nearly twice as prevalent in women as in men, with
stress being one of the main environmental contributors to its onset.
Although it is well established that women are more vulnerable to stress-
related disorders than men (Bourke and Neigh, 2011), sex differences in
the long-term impact of juvenile stress on adult depression remain
underexplored. Some animal studies have shown that female rodents
exhibit stress sensitivity comparable to that of women (Desbonnet et al.,
2008; Marchette et al., 2018; Kuske and Trainor, 2022), suggesting that
these models may offer valuable insights into the sex-specific effects of
juvenile stress on depressive outcomes in adulthood. However, of the 50
studies that met the inclusion criteria for this review, only 20 included
both sexes and analyzed sex differences. While this reflects a notable
improvement compared to earlier literature, it still represents a limited
proportion given the fundamental relevance of sex as a biological vari-
able in stress and depression research (Prendergast et al., 2014; Becker
et al., 2016; Shansky, 2019, Shansky, Murphy, 2021; Rechlin et al.,
2022; Holloway and Lerner, 2024). Among the studies specifically
assessing sex differences, three reported no male-female differences in
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anxiety- or depressive-like outcomes following juvenile stress (Yohn and
Blendy, 2017; Aleksic et al., 2022; Drzewiecki et al., 2021). Across these
protocols, following 12-day CUS from P28-40 (Aleksic et al., 2022),
male and female animals showed overlapping adult phenotypes. Simi-
larly, 12 days of CUS administered either in adolescence (P28-40) or
adulthood (P70-82) produced equivalent anxiety indices and compa-
rable increases in FST immobility in both sexes but only adolescent
stress induced long-lasting anxiety-like behavior (Yohn and Blendy,
2017). Similarly, peripubertal restriction and isolation induced prepulse
inhibition (PPI) deficits in both males and females, but only at puberty
onset and not at later stages, indicating disrupted sensorimotor gating
(Drzewiecki et al., 2021). However, even when affective phenotypes
overlap, distinct sexually dimorphic trajectories can emerge in other
systems (Yohn and Blendy, 2017).

Conversely, several studies identified behavioral endpoints that were
equally affected in both sexes. Intermittent physical stress during early
adolescence reduced open-arm exploration in the EPM to a similar de-
gree in male and female Long-Evans rats. During mid adolescence the
same paradigm increased immobility and altered EPM exploration in
both sexes (Wilkin et al., 2012). Together, these findings suggest that
some anxiety- and exploration-related measures remain sex-neutral
despite variation in adolescent stress paradigms.

Beyond this shared effect, clear baseline dimorphisms were evident.
Specifically, sex differences spanned locomotor, social, and affective
domains, sometimes appearing independently of adolescent stress
exposure. Females consistently showed greater horizontal activity
(Lovelock and Deak, 2019) and increased open-arm exploration in the
elevated-plus maze (Bertholomey et al., 2022), as well as more
stretch-attend postures and unprotected head-dips in an ethological
EPM battery (Azogu et al., 2018), whereas vertical activity was variable
across studies (Azogu et al., 2018; Lovelock and Deak, 2019). They
displayed higher sucrose preference in basal test sessions or upon
reaching adulthood (PND 84) (Bertholomey et al., 2022), suggesting
lower basal anxiety-like behavior and greater reward sensitivity. Other
behavioral measures have reinforced the view that females display a
more active and less reactive behavioral profile, as evidenced by
increased swimming and reduced immobility in the forced-swim test
(Lovelock and Deak, 2019; Drzewiecki et al., 2021; Bertholomey et al.,
2022) and diminished acoustic startle responses (Drzewiecki et al.,
2021). Conversely, male controls tend to freeze longer than females
during fear-extinction sessions, indicating greater persistence of condi-
tioned fear (Bertholomey et al., 2022). Taken together, these findings
delineate a multifaceted baseline sex dimorphism, marked by height-
ened behavioral activation in females and more sustained fear responses
in males, which should be taken into account when evaluating the
consequences of adolescent stress.

Despite these baseline differences, the impact of adolescent stress
revealed a more nuanced and sex-specific pattern. Although several
investigations reported sex-dependent alterations in particular behav-
ioral domains, these effects were not consistently biased toward
heightened female susceptibility. In fact, multiple studies demonstrated
that males often showed greater vulnerability across anxiety, social, and
cognitive domains, whereas females were either less affected or dis-
played distinct adaptive responses. For instance, adolescent footshock
exposure increased anxiety-related behaviors in males, evidenced by
reduced time in the light, increased latency to re-enter it, fewer transi-
tions, and diminished exploratory head pokes, while females remained
unaffected (Lovelock and Deak, 2019). In C57BL/6J mice subjected to
chronic unpredictable mild stress (CUMS), females did not exhibit sig-
nificant cognitive deficits compared to males (Page and Coutellier,
2018). Similarly, under a chronic adolescent paradigm combining
predator cues and social isolation (PND 34-64), stressed males showed
robust social-interaction deficits at late-adolescent to early adulthood
(PND 65-67) stages, while females remained socially intact (Eidson
et al,, 2019). In Long-Evans rats, prepubertal juvenile stress (PND
22-33) increased forced-swim immobility in males, whereas
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mid-adolescent exposure (PND 35-46) produced a sex-neutral increase
in exploration (Wilkin et al., 2012). Ranaei et al. (2020) reported that
male offspring of LPS-treated dams exposed to peripubertal stress dis-
played marked increases in latency to feed, anhedonia, and immobility
in both the tail-suspension and forced-swim tests, effects absent in fe-
males and in those exposed to stress alone, supporting a male-selective
vulnerability. Likewise, brief juvenile stress (PND 27-29 in Spra-
gue-Dawley rats) combining forced swimming, elevated platform, and
restraint produced altered motivational responses in the
novelty-induced hypophagia test (Harris et al., 2022a). Finally, in
C57BL/6J mice exposed to 10 days of combined restraint, bright light,
and noise, males displayed working-memory impairments in the
Y-maze, while females showed elevated anxiety behavior in the light/-
dark box, but preserved cognitive performance (Fariborzi et al., 2021).

Nevertheless, other studies describe the opposite trend, with female-
selective increases in anxiety, anhedonia, or passive coping, consistent
with epidemiological data showing higher rates of stress-related psy-
chopathology in women. For example, female C57BL/6J mice exposed
to a 10-day repeated-stress protocol exhibited increased avoidance in
light/dark box, an effect absents in males (Fariborzi et al., 2021).
Similarly, brief juvenile stress (PND 27-29 in Sprague-Dawley rats)
reduced rearing behavior in Sprague-Dawley females but not in males
(Harris et al., 2022a). In addition, adolescent predator-based stress
combined with isolation caused females to enter the center of the open
field more quickly, suggesting altered risk processing relative to males
(Eidson et al., 2019).

In affective domains, female Sprague-Dawley rats chronically treated
with corticosterone from PND 30 to PND 50 showed increased forced-
swim immobility (Bertholomey et al., 2022), and similar effects
emerged in stressed Wistar females subjected to combined isolation,
restraint, and social defeat (PND 37-49) (Bourke and Neigh, 2011).
Chronic social stress also increased immobility in Long-Evans females
(Mathews et al., 2008), and reduced sucrose preference, indicative of
anhedonia, was consistently observed in females across diverse para-
digms, including BALB/cJ mice exposed to chronic variable social stress
(Caruso et al., 2017) and C57BL/6J mice with early-life maternal sep-
aration but not after adolescent isolation (Jaric et al., 2019).

Collectively, these findings indicate that, although several behav-
ioral endpoints remain sex-neutral after adolescent stress, clear diver-
gence emerges across functional domains. Males more often exhibit
pronounced impairments in cognitive, social, sensorimotor, and anxiety-
related behaviors, whereas females show particularly salient vulnera-
bilities in emotional and hedonic dimensions. Altogether, these patterns
underscore that adolescent stress gives rise to complex and domain-
specific sex differences, rather than uniform susceptibility across sexes.

4. Discussion

The present review provides convergent evidence that juvenile stress
constitutes a robust environmental risk factor for the emergence of
depression-related phenotypes in adulthood. Across species, strains, and
paradigms, most studies reported persistent alterations in emotional,
motivational, or social domains following adolescent stress exposure.
Only a minority of studies failed to show canonical “depressive-like”
outcomes. However, even in these cases, increases in anxiety-like be-
haviors (Luo et al., 2014; Page and Coutellier, 2018; Walker and Sandi,
2018) or cognitive impairment, particularly in males (Page and Cou-
tellier, 2018), were reported, both of which fall within the broader
depressive-symptom spectrum. Taken together, these findings support
the notion that juvenile stress rarely leaves brain and behavior unaf-
fected but instead biases developmental trajectories toward maladaptive
outcomes, among which depression is common but not exclusive.
Moreover, the nature of these outcomes depends critically on the timing,
type, and duration of the stressor, the animal strain, and sex, which
consistently shapes vulnerability and the specific phenotype that
emerges.
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Looking across studies, our analysis further indicates that the
behavioral impact of juvenile stress is strongly modulated by the char-
acteristics of the stressor itself. Early adolescent (before ~PND 34) or
mid adolescent exposures tended to yield weaker or inconsistent
depressive-like outcomes, particularly when stressors were brief or of
low intensity (Raftogianni et al., 2012; Harris et al., 2022b). Under these
conditions, studies frequently reported anxiety changes or even reduced
immobility, patterns that likely reflect hyperactivity rather than true
resilience (Ros-Simo et al., 2012; Luo et al., 2014). In contrast,
longer-lasting or more complex paradigms, especially those combining
physical, social, and ethologically relevant threats, produced robust and
enduring alterations, including increased immobility, anhedonia, social
withdrawal, and cognitive impairments, and in several cases these ef-
fects differed between sexes (Bourke and Neigh, 2011; Marquez et al.,
2013; Kovalenko et al., 2014; Xu et al., 2019, 2024; Fariborzi et al.,
2021). Mixed stressors, social defeat, predator-based cues, and chronic
variable stress during the peripubertal period were particularly effective
at inducing persistent emotional dysregulation (Schmidt et al., 2010;
Veenit et al., 2014; Wulsin et al., 2016; Fariborzi et al., 2021). Moreover,
juvenile stress is often exacerbated by pre-existing vulnerabilities such
as such as early-life maternal immune activation (Ranaei et al., 2020) or
strain-dependent reactivity (Kim et al., 2021).

In line with this heterogeneity, identifying biomarkers that reliably
predict divergent outcomes remains challenging. Among these, HPA axis
studies showed the greatest inconsistency, with juvenile stress produc-
ing both hyporeactive (Li et al., 2015; Wulsin et al., 2016; Caruso et al.,
2017; Tapocik et al., 2021) and hyperreactive profiles (Ilin,
Richter-Levin, 2009; Jankord et al.,, 2011; De Lima et al.,, 2017;
Ghalandari-Shamami et al., 2019; Ranaei et al., 2020; Niwa et al., 2024).
These  alterations were  sometimes behaviorally aligned
(Ghalandari-Shamami et al., 2019) particularly in males (Ranaei et al.,
2020), sometimes opposite (Caruso et al., 2017; Tapocik et al., 2021),
and in other cases completely uncoupled from behavior (Mathews et al.,
2008; Arcego et al., 2018; Aleksic et al., 2022; Bertholomey et al., 2022;
Bras et al., 2022). Such variability underscores that HPA output alone
cannot account for stress-induced phenotypes.

Peripheral markers were again heterogeneous, with some models
showing adrenal hypertrophy or reduced thymus/body fat (Jankord
et al., 2011), while others revealed microbiota alterations associated
with emotional outcomes (Xu et al., 2024) or no detectable changes
(Eidson et al., 2019).

Despite the marked heterogeneity across neurotransmission studies,
much of this variation stems from methodological differences, as studies
rarely assess the same neurotransmitter systems, regions, or molecular
endpoints. Even so, a coherent vulnerability pattern emerges. In this
sense, disruptions in glutamatergic signaling, particularly increased
NMDA receptor subunits (Arcego et al., 2018; Page and Coutellier,
2018), and monoaminergic transmission (Raftogianni et al., 2012; Luo
et al., 2014) or 5-HTs receptor upregulation (Moradi-Kor et al., 2020)
consistently align with heightened susceptibility, whereas preserved or
enhanced AMPA-mediated plasticity or higher GluAl and GluA2/3
expression in the BLA tends to be associated with resilience
(Bertholomey et al., 2022).

In the inflammatory domain, variability is also evident. While some
paradigms show no sensitization after juvenile stress of cytokine re-
sponses (Lovelock and Deak, 2019), others report persistent elevations
or sex- and region-specific increases (Wang et al., 2018; Eidson et al.,
2019). Across studies, changes in IL-1f, IL-6 and TNF-a were more
consistently associated with anxiety-related outcomes, whereas links
with classical depressive-like measures were more variable and often
dependent on individual stress reactivity profiles (Lovelock and Deak,
2019; Wang et al., 2018; Eidson et al., 2019; Aleksic et al., 2022; Bras
et al., 2022). In particular, pro-inflammatory increases (e.g., IL-1p, IL-6,
TNF-a) were most prominent in high corticosterone-responsive animals,
where they were accompanied by both anxiety- and depressive-like
behaviors, while in other conditions inflammatory changes were not
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consistently associated with anhedonia or immobility (Lovelock and
Deak, 2019; Wang et al., 2018; Eidson et al., 2019; Aleksic et al., 2022;
Bras et al., 2022).

By contrast, neuroplastic alterations showed the clearest conver-
gence among biomarker domains. Rather than a simple downregulation
of neurotrophins, juvenile stress precipitated a multifaceted collapse of
neuroplasticity. This was characterized by profound dysregulation of the
BDNF/TrkB signaling pathway (Azogu et al., 2018; Moradi-Kor et al.,
2020; Aleksic et al., 2022; Xue et al., 2023), alongside severe structural
and functional synaptic impairments (Aikawa et al., 2020; Huang et al.,
2021; Takaba et al., 2022 (limited to SIRT1); Alcaide et al., 2024; Xu
et al., 2024), but not hippocampal neurogenesis long-term changes
(Kovalenko et al., 2014, Harris et al., 2022a).

Adolescent stress has also been shown to consistently alter brain
morphology, with the PFC, a region critically involved in emotional
regulation, emerging as the most frequently affected structure, which
may help explain the heightened vulnerability observed in adulthood
(Lyttle et al., 2015; Ghalandari-Shamami et al., 2019; Aikawa et al.,
2020; Drzewiecki et al., 2021). In addition to these structural alter-
ations, adolescent stress also modifies neuronal activation patterns and
baseline metabolic function, further contributing to long-term
emotional vulnerability (Walker and Sandi, 2018).

Taken together, the evidence indicates that juvenile stress gives rise
to multiple, partially distinct neurobiological trajectories rather than a
single depressive pathway. Even so, when specific biological domains
are examined, they often show coherent alterations following juvenile
stress. In this regard, the findings of the review reveal marked hetero-
geneity in HPA-axis and peripheral markers, which limits their utility as
standalone biomarkers. By contrast, more consistent patterns emerge in
neuroplasticity, PFC structural changes, and alterations in neuronal
activation and baseline metabolic function, suggesting that these do-
mains may offer more reliable indicators of long-term vulnerability.

Establishing the pathological nature of these biological alterations,
however, requires a careful methodological consideration. These find-
ings should be interpreted considering potential biases across the
included studies, which may contribute to the observed heterogeneity.
Because most studies compared stress-exposed animals with non-
stressed controls, the observed changes cannot always be interpreted
unequivocally as markers of vulnerability to stress. In the present re-
view, biomarker alterations are therefore interpreted in relation to
functional outcomes. In line with the NIMH Research Domain Criteria
(RDoC) framework, a biological change is considered indicative of
vulnerability when it is statistically associated with a deficit in a relevant
behavioral domain. Notably, only a very limited number of studies
explicitly distinguished between resilient and vulnerable individuals
within the stress-exposed population. The few studies that did stratify
animals according to stress susceptibility reported biological alterations
selectively in the vulnerable subgroup, supporting the interpretation of
these changes as vulnerability-related signatures rather than generalized
adaptive responses to juvenile stress (Schmidt et al., 2010; Walker and
Sandi, 2018; Kim et al., 2021; Bras et al., 2022). Although several studies
employed two-hit paradigms and generally reported that combined
stress exposure produces greater behavioral and biological alterations
than a single stressor (Raftogianni et al., 2012; Jaric et al., 2019; Ranaei
etal., 2020; Huang et al., 2021; Niwa et al., 2024), only two specifically
applied a second stressor following juvenile stress, and in these cases the
findings were inconsistent, with Niwa et al. (2024) reporting exacer-
bated effects, whereas Arcego et al. (2018) found no additional impact
beyond juvenile stress alone.

Future studies should incorporate designs capable of distinguishing
resilient from susceptible individuals, for example through phenotypic
stratification or the identification of predictive biomarkers prior to
phenotype expression. In parallel, the use of two-hit paradigms, where
juvenile stress is followed by a second challenge, may provide a com-
plementary framework to uncover vulnerability-related biomarkers by
revealing latent susceptibilities not evident after a single stress exposure.
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Together such strategies would help to more precisely identify biological
markers specifically associated with vulnerability to stress.

Finally, sex differences provide an additional layer of complexity and
help explain part of the heterogeneity observed across behavioral and
biological outcomes. Sex is a major determinant of stress responsivity
and depression risk, yet only ~38% of the included studies assessed
males and females separately, which limits the strength of conclusions
and may partially account for inconsistent biomarker patterns reported
above.

At baseline, females and males already differ in emotional reactivity
and reward sensitivity (Lovelock and Deak, 2019; Drzewiecki et al.,
2021; Bertholomey et al., 2022), indicating that juvenile stress acts upon
sex-specific starting points rather than a neutral substrate. This baseline
dimorphism is essential for interpreting downstream changes. Although
clinical evidence shows greater stress sensitivity in females, this
vulnerability did not emerge uniformly across preclinical paradigms. No
clear sex-specific effects were detected in anxiety- or depressive-like
outcomes after CUMS (Yohn and Blendy, 2017; Aleksic et al., 2022).
Peripubertal restraint and isolation specifically impaired PPI
(Drzewiecki et al., 2021). This suggests that sex differences are not
universal but depend strongly on the nature, timing, and intensity of the
stressor.

When differences were found, they followed two complementary
patterns. Thus, males tended to be more sensitive to physical or high-
intensity early-to-mid adolescent stress, showing cognitive impair-
ments, anxiety-like behavior, or learned helplessness (Wilkin et al.,
2012; Page and Coutellier, 2018; Lovelock and Deak, 2019; Fariborzi
et al., 2021; Harris et al., 2022b). By contrast, females were more
affected by mid-to-late adolescent stressors, particularly social or
chronic paradigms, displaying marked socio-emotional alterations and
hedonic deficits (Bourke and Neigh, 2011; Caruso et al., 2017).
Conversely, stress restricted to the pubertal window has been shown to
induce anhedonia selectively in adult males (Harris et al., 2022b). These
findings indicate that sex differences do not conform to a strict mal-
e—cognitive/female-affective dichotomy, but instead depend critically
on the nature, timing, and genetic background of the stressor.

These findings collectively suggest that sex interacts with develop-
mental timing to shape behavioral outcomes, rather than conferring
uniform vulnerability in one sex. Corresponding biomarker patterns
reflect these sex-dependent trajectories, with females generally showing
higher baseline GluA1 and GluA2/3 expression in the BLA (Bertholomey
et al., 2022) and more pronounced neuroimmune and neuroplastic al-
terations after stress (Alcaide et al., 2024), including changes in hip-
pocampal IL-1f and BDNF expression. In contrast, males display distinct
stress-induced responses, such as increased PFC BDNF expression
(Aleksic et al., 2022) and opposite patterns of serotonergic and norad-
renergic turnover (Harris et al., 2022a, 2022b), while volumetric mPFC
loss is generally more pronounced in females (Drzewiecki et al., 2021).
These sex-specific molecular and neurochemical signatures typically
correspond to different patterns of depressive-like behavioral alter-
ations, as reflected in coping styles and emotional responses.

In summary, sex differences in biomarkers are meaningful but highly
context-dependent, reinforcing the view that juvenile stress gives rise to
multiple neurobiological trajectories rather than a single depressive
pathway. Sex interacts with both the type of stressor and the develop-
mental window in which it occurs, shaping behavioral outcomes and the
underlying biological signatures. This diversity of trajectories likely
contributes to the limited effectiveness of conventional treatments,
which are often designed around more uniform mechanisms of adult-
onset depression. A more precise understanding of the sex- and
timing-specific neurobiological profiles emerging after juvenile stress
may therefore open the door to more targeted prevention strategies and
tailored therapeutic interventions.

In addition, greater attention to sex-specific developmental windows
and stressor characteristics will be essential for improving the trans-
lational relevance of preclinical models. Ultimately, integrating these
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factors into biomarker discovery may facilitate the development of early
identification strategies and more personalized interventions for in-
dividuals exposed to stress during sensitive developmental periods.
Future studies should prioritize identifying 'latent biomarkers', biolog-
ical changes that occur immediately after stress but only manifest as
behavioral deficits after reaching adulthood, to enable early-stage pre-
ventive interventions before the clinical phenotype fully crystallizes.
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