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The adolescent brain, characterized by its high plasticity, is particularly vulnerable to substance abuse, leading to long-term impacts
on brain function and behavior. Methamphetamine (METH), a potent psychostimulant, is associated with severe neurological and
psychiatric consequences. While most studies focus on METH exposure in adulthood, little is known about the effects of adolescent
METH exposure. In this study, we explored the long-term effects of adolescent METH exposure on brain function and behavior in
adulthood using a mouse model. Mice were administered METH for 8 days during adolescence, and their behavior was analyzed in
adulthood. METH-exposed mice (METH mice) displayed anxiety-like behaviors, cognitive decline, and increased microglial numbers
in the medial prefrontal cortex (mPFC) and dorsal hippocampus (dHIP). Additionally, METH exposure during adolescence induced
neuroinflammation in adulthood. Adolescent METH exposure also enhances defensive reactivity to neuroinflammation and

oxidative stress by activating the NFE2L2-mediated redox system and promotes neurogenesis in adulthood. These findings suggest
that the detrimental effects of adolescent METH exposure extend into adulthood, emphasizing the delayed-onset impact of early

exposure to psychostimulants.

Translational Psychiatry (2025)15:364; https://doi.org/10.1038/541398-025-03613-y

INTRODUCTION

The adolescent brain is still developing, and using substances like
drugs and alcohol during this crucial stage can increase the risks
of harmful impacts on brain function [1-3]. The adolescent brain,
characterized by its high plasticity, is more susceptible to
cytoarchitectural changes compared to the adult brain. Conse-
quently, this increases the vulnerability to substance abuse, mood
swings, and cognitive impairments in adulthood [2-5]. As an
example, imbalanced development of dopaminergic (DAergic)
and GABAergic systems specifically affects motivation and
decision-making processes [3, 6].

Being exposed to psychostimulant substances and alcohol can
cause significant neurological effects, increasing the risk of
developing psychiatric disorders such as addiction and substance
use disorder (SUD) [7]. Data from the 2021 National Survey on
Drug Use and Health (NSDUH) indicates that more than 16.8
million individuals aged 12 and above in the US, which is about
6.0% of the population, have used methamphetamine (METH) at
least once in their lifetime. Recent trends show a rise in SUD
among younger people, particularly men and youth, compared to
women and adults, although rates decrease with age for both
genders [8].

METH remains one of the most common psychostimulant
substances worldwide [9]. METH, derived from amphetamine

(AMPH) with a methyl group substitution, is more easily absorbed
by the body than AMPH, making it more potent in pharmacolo-
gical effects. The strong potency of METH makes users more prone
to tolerance, overdose, addiction, dependence on psychiatric
medications, and adverse health consequences.

The primary pharmacological impact of METH within the central
nervous system (CNS) is the substantial alteration of dopamine
(DA) dynamics in the brain. METH induces strong stimulating and
euphoric effects by increasing the release of DA from storage
vesicles while also blocking the dopamine transporter (DAT),
which reuptakes DA [10, 11]. These neurotoxic properties of METH
induce oxidative stress and neuroinflammation, eventually neu-
ronal death and alterations in synaptic morphology [7].

Prolonged METH abuse causes a spectrum of adverse outcomes,
including addiction, delusions, hypersexuality, hyperthermia,
cardiac arrhythmias, heart failure, kidney failure, brain damage,
severe anxiety, insomnia, depression, mood disorder, attention
deficit disorder, violent behavior, schizophrenia, and cognitive
decline [9, 12-17]. Anxiety emerges as a predominant symptom
during METH withdrawal, particularly in the acute withdrawal
phase, with its incidence correlating with the duration of METH
exposure [18].

Nevertheless, while previous studies have predominantly
explored the impacts of METH exposure on adult brain functions
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and behaviors, limited attention has been directed towards
investigating the impacts of METH exposure during adolescence.
The study focusing on adolescence has been reported that the
effects of psychostimulants such as cocaine, methylphenidate, and
AMPH differ between adolescent and adult mice, with adolescent
mice having higher reward sensitivity to METH compared to adult
mice [19]. Given that the adolescent brain is in a crucial
developmental phase, comprehending the impact of stimulant
substances use such as METH during this period on subsequent
brain function and behavior holds significant importance.

In this study, we investigated the long-term effects of adolescent
METH exposure on brain function and behavior in adulthood using a
mouse model. Mice were administered METH for 8 consecutive days
and their behavior was analyzed in adulthood. We found that METH-
exposed mice (METH mice) exhibited anxiety-like behaviors and
cognitive decline, along with increased microglial numbers in the
medial prefrontal cortex (mPFC) and dorsal hippocampus (dHIP)
These changes were ameliorated by treatment with minocycline
(MINO), a microglial activation inhibitor. Additionally, METH
exposure during adolescence induced neuroinflammation, oxidative
stress response, and neurogenesis in adulthood. Our findings
suggest that the adverse effects of adolescent METH exposure in
brain function and behavior persist into adulthood.

MATERIALS AND METHODS

Mice

All procedures followed the ARRIVE guidelines and relevant official
regulations, approved by the Animal Research Committee of The
University of Osaka (#27-010). Total 91 male C57BL/6J mice (Japan SLC
Inc., Shizuoka, Japan) were used in this study. Mice were housed in cages
(#W140 x D320 x H140 mm, KN-60105-T, Natsume Seisakusho Co., Ltd.,
Tokyo, Japan) in The University of Osaka’s barrier facilities under a 12h
light-dark cycle with free access to food and water. Behavioral tests were
conducted between 10:00 and 17:00 h by experimenters blinded to the
genotypes. The minimum number of animals for biological replicates was
based on previous experiments to enable the detection of a significant
difference between groups at P < 0.05.

METH administration

METH administration was performed as previously described [20]. Mice
received a daily intraperitoneal injection of 2mg/kg METH (#871151;
Sumitomo Pharma, Osaka, Japan) dissolved in saline (#3311401A2026;
Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) from P35-P42. Control (CTR)
mice were given saline on the same schedule. Mouse behaviors were
analyzed at 8 weeks old.

MINO administration

Mice received a daily intraperitoneal injection of 40 mg/kg MINO (#M9511;
Merck, Darmstadt, Germany) dissolved in saline from P35-P42. CTR mice
were also given saline on the same schedule.

Open field test

Open field test was performed as previously described [21]. Mice were placed
in one of the corners of a novel chamber (W700 x D700 x H400 mm, #OF-
36(M)SQ, Muromachi Kikai Co., Ltd., Tokyo, Japan) and were allowed to
explore for 10 min. Locomotor activity was measured and tracked using ANY-
maze behavior tracking software 7.33 (Stoelting Co., Wood Dale, IL, USA).

Marble-burying test

Marble-burying test was performed as previously described [22]. Mice
were placed in the corner of a novel home cage (#KN-60105-T, Natsume
Seisakusho Co., Ltd.) evenly placed eighteen marbles and allowed to
explore for 20 min. The number of marbles buried was recorded. A
marble was defined as buried when less than two-third of the marble
was visible.

Three-chamber social behaviors test
Three-chamber social behaviors test was performed as previously
described [22]. The social interaction test included three 5 min trials in a
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3-chamber apparatus (W600 x D400 x H220 mm, SC-03M, Muromachi Kikai
Co., Ltd.). In the first trial, mice explored the empty chambers with wire
cages at each end. In the second trial, one end chamber contained a novel
stranger mouse in a wire cage, while the other end chamber held an
empty cage. The third trial assessed social novelty, with one end chamber
containing a familiar mouse and the other a different novel stranger
mouse. Interaction with the targets near the wire cages was tracked using
ANY-maze (Stoelting Co.).

Novel object recognition test

Novel object recognition test was performed as previously described [22].
Mice were habituated to a chamber (#OF-36(M)SQ, Muromachi Kikai Co.,
Ltd.) before the test. Identical objects were placed in opposite corners of a
chamber, and mice explored for 10 min. The next day, 24 h later, one
object was replaced with a new shape, and mice explored again for 10 min.
Object interactions were tracked using ANY-maze (Stoelting Co.). The
difference score was the time spent on the novel object minus the familiar
object. The discrimination ratio was the time on the novel object divided
by the total exploration time.

Nest building test

Nest building test was performed as previously described [23]. Mice were
provided with nest material (Happi-mats, Marshall BioResources, Ibaraki,
Japan) the evening before, and the degree of nest formation was
guantified the following morning using a 6-point scale.

Tail suspension test
Mice were suspended by a clip 5 mm from the tip of their tails. A 5-min test
was conducted and videotaped, with immobility time manually recorded.

Forced swim test

Mice were placed in a 14 cm diameter cylinder filled with water (24-25 °C)
to a depth of 16 cm. A 6-min test was conducted, with immobility recorded
during the last 10 min. Immobility was defined as the absence of
movement, except for minimal movements required to keep the head
above water.

Immunohistochemistry

Immunohistochemistry was performed as previously described [24]. Mouse
brains were fixed with 4% PFA in PBS overnight at 4 °C, cryoprotected in
30% sucrose in PBS, then embedded in Tissue-Tek O.C.T. Compound
(#4583; Sakura Finetek Japan Co.Ltd., Osaka, Japan) for cryosectioning.
Cryosections (20 pm thick) were placed in PBS. Sections were incubated
with the following primary antibodies overnight at 4 °C: rabbit polyclonal
anti-lba1 (1:2000; #019-19741; Fujifilm Wako Chemicals, Osaka, Japan), rat
polyclonal anti-SOX2 (1:1000; #14-9811-82, Thermo Fisher Scientific,
Waltham, MA, USA), rat monoclonal anti-TBR2 (EOMES) (1:500; #14-4875-
82, Thermo Fisher Scientific), rat monoclonal anti-DCX (CD140a) (1:200;
#14-1401-82, Thermo Fisher Scientific) and mouse monoclonal anti-
Cleaved caspase-3 (1:500; #9664, Cell Signaling Technology, Danvers, MA,
USA). The sections were then washed and incubated with species-specific
secondary antibodies conjugated to Alexa Fluor 488 and/or Alexa Fluor
594 (1:2000; Thermo Fisher Scientific) for 1 h at room temperature. DAPI
(#11034-56; Nacalai Tesque, Kyoto, Japan) was used to stain the nucleus.
Cover glasses were mounted with Fluoromount/Plus (#K048, Diagnostic
BioSystems, Pleasanton, CA). Images were collected using an all-in-one
fluorescence microscope (BZ-X700; KEYENCE Corporation, Osaka, Japan).
Cell number and area were quantified manually using ImageJ or using
KEYENCE analysis software (KEYENCE Corporation).

Quantitative real-time PCR (qPCR)

gPCR was performed as described previously [25]. Total RNA was extracted
from the mouse HIP at P42 and P56 or lung, liver, and kidney at P62 using
the miRNeasy Mini Kit (#217004; Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Single-stranded cDNA was prepared using
DNasel, Amplification grade (#18068015; Thermo Fisher Scientific) and
SuperScript Il First-Strand Synthesis SuperMix (#18080400; Thermo Fisher
Scientific) and amplified by PCR according to the manufacturer’s
instructions. qRT-PCR was performed using PowerUp SYBR Green Master
Mix (#A25742; Thermo Fisher Scientific) and a QuantStudio 7 Flex Real-
Time PCR System (Thermo Fisher Scientific). Cycling conditions were 50 °C
for 2min and 95 °C for 2 min, followed by 40 cycles at 95°C for 1s and
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60°C for 30s. Each biological sample had four technical replicates for
gPCR. 78S rBRNA was used as a reference for normalization. Data were
analyzed by the AACq method using QuantStudio Software v1.3 (Thermo
Fisher Scientific). The following primers were used: 78S rRNA, F-5'-
GAGGGAGCCTGAGAAACGG-3/, R-5-GTCGGGAGTGGGTAATTTGC-3/; mTnf,
F-5/-CCACCACGCTCTTCTGTCTA-3/, R-5'-AGGGTCTGGGCCATAGAACT-3’;
mil6, F-5'-CCGGAGAGGAGACTTCACAG-3/, R-5-TTCTGCAAGTGCATCATCGT-
3, milib, F-5-TACAGGCTCCGAGATGAACA-3/, R-5-AGGCCACAGGTATTT
TGTCG-3'; mNfe2l2, F-5'-GCTTTTGGCAGAGACATTCC-3/, R-5'-CCAAACTTGCT
CCATGTCCT-3’; mHmox1, F-5'-GCCACCAAGGAGGTACACAT-3/, R-5/-CTTCCA
GGGCCGTGTAGATA-3 mKeap1, F-5'-ATGGCCACATCTACGCAGTC-3/, R-5-
CCAATCCTCCGTGTCAACAT-3'; mNgol1, F-5-GAAGCTGCAGACCTGGTGAT-
3/, R-5-GTTGTCGTACATGGCAGCAT-3".

d-ROMs (reactive oxygen metabolites) and BAP (biological
antioxidative potential) tests

Mouse blood samples were collected at P42 and P56. After being kept at
room temperature for 30 min, the samples were centrifuged at 1500 g for
10 min. The supernatants were collected as serum and stored at —80 °C
until use. The d-ROMs and BAP were measured using REDOXLIBRA
(WISMERLL, Tokyo, Japan) and d-ROMs Test kit (#DI-003b; WISMERLL) or
BAP Test kit (#DI-002d; WISMERLL) according to the manufacturer’s
instructions, respectively.

A. Ito et al.

Statistical analysis

Data are presented as means of biological independent experiments with
+ standard error of the mean (SEM). Statistical analyses (unpaired t-test,
Mann-Whitney test, or one-way ANOVA with a Tukey's multiple
comparison test) were performed using Prism 9 and 10 (GraphPad
Software, Boston, MA, USA). A significance level of P < 0.05 was considered.

RESULTS

Adolescent METH exposure caused anxiety-like behavior

To investigate the impacts of adolescent METH exposure in
adulthood, we repeatedly administrated METH (2 mg/kg) to
adolescent mice for 8 days at postnatal days (P) 35-P42, then
analyzed the behaviors in adult at P56 (Fig. 1a). Previous studies
have reported that adult METH exposure increases anxiety-like
behaviors in adult mice [26, 27]. Therefore, we first examined the
anxiety-like behaviors using the open field test. We found that
significantly decreased the center time during the test in
adolescent methamphetamine-exposed (METH) mice (Fig. Tb-h).
There was no difference in the total distance traveled during the
test (Fig. 1i). Thus, METH mice did not display ectopic movement
(hyperactivity) in adulthood.
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Fig. 1

Adolescent methamphetamine-exposed (METH) mice exhibited anxiety-like behavior in adulthood. a Experimental time course of

METH administrations during adolescence. b Representative heatmaps of mouse exploratory behavior in the open field test.
c-i Quantifications of center entry (c), center time (d), center distance (e), corner entry (f), corner time (g), corner distance (h), and total
distance travelled (i) in the open field test. j Quantification of the number of buried marbles in the marble-burying test. k Quantification of
body weight in mice. Adolescent METH mice exhibited anxiety-like behavior compared to control (CTR) mice. Data are represented as means
(£SEM). Asterisk indicates *P < 0.05, unpaired t-test and Mann-Whitney test, n = 10-11/condition.
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We also conducted the marble-burying test to see if anxiety-like
behaviors could be evaluated using another behavioral test. We
found that increased the number of buried marbles during the
test in METH mice (Fig. 1j). On the other hand, there was no
difference in stereotyped behaviors (data not shown), thus
marble-burying test was used as an indicator for anxiety-like
behaviors. There was no difference in the mouse weight (Fig. 1k).
These results indicate that adolescent METH exposure increased
anxiety-like behaviors in adulthood.

Adolescent METH exposure impaired short-term memory and
cognitive behavior
To examine whether the adolescence METH exposure impaired
other brain function, we performed social behaviors using the
3-chamber social behaviors test. We also confirmed that METH
mice did not display hyperactivity during test (Supplementary Fig.
1). During the social interaction session, both CTR and METH mice
exhibited normal social interaction (Fig. 2a-d, e-g). In contrast,
CTR mice also exhibited normal social novelty (Fig. 2a, h-j).
However, impaired social novelty was found in METH mice (Fig. 2a,
k—m). These results indicate that adolescent METH exposure does
not impair social interaction behaviors, but in social novelty.
Accordingly, we next evaluated cognitive function in METH
mice. In the novel object recognition test, METH mice displayed
decreased novel object recognition compared to CTR mice (Fig.
2n-p). During the training session, we confirmed that METH mice
did not exhibit hyperactivity or any preference for specific objects
(Supplementary Fig. 1 and 2). Furthermore, we performed nest
building test related to cognitive and social impairments, emotion,
and DAergic dysfunction [28], and found that decreased nest
building in METH mice (Fig. 2q, r). These results indicate that
adolescent METH exposure impairs short-term memory and
cognitive function in adulthood.

Adolescent METH exposure did not cause depressive-like
behavior

We also examine whether adolescent METH exposure leads to
cause depression-like behavior through increased anxiety and
DAergic dysfunction. We conduced tail suspension test and forced
swim tests, and found that decreased immobile time in tail
suspension test in METH mice, but not in forced swim test
(Supplementary Fig. 3). In our experimental design, adolescent
METH exposure did not cause depressive-like behaviors in
adulthood.

Increased microglia induced by neuroinflammation

To investigate whether adolescent METH exposure affects the
adult neural circuits, we analyzed mPFC and dHIP controlling
emotion and cognition. Previous studies have reported that the
METH exposure in the rodents induced oxidative stress and
inflammation in the brain, eventually leading to cell death [11, 29].
We found increased IBA1-posivitve (+) microglia in the cingulate
cortex area 1 (Cg1) and prelimbic cortex (PrL) regions of mPFC in
METH mice compared to CTR mice (Fig. 3a-c), but not in the
infralimbic cortex (IL) (Fig. 3a, d). In addition, these microglia
exhibited hyper-ramified, bushy, and amoeboid morphology
[30, 31], indicating the reactive microglia (Supplementary Fig. 4).

We also found increased IBA1+ microglia in the CA1, CA2, CA3
and dentate granule (DG) regions of dHIP in METH mice compared
to CTR mice (Fig. 3e-i). In contrast, there was no difference in the
numbers of IBAT+ microglia in the DG of METH mice at P42
(Supplementary Fig. 5). These results indicate that adolescent
METH exposure increased microglia in the mPFC and dHIP only in
adulthood.

We also found that no differences in the number of IBA1+
microglia in other brain regions including dorsomedial striatum,
nucleus accumbens, and basolateral amygdala (Supplementary
Fig. 6). Although the mechanism behind the significant increase in

SPRINGER NATURE

IBA1+ microglia in the PFC and HIP remains unclear, suggesting
that there may be brain regions that are more susceptible to being
affected during adolescence.

Next, we further examined whether the increase in microglia
caused by adolescent METH exposure was due to neuroinflamma-
tion. We found that increased expression of proinflammatory
cytokine genes such as Tnf and //6 in the HIP of METH mice at P42,
but not in Il1b (Fig. 4a—c). In addition, continuous Tnf expressions
was also observed in the HIP of METH mice at P56, but not in /l6
and /l1b (Fig. 4d-f). These results suggest that neuroinflammation
is induced immediately after adolescent METH exposure and it still
continues 2 weeks after.

Adolescent METH exposure increased defensive reactivity to
oxidative stress

We examined whether adolescent METH exposure induced
oxidative stress. We quantified redox states in the serum of METH
mice using markers d-ROMs (reactive oxygen metabolites) and
BAP (biological antioxidative potential) for oxidation level and
antioxidant level, respectively. We found that no change in the
serum d-ROMs, BAP, and BAP/d-ROMs ratio (antioxidant capacity)
in adolescent METH mice at P42 (Fig. 4g-i). Interestingly, we found
decreased d-ROMs and an increased BAP/d-ROMs ratio in the
serum of adult METH mice at P56, while BAP levels remained
unchanged (Fig. 4j-I).

To investigate the mechanism underlying changes in redox
status in adulthood, we analyzed the expression of genes
associated with the oxidative stress response. We found
increased mRNA expressions of Keap! and Hmox1 in the HIP of
METH mice at P42, but not in Nfe2l2 and NgoT (Fig. 4m-p). We
also found increased mRNA expressions of not only Keap? and
Hmox1, but also Nfe2l2 and NgoT in the HIP of METH mice at P56
(Fig. 49-t). Moreover, we observed increased mRNA expressions
such as Nfe2l2 and NgoT in the lung, liver, and kidney of adult
METH mice (Supplementary Fig. 7), indicating that oxidative
stress induced by adolescent METH exposure represents a
systemic alteration.

These results also suggest that adolescent METH exposure alters
the body’s redox state, enhancing its defense against subsequent
oxidative stress.

Enhancement of HIP neurogenesis in adult METH mice

We further investigated whether neuroinflammation and increased
microglia affects adult neurogenesis in adulthood. We found no
difference in SOX2+ neural stem cells, but a decrease in TBR2+
progenitors in the DG of METH mice at P42 (Fig. 5a-c). A trend
toward an increase in DCX+ progenitors was observed in METH mice
at P42 (Fig. 5a, d). Furthermore, we observed an increase in SOX2+
neural progenitors and a trend toward a decrease in TBR2+
progenitors in the DG of METH mice at P56 (Fig. 53, €, f). There was
no difference in DCX+ progenitors at P56 (Fig. 5a, g).

On the other hand, no increase in cell death in the DG of METH
mice was observed at either P42 or P56 (Supplementary Fig. 8),
indicating that high-dose METH-induced dramatic cell death was
not observed in our experimental system.

Together, these results indicate that neurogenesis was
enhanced after a period of methamphetamine use, not immedi-
ately afterward.

Inhibition of microglia activation ameliorated METH-induced
phenotypes

Lastly, to investigate whether inhibiting microglial activation
induced by adolescent METH exposure would ameliorate the
phenotype, we administered MINO (40 mg/kg) on the same
schedule as METH and investigated the phenotype of METH mice
in adulthood (Fig. 6a). We found that MINO treatment attenuated
anxiety-like behaviors in METH mice in the marble-burying test
(Fig. 6b). We also observed MINO treatment attenuated cognitive

Translational Psychiatry (2025)15:364
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behavior in the novel object recognition test. F: familiar object, N: novel object. o, p Quantifications of discrimination ratio (o) and difference
score (p). METH mice impaired novel object recognition. q Representative images of mouse nests in the nest building test. r Quantification of
nest score. M. Data are represented as means (£SEM). Asterisks indicate ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, unpaired t-test and
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impairments in METH mice in the nest building test (Fig. 6¢). There
were no differences in the mouse weight (Fig. 6d).

Accordingly, we examined whether microglia activation was
effectively inhibited by MINO treatment. As we expected, the METH-
induced increase in IBA1+ microglial numbers was ameliorated in
mice treated with MINO (Fig. 6e, f). We further investigated whether
aberrant adult neurogenesis induced by adolescent METH exposure
could also be ameliorated. Notably, MINO treatment attenuated the
altered neurogenesis observed in METH mice (Fig. 6e, g).

Translational Psychiatry (2025)15:364

These results indicate that inhibition of microglia activation by
MINO ameliorates the behavioral and histological abnormalities
related to anxiety and cognitive impairment induced by
adolescent METH exposure.

DISCUSSION
In this study, we demonstrate that adolescent METH exposure
leads to anxiety and cognitive impairments in mouse adulthood.
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Fig. 4 Adolescent METH exposure induced inflammation and oxidative stress response. a—f Quantifications of mRNA expressions of Tnf
(a, d), 16 (b, ), and /I1b (c, f) in the mouse HIP at P42 (a-c) and P56 (d-f). The expressions of inflammation-related genes were increased in the
HIP of METH mice at P42 and P56 due to adolescent METH exposure. g-i Quantifications of d-ROMs (g), BAP (h), and BAP/d-ROM:s (i) at P42.
j-1 Quantifications of d-ROMs (j), BAP (k), and BAP/d-ROM:s (l) at P56. Antioxidant capacity was elevated in METH mice at two weeks after METH
exposure. m-t Quantifications of mMRNA expressions of Nfe2/2 (m, q), Keap1 (n, r), HmoxT (o, s), and NgoT (p, t) in the mouse HIP at P42 (m-p)
and P56 (g-t). The expressions of responsive genes against oxidative stress were increased in the HIP of METH mice at P42 and P56 after
adolescent METH exposure. Data are represented as means (£SEM). Asterisks indicate ***P < 0.001, **P < 0.01, *P < 0.05, unpaired t-test and
Mann-Whitney test, n = 3-5/condition for inflammatory qPCR, n = 9-13/condition for d-ROMs and BAP tests, n = 9-13/condition for oxidative

stress qPCR.

Additionally, adolescent METH exposure increased the number of
microglia in the mPFC and dHIP and neuroinflammation. Against
neuroinflammation, NFE2L2-mediated redox system was activated
in adulthood. Subsequently, we also found increased neurogen-
esis in the HIP of adult METH mice. Our results demonstrate the
long-term impacts of adolescent METH exposure on adult
behavior, brain function, neuroinflammation, and body’s redox
state (Supplementary Fig. 9).

METH is a highly addictive psychostimulant and commonly
abused drug [9]. It induces strong stimulating and euphoric effects

Translational Psychiatry (2025)15:364

by increasing DA release and blocking DAT, which reuptakes DA
[10, 11]. METH abusers have been reported to show reduced DAT,
a marker for DAergic neuron terminals, which correlates with
impaired memory and motor function [32]. The DAergic signaling
pathway from the VTA regulates processes like reward, pleasure,
impulsivity, aggression, motor function, and cognition. The
mesolimbic pathway, with DAergic neurons projecting from the
VTA to the STR, amygdala (AMY), and HIP, controls emotions,
reward, and motivation. A decrease in DA levels in the HIP is linked
to anxiety-like behaviors and cognitive impairments [33-35]. As
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Fig.5 Enhancement of adult neurogenesis in the DG of adult METH mice. a Representative fluorescence images of adult neural progenitors
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adult METH mice at P56. Data are represented as means (+SEM). Asterisks indicate **P < 0.01, *P < 0.05, unpaired t-test, n = 5/condition. Scale
bars: 50 pm.

the functional differences of HIP regions, the dHIP is involved in the PFC, regulates decision-making, attention, and executive
learning and memory, while the ventral HIP (vHIP) cooperates with function.

the AMY to regulate anxiety-like behaviors [36-38]. The mesocor- DA systems play a crucial role in controlling adult behaviors, but
tical pathway, with DAergic neurons projecting from the VTA to their plasticity is evident during adolescence, making
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abnormalities in DA signaling known to have long-term behavioral
effects. Previous study demonstrates that blockade of DAT or
monoamine oxidase A (MAOA) from P22-P41 enhances aggres-
sion and sensitivity to amphetamine-induced behavioral stimula-
tion in mouse adulthood [39]. Blockade of MAOA during same
period also induces anxiety-like behaviors [39]. Recent study has
also reported that DAT blockade from P32-P41 increases
aggression, impulsivity, and amphetamine sensitivity in adulthood
[40]. An increased DAergic activity in VTA is associated with
aggression and impulsivity in adult mice [39, 40]. These findings
suggest that the DA system is also disrupted in our adolescent
METH exposure model (P35-P42), eventually leading to behavioral
impairments in adulthood.

METH exposure reduces DA levels in brain regions like the PFC,
STR, and HIP [11], leading to behavioral abnormalities associated
with these areas. Anxiety-like and cognitive symptoms are
common in METH users and animals, especially during the acute
withdrawal period, and this is a significant factor contributing to
the high relapse rate [41]. Neuroimaging studies of chronic METH
users have shown profound structural and functional changes in
the brain regions such as PFC, STR, AMY, and HIP associated with
sociality, emotion, and cognition, which may explain many of the
emotional and cognitive problems seen in these individuals
[42-44].

In this study, we demonstrated that adolescent METH exposure
results anxiety-like behavior and cognitive impairments in mouse
adulthood (Figs. 1, 2). Mice exposed to METH also showed impaired
spatial and long-term memory, altered synaptic structure, and
fewer CA1 and CA3 neurons during adulthood [45]. Adult METH
exposure also increases anxiety-like behaviors and impairs the

Translational Psychiatry (2025)15:364

learning and memory capabilities in adult mice [26, 27, 46].
Previous studies also reported the effects of METH exposure in
adolescence. Mice exposed to METH (5 mg/kg) at P11-P20, during
HIP development, showed impaired short-term memory but not
anxiety-like behaviors at P30 [47]. Mice exposed to METH (4 mg/kg)
at P41 exhibited increased anxiety-like behavior and locomotor
activity during adolescence without changes in plasma corticos-
terone levels [48]. Mice exposed to METH (7.5 mg/kg x 4 times) at
P30-P31 showed depression-like behaviors and fewer vasopressin
+ cells in the hypothalamic paraventricular nucleus (PVN) at P41
[49]. Mice exposed to METH (1 and 2 mg/kg) at P35-P48 exhibited
impaired spatial and long-term memory in adulthood (P63-P84)
[45]. Reduced Bdnf mRNA expression was observed in the dHIP of
METH mice during adolescence, leading to a decreased number of
CA1 and CA3 neurons in adulthood [45]. Additionally, rats exposed
to METH (2 mg/kg) at P36-P41 showed anxiety-like behaviors and
altered neurogenesis in the dDG in adulthood after 15 days of
withdrawal (P56) [50]. Together with our findings, these findings
demonstrate that the adult behavioral phenotype we identified is
induced by METH, suggesting that the effects of adolescent METH
exposure may manifest with a delayed-onset in adulthood.

METH also causes neurotoxicity through mechanisms like
oxidative stress, mitochondrial dysfunction, excitability, ER stress,
and neuroinflammation, leading to cell death [9, 51, 52]. High
doses of METH cause neuronal cell death in the PFC, STR, and HIP,
projection sites of DAergic neurons in human and rodents
[9, 11, 53, 54]. METH exposure also activates microglia [55-57].
Microglia regulate brain development, repair damage, and control
immunity [58, 59]. Microglia also release inflammatory cytokines
and mediate neuroinflammation [59]. Reactive microglia
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contribute to neurotoxicity by releasing TNFg, IL-13, and ROS [55].
Previous studies using adult mice show METH increases microglia
and proinflammatory cytokines during acute withdrawal [41, 55].
Neuroimaging found METH abuser had over twice the levels of
reactive microglia compared to non-users, linking increased
microglia to METH neurotoxicity [56].

In this study, we observed an increased phenotype of reactive
microglia in the PFC and dHIP in adulthood, but not immediately
after low-dose exposure during adolescence (Fig. 3 and Supple-
mentary Fig. 5). These results suggest that microglia activated by
adolescent METH exposure contributes to both anxiety-like
behaviors and cognitive impairments in adulthood (Figs. 1, 2). It
is possible that the increase in microglia in the dHIP and mPFC,
where DAergic axon terminals are located, may reflect the
consequences of excessive DA signaling and cell damage due to
METH-induced oxidative stress. Indeed, the connections between
the ventral tegmental area (VTA), PFC, and HIP, centered on the
DAergic pathway play the critical roles in regulating the behaviors
associated with brain function and psychiatric disorders [60, 61].

Therefore, we inhibited the activation of microglial cells by
MINO treatment, which ameliorated the METH-induced pheno-
type during adolescence (Fig. 6). MINO is a second-generation
tetracycline with potent anti-inflammatory and neuroprotective
properties that can cross the blood-brain barrier [62]. Previous
studies also reported that MINO improved METH-induced
hyperlocomotion, cognitive impairments, and neurotoxicity in
adult mice through inhibition of microglial activation [63, 64].

High doses of METH cause excessive DA release, disrupting DA
metabolism. Extracellular DA is oxidized, producing hydroxyl
radical (+OH), hydrogen peroxide (H,0O,), and reactive oxygen
species (ROS), leading to neurotoxicity in axon terminals and
surrounding cells due to oxidative stress [55]. In this study, we
found increased expressions of oxidative stress response genes in
the HIP and decreased reactive oxygen metabolites and increased
antioxidant capacity in serum of METH mice in adulthood (Fig. 4).
In our experimental system, we did not observe significant
neuronal cell death in adult METH mice (Supplementary Fig. 8),
likely due to the lower METH dose (2 mg/kg) used in our study
compared to other studies (eg. 30, 40 mg/kg) [53, 65].

HMOX1 and NQOT1 are critical regulators of redox homeostasis
mediated by NFE2L2 [66-71], with KEAP1 serving as a sensor for
oxidative stress through its reactive cysteine residues [72]. As
downstream effectors of NFE2L2, HMOX1 and NQOT1 attenuate
oxidative stress and inhibit the production of proinflammatory
cytokines, including TNFg, IL-6, and IL-1B [71, 73, 74]. An
interesting report on NFE2L2 has demonstrated that oxidative
stress induces SOX2 expression in skin keratinocytes, promoting
cell proliferation and preventing apoptosis by activating NFE2L2
following cutaneous ischemia [75]. This suggests that SOX2+
neural stem cells may protect themselves from oxidative stress to
survive and maintain brain function. Notably, our results show no
difference in the number of SOX2+ cells even after adolescent
METH exposure (Fig. 5), suggesting that oxidative stress may have
induced an increase in SOX2 expression-mediated NFE2L2
expression. It is speculated that adolescent METH exposure
stimulates oxidative stress responses, leading to reduced reactive
oxygen metabolites and enhanced antioxidant capacity in adult
METH mice, promoting neurogenesis in adulthood.

Adolescent METH exposure altered adult neurogenesis in the
dDG of METH mice (Fig. 5). We found that decreased TBR2+
intermediate progenitor (Type 2a and 2b) cells and a trend toward
an increase in DCX+ intermediate progenitor (Type 2b) and type 3
cells in METH mice at P42. This trend toward a decrease in TBR2+
progenitors were also observed in METH mice at P56, but not in
DCX+ progenitors. It has reported that microglia regulates the
number of neuronal precursor cells during development by
phagocytosis [76], suggesting that the increased number of
microglia may have led to a decrease in neural progenitor cells.

SPRINGER NATURE

In contrast, increased SOX2+ radial glia-like stem (Type 1) cells
were only observed in METH mice at P56. Previous study also
reported that rats exposed to METH (2mg/kg) from
P36-P41 showed increased DCX+ progenitors in the dDG [50].
Furthermore, it has been reported that neurospheres derived from
rat embryo rapidly decrease in the size after exposure to METH,
inhibit the G1/S transition and neuronal differentiation, and
induce GO/G1 cell cycle arrest [77]. These studies support our
hypothesis that adult neural progenitors, after METH exposure,
temporarily halt proliferation and later undergo differentiation to
replenish neurons in damaged brain regions.

Many previous studies have reported that METH exposure
induced neurotoxicity and neuronal cell death in the HIP and
other areas [53, 65, 78-80]. On the other hand, other studies have
reported that neurogenesis increases during withdrawal from
METH exposure [80, 81]. Withdrawal from METH has been
reported to increase adult neurogenesis in the DG and play a
direct role in context-dependent METH-seeking behavior [80, 82].
Such adult neurogenesis of GCN in the DG is strongly influenced
by METH intake and plays a role in seeking behavior [80, 82, 83].

Taken together, our results demonstrate that adult neurogen-
esis is impaired at P42 immediately after METH exposure but
increases at P56 due to a subsequent oxidative stress response,
including the induction of SOX2 expression by NFE2L2. Our study
provides novel insights into the molecular mechanisms underlies
neurogenesis in the DG is increased after METH exposure.

In conclusion, our study demonstrates that adolescent METH
exposure has lasting effects on anxiety-like behavior and cognitive
decline, accompanied by increased microglial activation and
neuroinflammation. Additionally, the persistent elevation of
oxidative stress response gene expression triggered with adoles-
cent METH exposure enhances antioxidant capacity, a protective
defense system against the damage such as neuroinflammation
and oxidative stress, and promotes adult neurogenesis. Our
findings offer new insights into the risks of substance use on brain
function during adolescence.

DATA AVAILABILITY
The datasets generated during the current study are available from the correspond-
ing author on reasonable request.
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